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An integrated approach to study pharmaceuticals and their microbial transformation products 

Abstract 

Pharmaceuticals are emerging organic micropollutants that are frequently detected in the 
aquatic environment. While information on their environmental occurrence is substantial, 
knowledge gaps exist with respect to their environmental transformation. This licentiate thesis 
focuses on this research deficit by (1) providing and applying tools for identifying 
biotransformation products, and (2) investigating the behavior of pharmaceuticals and their 
transformation products (TPs) in two different experimental systems. 

Study I established a data-processing method based on peak detection, time-trend filtration and 
structure assignment, and provides an efficient and reliable way for TP identification. 
Water/sediment tests were carried out with 9 pharmaceuticals. The method for identifying TPs 
is based on accurate mass data obtained from high resolution mass spectrometry and a 
comprehensive data-processing workflow. In total, 16 TPs were identified, 11 of which were 
confirmed by reference standards. Five of the TPs showed a continuous accumulation over the 
entire incubation period of 35 days. 

Study II aimed at studying the influence of water/sediment interactions on the environmental 
behavior of pharmaceuticals and their TPs. An artificial streaming channel was applied to 
simultaneously determine the concentrations of parent pharmaceuticals and key TPs in both 
surface water and sediment pore water under defined hydraulic conditions. All pharmaceuticals 
dissipated from the test system. The benefit from simultaneously analyzing parent compounds 
and TPs can be illustrated with carbamazepine, which is generally reported to be persistent. In 
study II, carbamazepine dissipated continuously from the test system, and the formation of a 
TP shows that this dissipation can be attributed to microbial biotransformation. The results also 
indicate that transformation predominantly occurs in the hyporheic zone, but also that TPs can 
be transported back into the streaming channel. 

This thesis confirms the crucial role of the hyporheic zone for the elimination of organic 
micropollutants from rivers and streams. Moreover, the developed workflow for TP 
identification provides opportunities to efficiently identify TPs for additional micropollutants 
in laboratory and field studies. In future work, we will study the influence of hydraulic 
conditions on transformation kinetics and formation of characteristic TPs, and we will extend 
the work to additional pharmaceuticals. Moreover, we will test the applicability of using TPs 
as indicators for characterizing ongoing biotransformation in field settings, thereby providing 
a more efficient way of characterizing the environmental fate of pharmaceuticals.  
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1. Introduction 

1.1. Pharmaceuticals: “emerging organic micropollutants” 

In modern society a considerable number of chemicals is manufactured and applied. Many of 
these chemicals find their way into the environment, and as a consequence aquatic systems are 
ubiquitously contaminated with thousands of organic micropollutants. They are present at low 
concentrations (pg L-1 to ng L-1) but have the potential to adversely affect ecosystems and 
human beings (Schwarzenbach et al., 2006). During the last decade, a particular focus of science 
and regulation was put on so-called emerging pollutants, which include not only newly 
developed compounds but also those only recently discovered in the environment (Lapworth et 
al., 2012).  

Pharmaceuticals are a group of emerging organic micropollutants due to high consumption rates, 
ubiquitous presence in the aquatic environment, and their potential to exert adverse effects 
(Corcoran et al., 2010; Fatta-Kassinos et al., 2011; Fent et al., 2006). The group of 
pharmaceuticals includes a wide variety of substances, from simple to complex molecules with 
different physico-chemical and biological properties as well as diverse functionalities 
(Kümmerer, 2010). Households and hospitals are the major origins of pharmaceuticals as a 
result of excretion and improper disposal of unwanted or expired medications. Due to the polar 
nature of many pharmaceuticals, they are often incompletely removed by traditional wastewater 
treatment processes and consequently discharged into the surface water (Heberer, 2002; 
Mompelat et al., 2009). Their occurrence has been reported in various aquatic environments, 
including receiving waters (e.g. rivers and lakes) and even groundwater (Einsiedl et al., 2010; 
Gros et al., 2012; Huntscha et al., 2012). Despite their frequent detection, substantial knowledge 
gaps on their (eco)toxicity and environmental behavior in combination with limited monitoring 
data result in a lack of threshold values.  

