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Abstract  
 

The occurrence of pharmaceuticals in aquatic environments originating from human 
consumption has received increased scientific attention during the last decades due to 
concerns regarding their combined environmental effects. This concerns stress the need of 
studies quantifying dissipation rates of pharmaceutical in aquatic ecosystems. The aims of this 
study were: i) to assess the degradation rates of trimethoprim (TPR), diphenhydramine 
(DPH), diclofenac (DCL), oxazepam (OXZ) and hydroxyzine (HDZ) in laboratory incubations, 
and ii) to compare laboratory assessment of dissipation rates with previously measured in situ 
half-lives of these drugs in a pond ecosystem. I hypothesized that the dissipation of these five 
drugs dissolved, in laboratory incubations, is affected by common environmental parameters 
such as temperature, UV-light, organic solutes and presences of sediments. In line with my 
hypothesis, all substances were affected by my treatments. Here, main parameters affecting 
the dissipation of the drugs were UV light and to a lesser temperature (i.e. through microbial 
degradation). All drugs were found to be affected by sediment sorption, especially HDZ where 
95 % of the applied pharmaceutical was adsorbed. Laboratory estimate with highest 
environmental relevance (low TOC and 3 °C water temperature or low TOC, sediments and 
UV light) seemed to predict field estimates fairly well for all of the drugs beside OXZ and DCL. 
Given the strong adsorption for sediments seen in the laboratory incubations, it seems likely 
that the mismatch between laboratory inferred half-lives and the in situ half-lives for OXZ was 
likely caused by sediment exchange processes releasing drugs initially adsorbed to the 
sediments into water column over time.  
 
Key words: fate, pharmaceuticals, laboratory incubations, dissipation rate, half-life 
 

 
1. Introduction 

 
1.1 Pharmaceutical substances in the environment 
 

It is well known that the use of pharmaceuticals dates back to thousands of years, to 
ancient Hindu, Chinese and Mediterranean civilizations and there are records of ancient 
physicians such as the Greek Galen that used various drugs in their practice (Encyclopedia 
Britannica, 2008). These early medicinal substances that were back then available to relieve 
from pain, were natural extracts and were found as herbs, plants, roots, vines and fungi (Jones, 
2011). After the Dark and Middle ages, during the 16th century, Western medicine started 
recovering and pharmaceutical practice began developing again (Encyclopedia Britannica, 
2008). It was only after World War II, however, that, along with synthetic organic chemistry’s 
progression, chemical drug discoveries and usage developed rapidly and continued growing 
thereafter (Pharmaceutical Sciences University of California Irvine, 2011). The newfound 
knowledge that synthetic chemicals had the potential to kill or immobilize parasites, bacteria 
and microbes selectively, led to massive research and industrialization of chemical 
pharmaceuticals that continues to the present (Chemical & Engineering News, 2005).  

 
Following this acute development, we now know with confidence that aquatic 

environments nowadays receive continuously mixtures of drugs on a global scale (Boxall et al., 
2012). Their most popular uses, among others, include human medicine, where they serve as 
tools for the treatment or prevention of various diseases, veterinary drugs or husbandry 
growth promoters with applications on many different aspects of agriculture (Halling-
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Sørensen et al., 1998). Pharmaceuticals include more than 4000 molecules with different 
physico-chemical and biological properties and distinct modes of biochemical action (Beausse, 
2005; Boxall et al., 2012). It is, therefore, only logical, that their fate and effects on the 
environment have recently been extensively debated among scientists and pharmaceutical 
companies. 

Recent evidence indicates that the use and consumption of pharmaceuticals per capita 
in the European Union has doubled or nearly tripled on a time span of only 14 years (2000-
2014) and suggests an inference of an even bigger absolute consumption amount due to 
continuous global population increase (OECD, 2014). This critical piece of information 
highlights the demand of further investigation of these substances and their possible effects 
on the environment. The numerous potential effects of pharmaceutical substances along with 
their sources in the environment have been widely studied during the past years. After 
administration, some drugs are metabolized, while others remain intact until they are 
excreted. Pharmaceuticals and their metabolites can either enter the aquatic systems via 
excretion or disposal wastewater. Due to their high polarity and low volatility, most 
pharmaceuticals are most likely to be transported to the water column (Breton and Boxall, 
2003).  