Research on the fate of pharmaceuticals in surface water has shown that biotransformation, 
photolysis, and sorption to sediments and biofilms are the most important processes (Kunkel 
and Radke, 2011; Kunkel and Radke, 2012; Radke et al., 2010; Ramil et al., 2010). Among 
those, microbial transformation in the hyporheic zone – which is the transition zone between 
surface water in streams and groundwater and which provides excellent conditions for turnover 
of nutrients and organic matter – is supposedly the removal pathway of highest importance 
(Lewandowski et al., 2011; Riml et al., 2013). Several laboratory-scale experiments have 
provided clear evidence on the essential role of the water-sediment interactions in the 
elimination of certain pharmaceuticals (Kunkel and Radke, 2008; Löffler et al., 2005), and the 
importance of hyporheic transformation processes for the attenuation of pharmaceuticals has 
also been documented in the field (Kunkel and Radke, 2012). However, the transformation 
mechanisms and kinetics are only poorly understood. There is also a lack of efficient tools to 
provide evidence on the type of elimination processes on the field scale. 
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1.2. Transformation products: “unknown unknowns” 

“There are things we do not know we don’t know.” --- Donald Rumsfeld 

Knowledge on the environmental fate of pharmaceuticals can hardly be holistic without the 
comprehensive information on their transformation products (TPs). While transformation is 
frequently associated with the detoxification of contaminants, products that are less degradable 
and/or more toxic than their parent compounds can also be formed (Celiz et al., 2009). In 
contrast to the increasing knowledge on the parent compounds, formation and fate of TPs have 
only been scarcely investigated, mainly because conventional target analytical approaches are 
limited by the absence of information on the relevant TPs.  

The identification of TPs currently faces several challenges, which above all is because of their 
very low concentrations. The complexity of natural matrices makes it even more challenging to 
qualify and quantify the a priori unknown compounds. Therefore relevant studies are usually 
first performed under laboratory conditions at exaggerated concentrations to identify TPs that 
form and to certain extent persist (Celiz et al., 2009). Comprehensive non-target screening 
methods have been enabled by modern high resolution mass spectrometry (HRMS) on the basis 
of time-of-flight (ToF) or Orbitrap technology (Helbling et al., 2010; Nurmi et al., 2012). Given 
that the reference standards are currently unavailable for many TPs, accurate mass data at 
satisfactory sensitivity is a prerequisite for an unequivocal identification. A non-target 
screening approach is commonly comprised of three elements: (1) chromatogram 
deconvolution and peak detection; (2) molecular formula assignment to each specific peak; and 
(3) proposing a molecular structure for each assigned formula (Krauss et al., 2010). Due to the 
extensive manual work of elaborate chromatogram inspection and structural elucidation, 
efficient data screening strategies that can optimize the TP identification process are needed. 

1.3. Aims of the thesis 

The overall aim of this thesis was to narrow the current knowledge gaps on the environmental 
fate of a variety of pharmaceuticals in the water/sediment system, with a focus on the formation 
of TPs during biodegradation. 

In study I, we set up a batch-scale water/sediment experiment and identified TPs with the 
potential to persist in the environment. A workflow for processing HRMS data was established, 
which provides a reliable and efficient method for identifying TPs. 

In study II, we carried out experiments in a bench-scale flume and focused on the relationship 
between hydraulic conditions and transformation of pharmaceuticals. By comparison to study 
I, which focused mainly on method development and identification of TPs, this study provides 
the potential of simulating conditions in the aquatic environment in a quite realistic way. The 
results also have the potential to be directly transferred to the situation in the field. Apart from 
the pharmaceuticals and their TPs identified in study I, we included several additional 
pharmaceuticals.  
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2. Methods 

2.1. Batch-scale degradation: bottle incubation 

Batch experiments were conducted to screen for microbial TPs formed in the water/sediment 
system. Details on the experimental design can be found in paper I and its Supplementary 
Material. Briefly, incubation experiments were conducted in 1 L glass bottles filled with 
approximately 200 g wet sediment and 600 mL artificial river water. The system was 
equilibrated for one week before the supernatant was replaced with artificial river water that 
was spiked with a mixture of 9 pharmaceuticals at a final concentration of 500 µg L-1 (Table 1). 
Three types of control experiments were conducted: a blank control (identical incubation 
conditions but no spiked pharmaceuticals), a sterile control (sediment was sterilized and a 
bacteriostatic was added), and a water-only control (identical incubation conditions but no 
sediment). The bottles were continuously aerated with pressurized air and kept in the dark. The 
incubation lasted for 35 days, during which water samples were collected at 9 time points. 
Samples were analyzed with ultrahigh performance liquid chromatography coupled to a 
quadrupole time of flight mass spectrometer (UHPLC/QToF-MS) operated in full-scan mode.  
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Table 1. Summary of investigated parent pharmaceuticals; those highlighted in bold are in common for both study I and study II. 

Chemical Therapeutic class Structure Molecular 
formula 

Molecular 
weight (g mol-1) 

Log KOW a pKa a CAS 
number 

Bezafibrate Fibrate 

Cl

O
NH

O

CH3

CH3 O

OH
 

C19H20ClNO4 361.819 3.99 3.83 41859-67-0 

Bicalutamide Non-steroidal anti-androgen 

F

S

O

O

CH3HO H
N

O

F

F

F

N
 

C18H14F4N2O4S 430.373 2.71 11.95 90357-06-5 

Carbamazepine Anticonvulsant 

N

NH2O
 

C15H12N2O 236.269 2.77 15.96 298-46-4 

Chlorthalidone Diuretic Cl

S
O

H2N

O HN

OH

O
 

C14H11ClN2O4S 338.766 1.60 8.58 77-36-1 

Diclofenac Non-steroidal anti-inflammatory 
drug Cl

N

Cl

H

O

OH

 

C14H11Cl2NO2 296.148 4.26 4.00 15307-86-5 

Fluconazole Antifungal 

F

F

HO

N
N

N

N

N
N

 

C13H12F2N6O 306.271 0.56 1.96 86386-73-4 

4 

 



An integrated approach to study pharmaceuticals and their microbial transformation products 

Furosemide Diuretic 

Cl

H
N

OHO

S

O

O

H2N
O

 

C12H11ClN2O5S 330.745 1.75 4.25 54-31-9 

Glimepiride Sulfonylurea antidiabetic 
NH

SO

O

NH

O

N

H3C

CH3

O

N
H

O

CH3

 

C24H34N4O5S 490.617 3.12 4.32 93479-97-1 

Hydrochlorothiazide Diuretic 

S
NH

H
N

S
H2N

Cl

O O O O
 

C7H8ClN3O4S2 297.740 -0.58 9.09 58-93-5 

Ibuprofen  Non-steroidal anti-inflammatory 
drug 

CH3

OH

O
H3C

CH3

 

C13H18O2 206.290 3.84 4.85 15687-27-1 

Ketoprofen Non-steroidal anti-inflammatory 
drug 

O

H3C

OH

O

 

C16H14O3 254.281 3.61 3.88 22071-15-4 

Metoprolol β-receptor blocker 

O

OH
H
N CH3

CH3O
H3C

 

C15H25NO3 267.364 1.76 9.67 37350-58-6 
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Naproxen Non-steroidal anti-inflammatory 
drug 

O
H3C

CH3

OH

O

 

C14H14O3 230.259 2.99 4.19 22204-53-1 

Paracetamol Analgesic/Antipyretic H
N CH3

O
HO

 

C8H9NO2 151.163 0.91 9.46 103-90-2 

Propranolol β-receptor blocker 
O

OH

N
H

CH3

CH3

 

C16H21NO2 259.340 2.58 9.67 525-66-6 

Sotalol β-receptor blocker 

HN
NH

HO

H3C
CH3

S O
O CH3

 

C12H20N2O3S 272.362 -0.40 9.43 3930-20-9 

Sulfamethoxazole Antibiotic 

H2N S

O

O

NH

ON

CH3

 

C10H11N3O3S 253.278 0.79 7.66 723-46-6 

Tramadol Opioid analgesic 
O

CH3
HO N

CH3

CH3

 

C16H25NO2 263.375 2.45 9.23 27203-92-5 

a KOW and pKa values were taken from Chemicalize (http://www.chemicalize.org/), a web-based software for searching chemicals and/or predicting their properties. 
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2.2. Transformation product identification 