 
The main trail pharmaceuticals follow to surface waters is through domestic, industrial 

or hospital effluents and via effluents from waste water treatment plants (WWTP), where 
pharmaceuticals are incompletely removed. In fact, research suggests that up to 90% of the 
drug residue can be found in the effluent leaving the treatment plant (Cooper, Siewicki and 
Phillips, 2008). The combined excretion of active pharmaceutical ingredients can take place 
via urine and feces, which is the direct route through which drugs enter the environment. The 
indirect route is considered to be the disposal of unused or leftover drugs by flushing into 
sewers (Daughton, 2009). Pollution from the production of pharmaceuticals, occurring by 
industrial waste disposal, was not considered a major factor of the release of drugs into the 
environment until recently. Contemporary research shows, however, that certain production 
sites can cause environmental pollution at levels way above than previously thought (Fick, 
2009). Other ways pharmaceuticals can reach the aquatic environment include, for example, 
via runoff water from the agricultural sector, through the disposal of sewage sludge, where 
pharmaceuticals are used for veterinary purposes (Kümmerer, 2009), or leaching to ground 
waters after rainfall (Topp et al., 2008).   

 
The main pathways of common pharmaceuticals found in water column can either be 

the point source pollution or diffuse pollution. Point source pollution is a single identifiable 
source which originates from separate locations and can be calculated with mathematical 
modeling (Lapworth et al., 2012). Diffuse pollution cannot be easily identified on a discrete 
location, since it occurs over broader geographical scales (Lapworth et al., 2012). Compared 
with point source pollution, diffuse pollution has generally lower environmental loading, as 
there is greater possibility for natural attenuation in the soil and subsurface (Murray et al., 
2010). Today pharmaceuticals can be found everywhere, including sediment, medical sewage, 
WWTP, surface water, groundwater, drinking water, in the arctic environment (Fatta-
Kassinos, 2010) and in biota. 

 
The occurrence of pharmaceuticals in the environment has been widely studied, 

continuously providing increasing numbers of reports from drugs detected in potable water, 
river water, sea water or waste water. Garrison and colleagues (1976), were the first to report 
traces of pharmaceuticals in treated wastewater, while a research project in 1981 revealed the 
occurrence of pharmaceutical compounds in river waters (Nikolaou et al., 2007). A major 
limitation on the study of pharmaceutical substances so far though, has been the fact that they 

http://www.sciencedirect.com.proxy.ub.umu.se/science/article/pii/S0048969706003007#bib22
http://www.sciencedirect.com.proxy.ub.umu.se/science/article/pii/S0048969706003007#bib22
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cannot be easily detected and qualitatively analyzed (Boxall et al., 2012). Among other reasons, 
the most important ones include the lack of critical methodological approaches and the fact 
that most studies have focused on investigating the processes and mechanisms behind the 
degradation of pharmaceuticals in laboratory settings. Since the latter largely lacks the 
complexity occurring in natural environments (Klaminder et al., 2014), one of the goals of 
contemporary studies is to simulate degradation in natural environments. The fate of 
pharmaceuticals and their eventual effects on ecosystems are, therefore, until recently not well 
known (Arnold et al., 2014). Figure 1 shows the sources of pharmaceutical substances 
explained above and their fate that will be described in the next subchapter. 
 

 
 
 

 
1.2 Fate of pharmaceuticals 

 
Current research highlights the need for further study of the fate and the removal 

mechanisms of pharmaceutical substances along with the released amounts of them. The 
dissipation of pharmaceuticals in the aquatic environment is controlled by different processes. 
The main processes include aerobic and anaerobic bio-degradation and abiotic transformation 
such as degradation of UV-light, hydrolysis and sediment sorption. Depending on the 
properties of the specific compound of the drug and the characteristics of the surrounding 
environment, we can determine which of the above processes is most effective. 