A three-step data-processing strategy, based on peak detection, time-trend filtration and 
structure assignment, was established to identify the TPs which have a potential environmental 
relevance in terms of persistence. A schematic illustration of the method is presented in Figure 
1 and details can be found in paper I and its Supporting Material. Briefly, in step I, two open-
source programs (MZmine and enviMass) were applied to deconvolute the full-scan data. In 
step II, a script written in Visual Basic for Applications (VBA) (provided as the Supplementary 
Material of paper I) was used to plot the intensity curve against time for each component. The 
components showing a “meaningful” time-trend were labeled as TP candidates and retained to 
step III, where their exact mass was compared to a list of potential TPs. This list was populated 
by predictions made with the University of Minnesota – Pathway Prediction System (UM-PPS) 
and complemented by TPs reported in literature. The matches were annotated as tentatively 
identified TPs and further confirmed by reference standards in case these were available. The 
remaining components were annotated as potential TPs, and the most plausible molecular 
formula was derived by the tool “Elemental Composition” implemented in the instrument 
software. 

 
Figure 1. Schematic illustration of the screening procedure. In step II, the three types of temporal trends 
that were considered “meaningful” are illustrated. 
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2.3. Bench-scale flume experiment 

Study II was based on experiments in a flume that allows continuous sediment and water 
transport. A sketch of this flume is presented in Figure 2. Details on the flume construction and 
parameterization are discussed elsewhere (Kunkel and Radke, 2008). The flow velocity of the 
surface water can be regulated by a propeller. Sediment pore water collection is allowed by the 
sampling ports installed at two vertical layers. 

 

Figure 2. Sketch of the bench-scale flume: (a) top view (Kunkel and Radke, 2008); (b) side view  
(Kunkel and Radke, 2008); (c) photo of the flume filled with water and sediment. 

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. The 
porosity was approximately 0.4. Water and sediment were stored in darkness at 5 ºC for 
maximum one week before using. The height of the surface water and sediment in the flume 
was about 22 cm (about 0.10 m3 in volume) and 13 cm (about 0.06 m3 in volume), respectively. 
In the experiment reported here, the sediment surface was flat and a flow velocity of 0.13 m s-

1 was applied. Room temperature was kept constant at approximately 17 ºC, which is typical 
for the summer in the Stockholm region. 
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After equilibration of the system for one week, an aqueous solution containing 18 
pharmaceuticals (9 were in common with study I, see Table 1), representing varying 
therapeutic classes and physical-chemical properties, were spiked to yield an initial 
concentration of approximately 10 µg L-1 in the surface water. A water-only control experiment 
was carried out by filling a glass bottle with the surface water taken from the flume 2 hours 
after spiking. 

Both surface water and pore water were sampled at up to 8 time points over 30 days. The pore 
water was withdrawn with a peristaltic pump connected to multi-slotted stainless steel needles 
which were permanently inserted through the sampling ports (Figure 2). The first 1 mL (dead 
volume) of pore water was discarded before approximately 5 mL was collected from each port 
at a constant pumping rate of 3 mL min-1. Sediment samples from the flume were also collected 
at two time points and will be treated and analyzed in the future work. 

Immediately after sampling, a 900 µL aliquot was transferred to a glass vial and 100 µL of an 
acetonitrile solution containing isotope-substituted standards (final concentration: 5 µg L-1) and 
acetic acid (final concentration: 10 mmol L-1) was added before the sample was filtered (0.45 
µm PTFE syringe filter; Chromacol, Partille, Sweden). All samples were stored at -18 ºC until 
they were analyzed with UHPLC coupled to a triple quadrupole (TQ) mass spectrometer (Xevo 
TQ-S system; Waters, Manchester, UK) using electrospray ionization (ESI). Separation was 
achieved by a HSS T3 column (100 mm × 2.1 mm, particle diameter 1.8 µm; Waters) and a 
binary gradient. The mobile phase consisted of (A) water:acetonitrile (95:5, v:v) and (B) 
water:acetonitrile (5:95, v:v), respectively, both containing 10 mM L-1 of acetic acid. The 
injection volume was 50 µL. 