 
According to recent reports, aerobic and anaerobic bio-degradation are the most 

important processes for removal of pharmaceuticals from the dissolved phase. The percentage 
of drugs removed from the system rises along with hydraulic retention time and the age of the 
sludge. Diclofenac, for instance, was found in previous research to have been bio-degraded 
only when the sludge retention time was at least eight days. Abiotic transformation of drugs 
in surface water or wastewater can take place via hydrolysis, photolysis or sedimentation. As 
drug compounds are often resistant to hydrolysis, this reaction can be characterized negligible 
for most human drugs. Direct and indirect photolysis, on the contrary, is a primary route of 
abiotic transformation of pharmaceuticals in surface waters. Direct photolysis is the result of 

Fig. 1 Sources and fate of pharmaceutical compound in the environment (Nikolaou et al., 2007) 
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direct absorption of sunlight, while indirect photolysis includes natural photosensitizers 
(Nikolaou et al., 2007). 

 
Halling- Sørensen and colleagues (1998), explained in their review the occurrence, fate 

and effects of pharmaceutical substances in the environment. Briefly summarizing their study, 
it can be said that, as in the case of all other xenobiotics, the drugs can be divided in three 
principal possible fates: i) the substance is mineralized to carbon dioxide and water, e.g. 
aspirin (Richardson and Bowron, 1985) ii) the substance is lipophilic and not readily 
degradable so part of this will be retained in the sludge iii) the substance is metabolized to a 
more hydrophilic form of the parent lipophilic one, but still persistent and therefore it will 
pass the WWTP and end up in the receiving waters (waste water treatment effluents often 
discharge to rivers) and may further affect the aquatic organisms if the metabolites are 
biologically active. Substances with the potential to be retained in the sludge, will, given that 
the sludge is dispersed on fields, be able to affect the micro-organisms and beneficials. The 
medical substances used for animals in stables as growth promoters will most likely end up in 
manure. 

 
Distribution of pharmaceuticals in the environment occurs mainly by aqueous 

transport or food-chain dissemination. The ecological risk assessment for contaminants is 
critically characterized by the fate and persistence of drugs. Traditional pollutants usually have 
longer half-lives than most of the drugs used nowadays. Some pharmaceuticals, however, that 
serve as human drugs, are significantly different from other kinds of contaminants as they are 
continually imported to water environments via wastewater effluents. Therefore, they can be 
characterized as pseudo-persistent when introduction rates exceed their half-lives (Ankley, 
2007). 

 
Drugs used in human medicine are designed to have biological effects and to be bio-

available. Only recently, however, has there been increasing concern over the trace amounts 
of pharmaceuticals found in the environment and their possible consequences (Daughton and 
Ternes, 1999). Although pharmaceuticals have long been released to the environment, recent 
concern derives partly from the fact that new analytical methods are now able of detecting 
pharmaceuticals at levels found in the environment (Erickson, 2002). During the past 
decades, more than 100 different drugs have been detected in the aquatic environment at 
concentrations from the nanogram (ng) to the μg/l range (Kummerer, 2001). Furthermore, as 
pharmaceuticals are continuously released into the environment, organisms are expected to 
be exposed to many of these substances for their entire lifespan. Therefore, it is possible that 
pharmaceuticals may impact non-target organisms in the aquatic and terrestrial environment 
(Boxall, 2004).  

 
Some pharmaceuticals are recently being associated with adverse developmental 

effects in aquatic organisms and with negative impacts on human health. Although several 
drugs are unlikely to constitute a risk, as they are found in low concentrations combined with 
low toxicity, e.g. iopromide (Steger-Hartmann et al., 2002), other pharmaceuticals such as 
natural and synthetic sex hormones are now known to pose considerable risks for the aquatic 
environment (Nash et al., 2004). In addition, pharmaceutical substances have been found in 
groundwater (López-Serna et al., 2013), often explained due to direct or indirect impact of 
waste water (Sacher et al., 2001). Pharmaceuticals have also been found in biota from algae to 
fish in various concentrations and all over the world (Grabicova et al., 2015; Liu et al., 2015).  

 
 Potential bioaccumulation and persistence of released pharmaceuticals is also widely 

debated. Moreover, pharmaceuticals released into the environment as mixtures also raise 
concerns, as the combined environmental effects of pharmaceuticals have been for long 

http://www.sciencedirect.com.proxy.ub.umu.se/science/article/pii/S0048969706003007#bib124
http://www.sciencedirect.com.proxy.ub.umu.se/science/article/pii/S0048969706003007#bib99
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unknown (Stackelberg et al., 2004). In addition to potential ecological risks, human health 
might possibly be at risk through long-term consumption of drinking water containing trace 
levels of pharmaceuticals. Although the compounds of drugs in drinking water are at doses far 
below the ones used in therapy, drinking water standards have not yet been established for 
most pharmaceuticals. It is noteworthy, however, that there are some studies suggesting that 
there is no risk to human health (Schwab et al., 2005). 
    
1.3 Aim 

Large volumes of data have been generated during the past decade on the fate and 
occurrence of pharmaceuticals in the environment; therefore, it seems like the time has come 
to examine how some drugs, in water samples with low or high total organic carbon (TOC), 
react in different temperatures and UV light exposure. Since the negative effects of some drugs 
in the aquatic environment are now known, it can be suggested that pharmaceutical 
companies make greener pharmaceutical products to reduce these effects to the terrestrial and 
aquatic environment. Results of this study could provide information on levels, sources and 
potential risks of these five drugs and for protecting water resources and environmental 
management in Sweden.  

 
The aims of this study are: i) to assess the degradation rate of trimethoprim (TPR), 

diphenhydramine (DPH/DHM – in this paper referred as DPH), diclofenac (DCL), oxazepam 
(OXZ) and hydroxyzine (HDZ) in laboratory incubations, if the concentration of the 
pharmaceuticals will decrease over time and evaluate whether or not the degradation rate will 
be different for the five compounds; and ii) to compare laboratory assessment of dissipation 
rates with previously measured in a semi-natural pond system. I hypothesize that the 
dissipation of these five dissolved drugs will be affected by common environmental factors 
such as UV-light, total organic carbon in the water, sediment and temperature. 
 
 

 

2. Materials and Methods 
 
2.1. Pharmaceuticals used in this survey 
 

In the present study I used the following five drugs: trimethoprim, diphenhydramine, 
diclofenac, oxazepam and hydroxyzine. The pharmaceuticals examined in this study have all 
been detected in natural aquatic ecosystems and were chosen to represent a range of chemical 
properties and biodegradability (Hughes et al., 2013). All five pharmaceuticals can be 
considered pseudo-persistent due to near-continuous input to aquatic systems (Daughton, 
2002), despite their relatively rapid degradation (over weeks), compared to some classic 
organic contaminants (PBCs) (Lagasson et al., 2016). 
 
 Trimethoprim (TPR) is an antibiotic used mainly for the treatment of bladder 
infections (Wishart et al., 2006). Other uses include middle ear infections and travelers' 
diarrhea treatment.  It is available in tablet form for oral administration. Common side effects 
include nausea, changes in taste, and rashes. Less commonly, it may cause blood problems 
such as the decreasing of platelets or white blood cells. Suarez et al. (2010), reports that TMP 
has demonstrated a high degree of persistence in aquatic environments and Blum (2013), has 
reported its half-life in water as 215 hours in unfiltered river water exposed to UV-light. It may 
also cause sun sensitivity. There is evidence of potential harm during pregnancy in some 
animals but not in humans. Nowadays, in medicine practice in Sweden, almost 60 antibiotics 

https://en.wikipedia.org/wiki/Antibiotic
https://en.wikipedia.org/wiki/Urinary_tract_infection
https://en.wikipedia.org/wiki/Urinary_tract_infection
https://en.wikipedia.org/wiki/Acute_otitis_media
https://en.wikipedia.org/wiki/Travelers%27_diarrhea
https://en.wikipedia.org/wiki/Travelers%27_diarrhea
https://en.wikipedia.org/wiki/Platelets
https://en.wikipedia.org/wiki/White_blood_cells
https://en.wikipedia.org/wiki/Pregnancy
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are in use (LIF, FASS, 2004). Τhe total amount of antibiotics administered is approximately 
100 tons per year (Apoteket AB, 2002).  Globally, the consumption of antibiotics is estimated 
to 100.000 to 200.000 tons per year (Kümmerer, 2003). 
 