The internal standard method was used for quantification. Isotope-labeled internal standards 
were available for all the parent compounds and additionally for 3 of the TPs (2-
hydroxyibuprofen, carboxyibuprofen and metoprolol acid). For the remaining TPs, 
quantification was performed using the internal standards that were closest matched according 
to retention time and molecular structures. Calibration curves were obtained by a weighted (1/x) 
linear least-square regression of a series of 10 calibration standards with target analytes in the 
concentration range from 0.01 to 10 µg L-1. The calibration standards were measured at the 
beginning and end of each sequence. Additionally, 4 of the calibration standards and solvent 
blanks (only water and acetonitrile) were measured every 15 samples for quality control 
purposes. The inter-day precision of the instrument was tested by running a calibration standard 
at 1 µg L-1 before every sequence. The limit of detection (LOD) and limit of quantification 
(LOQ) for each analyte were determined on the basis of the lowest calibration standard in which 
the product ion used for quantification had a signal to noise ratio > 3:1 and 10:1, respectively.  
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3. Results and Discussion 

3.1. Study I – Identified transformation products in batch-scale experiments 

In total, 16 TPs from the 9 parent compounds investigated in study I were identified (see Table 
2, the complete table can be found in paper I). Eleven of them were confirmed by reference 
standards while no reference standard was available for the remaining compounds. The results 
from the control experiments showed that neither parent pharmaceuticals nor TPs were detected 
in the blank control. Additionally, no TPs were detected in the sterile controls or water-only 
controls, except 4-amino-6-chloro-1,3-benzenedisulfonamide and chlorothiazide which were 
observed in both controls. This finding suggested that these TPs (both have hydrochlorothiazide 
as the parent compound) were products from abiotic degradation processes, most likely 
hydrolysis. The details, including the chromatographic and spectral information of the TPs, the 
behavior of both the parent compounds and the TPs, and the comparison with previous 
documentation are available in paper I and its Supporting Material. The abundance of 5 TPs 
continuously increased with time: carbamazepine-10,11-epoxide, saluamine, chlorothiazide, 4-
amino-6-chloro-1,3-benzenedisulfonamide, and 1-naphthol. This indicates a slower dissipation 
rate than the rate of formation and also points to the need of assessing persistence of these TPs.  

3.2. Study I – Performance and evaluation of the data-processing method 

The procedural performance of the incubation and screening method is summarized in paper I. 
Overall, only around 3% of the full-scan data (peak number approximately 10000) were passed 
from step I to step II, where the peak list was further narrowed down to less than 1% of the total. 
Eleven promising components could be annotated by UM-PPS while another 5 corresponded 
to a literature record (Table 2). The reason why these 5 TPs were not predicted by UM-PPS are 
discussed in detail in paper I. Table 2 also lists the documentation in scientific literature of the 
TPs identified in our study and it shows that some of these TPs have only been reported as 
products generated from processes other than microbial degradation, for instance hydrolysis 
and photodegradation. The results indicate that UM-PPS is a valuable tool as it predicts the 
majority of TPs, but there is also a need of additional sources and information from other 
transformation processes as complementary information   

The uncertainty of the screening method was evaluated by two types of false identifications: 
false negatives and false positives. False negatives were defined as TPs formed in the incubation 
system but omitted during the screening process, while false positives were defined as TP-like 
compounds that were rejected due to failure in relating to any parent compound. The number 
of false negatives can hardly be quantified and any such occurrence would possibly be caused 
by either a concentration/sensitivity issue which results in the missing of required peaks or a 
low ionization efficiency which is inherent to the methods. Nevertheless, the initial 
concentration of the parent compounds (500 µg L-1) was already 3-4 orders of magnitude higher 
than typical environmental levels 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 
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inevitably omitted even if instruments of the latest generation are applied. False positives can 
only be identified by analyzing a reference standard of the proposed compound. One such false 
identification was observed in this study, 2,4-dichlorobenzoic acid. The mechanism of its 
formation however could not be explained. 

Table 2. Summary of the TPs identified in study I, their inclusion in UM-PPS and appearance in 
scientific literature. The TPs that could not be confirmed due to a lack of reference standards are marked 
with an asterisk (*). TPs shown in bold were detected also in study II. 