Diphenhydramine (DPH) is a first-generation antihistamine mainly used to 
treat allergies, and possesses anticholinergic, antiemetic, antitussive, and sedative properties 
(Wishart et al., 2006). It is also used in the treatment of drug-induced Parkinson’s Disease and 
other extrapyramidal symptoms. The drug has a half-life in water reported from 87 h (water 
with humic substances) (Chen et al., 2009) to about 130 h (unfiltered river water exposed to 
UV-light) (Blum, 2013) and it is indicating that the drug is expected to disappear from water 
bodies over a monthly time scale, probably because of its hydrophobic compound.  The 
medication has a sedating effect and is FDA-approved as a nonprescription sleep aid. Jonsson 
et al. (2014), showed how antihistamines can have sub-lethal effects on aquatic 
macroinvertebrates manifested as behavioural changes.  

 
Diclofenac (DCL) is a non-steroidal anti-inflammatory painkiller that is given to treat 

painful conditions such as arthritis, sprains and strains, gout, migraine, dental pain, and pain 
after surgical operations. It eases pain and reduces inflammation. It was detected in the 
majority of studies of surface waters with concentration levels in the ng/l range (Wiegel et 
al., 2004; Fent, Weston and Caminada, 2006). Packer et al. (2003), measured the half-life of 
DCL to be 8 h in water in unfiltered river water exposed to UV-light indicating a rapid removal 
from aquatic ecosystems. For DCL very low average removal rates (17%) were found in 
WWTP (Heberer, Reddersen and Mechlinski, 2002), thus much higher concentrations were 
found in the respective effluents (Ashton, Hilton and Thomas, 2004; Roberts and Thomas, 
2006). DCL is one of three substances added to the European watch list of priority substances 
(EuropeanUnion, 2015). DCL, nevertheless, was not found in surface waters at 
concentrations that were high enough to cause acute toxic effects (Cleuvers, 2003). Finally, 
a comprehensive database, including chronic effects, fate, and effect assessment of 
transformation products is still missing. DCL expresses phytotoxicity to microalgae only at 
very high concentrations (Fent et al., 2006), but the phytotoxicity of decomposition products 
is still unknown. Direct photolysis is described as the main pathway for its elimination in the 
aquatic environment (Buser, Poiger and Muller, 1998; Packer et al., 2003) and the same is 
assumed to be the main degradation pathway in the present study, as well. 
 
 Oxazepam (OXZ) is a highly water-soluble, intermediate-acting benzodiazepine, which 
is used for the treatment of alcohol withdrawal and anxiety disorders (Drugbank, 2015). 
Benzodiazepines are considered to belong to the most persistent psychoactive substances in 
the environment and laboratory incubations have shown half-life, when dissolved in water, of 
about 30 days (Löffler et al., 2005). Field experiments have reported, however, that the 
dissipation rate can reach several months in deep waters and at low temperatures, or even 
decades in lake sediments (Klaminder et al., 2015). OXZ has been detected in concentrations 
up to 1.8 µg/l in freshwater systems (Loos et al., 2014) and in sediments (Sundelin, 2014). 
Previous studies indicate a moderate persistence of OXZ (3.2 to 4.8 days) in laboratory 
conditions (Löffler et al., 2005; Calisto et al., 2011). The main factors that control OXZ’s 
dissipation from water are photodegradation, biodegradation and adsorption to sediments 
and humic substances (Löffler et al., 2005; Calisto et al., 2011).  
 