Parent compound Identified TP UM-PPS Literature 
Bezafibrate 4-Chlorobenzoic acid Yes Biodegradation product (Helbling et al., 

2010; Quintana et al., 2005) 

 Bez 223 * Yes Biodegradation product (Helbling et al., 
2010; Quintana et al., 2005) 

 Bez 238 * Yes -- 
Carbamazepine Carbamazepine-10,11-

epoxide 
No Biodegradation product (Miao and 

Metcalfe, 2003) 

Diclofenac 4’-Hydroxydiclofenac No Biodegradation product (Gröning et al., 
2007; Leemann et al., 1993) 

Furosemide Saluamine Yes Hydrolysis product (Beyers et al., 2000) 
Photodegradation product (Della Greca et 
al., 2004) 

Hydrochlorothiazide Chlorothiazide No Hydrolysis product (Bedner and 
Maccrehan, 2006) 
Photodegradation product (Brigante et al., 
2005) 

 4-Amino-6-chloro-1,3-
benzenedisulfonamide 

No Hydrolysis product (Bedner and 
Maccrehan, 2006) 
Photodegradation product (Brigante et al., 
2005) 

Ibuprofen  2-Hydroxyibuprofe Yes Biodegradation product (Buser et al., 
1999; Ferrando-Climent et al., 2012; 
Löffler and Ternes, 2003; Quintana et al., 
2005; Zwiener et al., 2002) 

 Carboxyibuprofe No Biodegradation product (Buser et al., 
1999; Ferrando-Climent et al., 2012; 
Löffler and Ternes, 2003; Quintana et al., 
2005; Zwiener et al., 2002) 

Metoprolol α-Hydroxymetoprolo Yes Biodegradation product (Selke and 
Hühnerfuss, 2009) 

 α-Ketometoprolol  * Yes Biodegradation product (Selke and 
Hühnerfuss, 2009) 

 Metoprolol acid Yes Biodegradation product (Kern et al., 2010) 
 Met 210 * Yes -- 
Naproxen -- -- -- 
Propranolol 1-Naphthol Yes Biodegradation product (Otey et al., 2006) 

Photodegradation product (Uwai et al., 
2005) 

 Pro 176 * Yes -- 
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3.3. Study II – Behavior of pharmaceuticals in the flume experiment 

This section will be restricted to the pharmaceuticals in common with study I. However, as 
analytical difficulties caused highly uncertain data for diclofenac, it will not be discussed here. 
The results from the water-only control experiment showed obvious dissipation of ibuprofen, 
bezafibrate and hydrochlorothiazide. A 24% decrease in concentration in the water-only control 
was detected for ibuprofen at the end of the experiment. The in-stream biotransformation of 
ibuprofen in water-only controls has been described elsewhere (Kunkel and Radke, 2008). In 
addition, elimination of bezafibrate in the water-only control occurred from day 15 onwards, 
with a concentration loss of 25%. We attribute this to the microorganisms in the water that are 
capable of degradation certain compounds. The concentration of hydrochlorothiazide also 
decreased by approximately 28% during 30 days. This observation agrees with the results from 
study I, where we concluded that the loss of hydrochlorothiazide can be attributed to both 
biodegradation and hydrolysis (Li et al., 2014). The remaining pharmaceuticals did not dissipate 
in the water-only control. 

Figure 3 shows that the concentration of the 8 parent pharmaceuticals continuously decreased 
in the surface water throughout the experiment, albeit at different rates. From day 7 all 
compounds reached the equilibrium concentration, which was due to the mixing of spiked 
surface water and pore water and was calculated as the initial amount of a compound divided 
by the total volume of water. At the end of the experiments all compounds had their final 
concentrations significantly below the equilibration level. In combination with the results from 
the parallel water-only control experiment and abiotic control experiments from study I, we 
conclude that the dissipation of bezafibrate, carbamazepine, furosemide, ibuprofen and 
naproxen from the surface water can exclusively be attributed to primary biodegradation. The 
relative dissipation rate of the compounds observed in this study agrees with the results 
presented by Kunkel and Radke, although they investigated less compounds (common to this 
study: ibuprofen > bezafibrate > naproxen) (Kunkel and Radke, 2008). 

 
Figure 3. Concentration time-trends of 8 parent pharmaceuticals in surface water observed in the flume 
experiment in study II. Concentration was normalized to the measured initial concentration of each 
compound. The dashed line represents the calculated equilibrium concentration in the flume after taking 
the complete mixing of pore water and surface water into account. 
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Figure 4 illustrates the time-trends of the parent pharmaceuticals in surface water, upper and 
lower layers of the pore water. Only the results of pore water samples from sampling ports 1U 
(upper layer) and 1L (lower layer; see Figure 2) are reported in this thesis. In general, a longer 
travel time can be expected for the pharmaceuticals to reach a deeper sediment layer, which can 
be seen for all compounds. For carbamazepine, furosemide and hydrochlorothiazide, the 
concentration trends in surface water and pore water were similar from day 7 onwards, 
indicating steady-state transport and transformation. In comparison, as the result of a much 
faster biodegradation rate, ibuprofen was not detected in either pore water layer. Bezafibrate 
reached both pore water layers but at a relatively low concentration level and was eliminated 
quickly in the pore water. Naproxen was only observed in the upper pore water layer. In general, 
the dissipation of ibuprofen, bezafibrate and naproxen in the pore water is in agreement with 
the dissipation from the surface water (Figure 3). Combining the results from this study with 
the results of the abiotic control experiment from study I and results from literature (Kunkel 
and Radke, 2012; Ramil et al., 2010), we attribute the elimination of metoprolol and propranolol 
to a combination of both biodegradation and sorption to sediment particles (since these 
chemicals are positively charged at the ambient pH of approximately 6.8) in the pore water. 
This can be deduced from the concentration trends of these compounds in the pore water (Figure 
4 (f) and (h)): both compounds were retarded during the sediment passage and thus needed a 
longer time to reach the lower sediment layer. Propranolol has been reported to sorb to sediment 
particles to a greater extent than metoprolol (Kibbey et al., 2007; Ramil et al., 2010), which 
agrees with its later arrival in the lower sediment layer.   

 

 

Figure 4. Time-trends of 8 parent pharmaceuticals investigated in the flume experiment in study II: (a) 
bezafibrate, (b) carbamazepine, (c) furosemide, (d) hydrochlorothiazide, (e) ibuprofen, (f) metoprolol, 
(g) naproxen, (h) propranolol. Dashed curves in plot (a) indicate that these compounds are shown on the 
secondary vertical axis. 
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3.4. Study II – Formation of transformation products in the bench-scale flume 

The results from the water-only control experiment showed that 3 TPs were formed, i.e. 4-
chlorobenzoic acid, 4-amino-6-chloro-1,3-benzenedisulfonamide and chlorothiazide. The 
formation of 4-chlorobenzoic acid, which was observed from day 15 onwards, agrees with the 
decreasing trend of its parent compound bezafibrate. However, the concentration of 4-
chlorobenzoic acid was an order of magnitude higher in the water-only control experiment than 
in the flume, implying a more efficient transformation in presence of sediment. The occurrence 
and relative concentrations of 4-amino-6-chloro-1,3-benzenedisulfonamide and chlorothiazide, 
both caused by hydrolysis of hydrochlorothiazide, were also in agreement with general 
observations from study I (see Figure 3 of paper I).  

Figure 5 shows that the behavior of the TPs in general agreed with those in study I, i.e. a 
continuous increase for carbamazepine-10,11-epoxide, saluamine, 4-amino-6-chloro-1,3-
benzenedisulfonamide and chlorothiazide while 4-chlorobenzoic acid was completely removed 
at the end of the experiment. However, 1-naphthol had a continuously increasing concentration 
during the batch experiment in study I, while it decreased from day 7 onwards during the flume 
incubation in study II. This discrepancy for 1-naphtol may be explained by the faster removal 
rate of its parent compound propranolol in the flume study. The two TPs of ibuprofen, 2-
hydroxyibuprofen and carboxyibuprofen, were not detected in surface or pore water. This is 
most probably related to their efficient transformation, as also shown in study I. The absence 
of 4’-hydroxydiclofenac and α-hydroxymetoprolol can be explained by quantification problems 
of the applied analytical method. 

 

Figure 5. Time-trends of 7 TPs detected in the flume experiment in study II: (a) 4-chlorobenzoic acid 
(parent: bezafibrate), (b) carbamazepine-10,11-epoxide (parent: carbamazepine), (c) saluamine (parent: 
furosemide), (d) 4-amino-6-chloro-1,3-benzenedisulfonamide (parent: hydrochlorothiazide), (e) 
chlorothiazide (parent: hydrochlorothiazide), (f) metoprolol acid (parent: metoprolol), (g) 1-naphthol 
(parent: propranolol). 
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For carbamazepine, furosemide and hydrochlorothiazide, their concentrations in surface water 
were similar to those in pore water from day 7 onwards (Figure 5 (b), (c) and (e)). This is 
consistent with the observations of their parent compounds (Figure 4 (b), (c) and (d)), and can 
be attributed to the steady-state transport.  Moreover, their concentrations in the upper layer of 
the pore water were almost constantly higher than in the surface water, confirming the 
significant role of the hyporheic zone in the overall biodegradation. Chlorothiazide was 
detected at a constantly lower level than 4-amino-6-chloro-1,3-benzenedisulfonamide. We 
attribute this to the previous finding that chlorothiazide is an intermediate product during the 
hydrolysis and it is the precursor of 4-amino-6-chloro-1,3-benzenedisulfonamide (Brigante et 
al., 2005; Li et al., 2014). 