Hydroxyzine (HDZ), a key ingredient for Atarax and Vistaril, is a first-generation 
antihistamine and was first synthesized by Union Chimique Belge in 1956, marketed 
by Pfizer in the United States later the same year (AHFS Drug Information, McEvoy GK, 
2003) and is still widely used today. It has been successfully prescribed for treatment of 
allergic states, anesthesia-related nausea, or to mediate the effects of opioid medication. 

https://en.wikipedia.org/wiki/H1_antagonist#First-generation_.28non-selective.2C_classical.29
https://en.wikipedia.org/wiki/Antihistamine
https://en.wikipedia.org/wiki/Allergies
https://en.wikipedia.org/wiki/Extrapyramidal_symptoms
http://patient.info/health/anti-inflammatory-painkillers
http://patient.info/health/osteoarthritis-leaflet
http://patient.info/health/sprains-and-strains-leaflet
http://patient.info/health/gout-leaflet
http://patient.info/health/migraine-leaflet
http://patient.info/health/toothache
http://link.springer.com.proxy.ub.umu.se/article/10.1007/s00216-006-0825-3#CR10
http://link.springer.com.proxy.ub.umu.se/article/10.1007/s00216-006-0825-3#CR10
https://en.wikipedia.org/wiki/First-generation_antihistamine
https://en.wikipedia.org/wiki/First-generation_antihistamine
https://en.wikipedia.org/wiki/Union_Chimique_Belge
https://en.wikipedia.org/wiki/Pfizer
https://en.wikipedia.org/wiki/United_States
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Moreover, soon after the launch, HDZ was introduced to the treatment of psychiatric disorders 
because of its anxiolytic effect (Dolan, 1958). HDZ shows virtually no serious adverse effects 
and is nowadays prescribed for the treatment of anxiety and hypertension with daily doses 
ranging from 50 to 100 mg (Dowben et al., 2013). Antihistamines have been found at 
concentrations ranging from 1 to 10 ng/l in aquatic systems (Kosonen and Kronberg, 2009; 
Stackelberg et al., 2007). Blum (2013), reports that half-life of this pharmaceutical, in water, 
is 21 hours (unfiltered river water exposed to UV-light). 
 
2.2. Study site 
 

Sampling was performed in April 2016. Surface sediment, humic surface water and 
clear groundwater were collected from the Röbäck experimental ponds (63°48.572′N 
20°14.584′E), in Umeå, Sweden. The ponds were constructed in late 1980s and have not been 
affected by any significant anthropogenic disturbances since then. The ponds are 
approximately 400m2 (40 × 10m), with a mean depth of 1.3 m. The inflow of water comes from 
rain and groundwater, and the ponds (pH=7.2) have no connection to anthropogenically 
impacted surface waters. The sediment thickness is about 1 cm and dominating aquatic 
vegetation are quillworts (Isoetes), broad-leaved pondweed (Potamogeton natans) and 
duckweed (Lemna minor) (Lagesson et al., 2016). The sampling sites that are shown below in 
figure 2 was chosen because future in situ studies were planned in the experimental ponds and 
the dissipation time would thus be representative of that system. The sediment that I used was 
the one that Johan Fahlman used for his master thesis and treated to determine water content 
and loss on ignition (LOI) (Fahlman, 2014).  

 

 
 
Fig. 2A The covered and the uncovered parts of EXEF pond (Falhman, 2014). 2B The Sävarån pond (google 
earth). 

2.3. Laboratory dissipation experiment  

The experiment was performed in climate rooms at 22.2 ºC and 3.8 ºC, where a mix of 
trimethoprim, diphenhydramine, diclofenac, oxazepam and hydroxyzine, solution was added 
to five groups of 16 samples (15 ml each) aiming at a final concentration of 1000 ng/l. The 
sample groups were: 1) low total organic carbon (TOC) water; 2) high TOC water; and 3) low 
TOC water + 2 g of dry sediment and 4) high TOC water + 2g of dry sediment. Half of the 
samples (8 for each treatment) were contained in taped glass vials, while the rest were 
contained in quartz vials and exposed to UV lamps as simulation of sunlight. Samples were 
treated for 28 days and then analyzed by Jerker Fick from chemistry department for these five 

A B 
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pharmaceutical substances. All samples from both climate rooms (warm-cold) were 
subsampled once per week for increased resolution of the degradation process. The UV lamps 
used were Q-Panel UVA-340 with a wavelength spectrum from 295 to 365 nm and an effect of 
36 W (QLAB 2012). For both experiments, eight samples were prepared in low TOC water and 
frozen in -20 ºC. These samples were used as references for the actual starting concentration, 
from which all samples were normalized. 
 