3.5. Comparison of the two experimental approaches 

Both the batch incubation and the bench-scale flume experiments show that the hyporheic zone 
has a significant role in the removal of pharmaceuticals. Backed up by the water-only control 
experiments, the time-trends of the pharmaceuticals and TPs in both surface and pore water 
clearly show that TPs were mainly formed in the hyporheic zone and transported back to the 
surface water. Moreover, the agreement of the results from both studies in terms of TP 
formation indicates that the batch experiments are suitable to identify TPs, while more realistic 
kinetics are observed in the flume system. TPs were formed at yields of more than 44% over 
the 30 day period (Table 3).   

Although the results from the two studies generally agree with previous research, some 
important differences were observed. Carbamazepine has been reported to be fairly recalcitrant 
in the surface water (Tixier et al., 2003) and in water/sediment test systems (Löffler et al., 2005). 
It has also been used as a persistent tracer when investigating the attenuation of pharmaceuticals 
in a river (Kunkel and Radke, 2012). In our experiments, however, carbamazepine was 
transformed as can be clearly shown by the occurrence of its biodegradation product 
carbamazepine-10,11-epoxide. Specific boundary conditions such as temperature, microbial 
activity etc., as well as different incubation time scales can be factors contributing to the 
discrepancy. Moreover, several microbial TPs which had never been reported to stem from 
biodegradation were identified (Table 2). Overall, the qualitative results from the two 
experiments are in good agreement, while the transformation kinetics of parent compounds and 
the behavior are depending on the experimental design. 
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Table 3. Maximum yields of TPs detected in the flume system in study II. The yields are reported on a 
molar basis, calculated by their highest molar concentrations divided by the equilibration molar 
concentrations in the system of their parent compounds. 

 

4. Conclusions and Future Work 

This licentiate thesis contributes to narrowing the knowledge gap on the environmental fate of 
pharmaceuticals in the water/sediment environment, by combining laboratory incubation 
experiments at different scales and a computational data-processing method to generate new 
knowledge on formation and behavior of TPs. 

Above all, the data-processing method provides a specific, efficient and reliable way to process 
LC/HRMS full scan acquisition data, leading to the identification of previously unreported 
microbial TPs. The comparison of the batch experiments with the flume study shows that the 
information on the TPs generated from the simple batch incubation can be transferred to the 
more complex flume, demonstrating that the results are not depending on the specific 
experimental set-up and providing the opportunity to transfer the findings also to real 
environmental systems.  

The formation of relatively persistent TPs highlights the need to take the key TPs into 
consideration when investigating the environmental fate of pharmaceuticals. A high yield of 
certain TPs was observed, and shows a necessity to assess the toxicity and persistence of these 
TPs. 

In a follow-up study, the formation and elimination kinetics in the flume experiments will be 
compared for different morphologies of the sediment/water interface, i.e. even sediment surface 
vs. artificial ripples (Figure 2c). We will also apply TPs as indicators for the elimination of 
organic micropollutants in the hyporheic zones of rivers and streams. Finally, we will aim at 
identifying additional TPs in laboratory experiments and exploring how the methodologies for 
identifying TPs can be applied to environmental samples. 

 

Transformation product Parent compound Yield (mol. / mol.) 
4-Chlorobenzoic acid Bezafibrate 11.6% 
Carbamazepine-10,11-epoxide Carbamazepine 1.25% 
Saluamine Furosemide 44.0% 
Chlorothiazide Hydrochlorothiazide 40.2% 
4-Amino-6-chloro-1,3-benzenedisulfonamide Hydrochlorothiazide 7.29% 
Metoprolol acid Metoprolol 15.0% 
1-Naphthol Propranolol 5.00% 
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