2.4. Analysis 

Pharmaceuticals analyses were performed using a triple quadruple mass spectrometer 
connected to a liquid chromatograph (Quantum Ultra EMR, Thermo Fisher Scientific, San 
Jose, CA, USA). For further information regarding this method, see Brodin et al. (2013). TOC 
was analysed using an IL-550 TOC/TN analyser by Lachat Instruments, Hach. The dissipation 
experiment was analysed with the use of Shapiro-Wilks test for normal distribution. Normally 
distributed data were analysed using Student’s T-test and the Mann-Whitney U-test for non-
normal distributions. Regression analyses were made on within-pond data to determine 
within-system degradation. 

 
The time required for the concentration of drug to be reduced to half, known as half-

life (t1/2), was calculated. To find the half-life of the pharmaceuticals, they were fitted into a 
function of 1st order kinetics. By fitting an exponential relationship to the data, thus receiving 
the equation for 1st order reaction kinetics (Equation 1), the elimination constant of the used 
substances for each treatment could be determined. Then, using Equation 2, half-life was 
determined for each treatment. The half-life for the compounds were calculated by equations 
1 and 2. Only actual measured concentrations were used for half - life calculations. 
 
C = C (0) e-kt Equation 1  

t ½ = ln (2)/k Equation 2 

k stands for the first-order reaction constant that best describes the changing concentration 
over time. 

2.5. Statistical analysis 

To test my hypothesis I conducted a statistical program called Dunns’ test, which is 
basically a Kruskal-Wallis test (rank test) for multiple factors (tests everything against each 
other). The rationale for this was that the data was non-normal distributed and therefore 
demanded a non-parametric test. I compared all the different treatments to each other, but I 
focused on how treatments compare to the low TOC treatments (one sided assumption), which 
is kind of a control in this study and finally I also tested how temperature affects dissipation 
rates of the drugs overall treatments (two sided test). 
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3.Results 

3.1. Dissipation rates 
 

The concentrations measured in the treatment as a function of time are shown in 
figures 3-12. A short summary about the general trends can be found below. Figures 3C and 
3D show the initial amount of TPR to be lower (150 ng/l) in the treatment with the addition of 
sediment compared to the one without sediment, but the rate of decline is similar. In low TOC 
samples (fig. 5), graph 5F shows a sharp decline of TRP for the warm room under the UV light 
treatment. In graphs 5G and 5H the initial amount of the drug is lower and reaches the 
undetectable limit after 28 days. Graph 6A for DPH (high TOC water) resembles graph 4A 
(high TOC) of TPR, except for the fact that DPH (fig. 6) in warm room follows a sharper decline 
and the amount of the drug falls to ca 50 ng/l. When sediment is added to the sample (graphs 
6C and 6D), the amount of DPH reduces by nearly 350 ng/l, while for low TOC samples (fig. 
7), under all treatments, the decline is close to 400 ng/l. Surprisingly, as indicated in graph 
7G, when UV radiation is added, lower degradation is detected in the cold room, while in the 
warm climate room an acute decline of the amount of the drug is visible (from ca 370 ng/l to 
almost 0 over 28 days). As graph 7H displays (low TOC water + sediment), the amount of DPH 
dropped to 0 from the first day.  

 
DCL is the only drug, however, that under the conditions in which only sediment is 

added (graph 8D), the concentration values are not close to 0, but ca 100 ng/l. In low TOC 
samples (fig. 9), graph 9E (low TOC water) illustrates that the amount of the drug in the 3 ºC 
room drops to half (from ca 410 ng/l to 210 ng/l) in 15 days and it seems thereafter, that it 
rises again to ca 310 ng/l. Graphs 12C and 12D indicate that, when sediment is added to the 
samples in high TOC water, the concentration values of HDZ drop and remain close to 0 ng/l 
during the whole experimental period for both climate rooms. The same pattern is observed 
for the low TOC samples as well (graphs 13F and 13H). In both TOC conditions a peak of HDZ 
concentration values is observed by the end of week one (graph 12B) and by the end of week 
three (graph 13G). 
 

In summary, all studied drugs showed decreasing concentrations over the 28 day 
incubations (Fig. 4-13). However, several of the drugs, including DCL (treatment with high 
TOC water, r2= 0,456) and OXZ (high TOC + UV treatment, r2= 0,0066) showed temporal 
trends that were poorly explained by the assumed exponential decay, i.e. r2 values below 0.5. 
For, these treatments the calculated half-lives assuming exponential decay should, therefore, 
be treated with caution. All studied drugs had lower measured initial concentrations in 
treatments involving sediments than those with only solutes as would be expected from 
significant sediment sorption.  
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Fig. 3. TRP dissipation rates in high TOC samples for both climate rooms (3 ºC and 22 ºC) during 28 days of laboratory incubations under 
the treatments: A) high TOC, B) high TOC under UV radiation, C) high TOC under UV radiation with addition of 2g of sediment, D) high 
TOC with addition of 2g of sediment. 

Fig. 4. TRP dissipation rates in low TOC samples for both climate rooms (3 ºC and 22 ºC) during 28 days of laboratory incubations under 
the treatments: D) low TOC, E) low TOC under UV radiation, G) low TOC under UV radiation with addition of 2g of sediment, H) low TOC 
with addition of 2g of sediment. 
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Fig. 5. DPH dissipation rates in high TOC samples for both climate rooms (3 ºC and 22 ºC) during 28 days of laboratory incubations under 
the treatments: A) high TOC, B) high TOC under UV radiation, C) high TOC under UV radiation with addition of 2g of sediment, D) high 
TOC with addition of 2g of sediment. 

Fig. 6. DPH dissipation rates in low TOC samples for both climate rooms (3 ºC and 22 ºC) during 28 days of laboratory incubations 
under the treatments: D) low TOC, E) low TOC with addition of sediment, G) low TOC under UV radiation H) low TOC under UV 
radiation with addition of 2g of sediment. 
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Fig. 7. DCL dissipation rates in high TOC samples for both climate rooms (3 ºC and 22 ºC) during 28 days of laboratory incubations 
under the treatments: A) high TOC, B) high TOC under UV radiation, C) high TOC under UV radiation with addition of 2g of sediment, 
D) high TOC with addition of 2g of sediment. 

Fig. 8. DCL dissipation rates in low TOC samples for both climate rooms (3 ºC and 22 ºC) during 28 days of laboratory incubations 
under the treatments: D) low TOC, E) low TOC with addition of sediment, G) low TOC under UV radiation H) low TOC under UV 
radiation with addition of 2g of sediment. 
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Fig. 9. OXZ dissipation rates in high TOC samples for both climate rooms (3 ºC and 22 ºC) during 28 days of laboratory incubations under 
the treatments: A) high TOC, B) high TOC under UV radiation, C) high TOC under UV radiation with addition of 2g of sediment, D) high 
TOC with addition of 2g of sediment. 

Fig. 10. OXZ dissipation rates in low TOC samples for both climate rooms (3 ºC and 22 ºC) during 28 days of laboratory incubations under 
the treatments: D) low TOC, E) low TOC with addition of sediment, G) low TOC under UV radiation H) low TOC under UV radiation with 
addition of 2g of sediment. 
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Fig. 12. HDZ dissipation rates in low TOC samples for both climate rooms (3 ºC and 22 ºC) during 28 days of laboratory incubations 
under the treatments: D) low TOC, E) low TOC with addition of sediment, G) low TOC under UV radiation H) low TOC under UV 
radiation with addition of 2g of sediment. 

Fig. 11. HDZ dissipation rates in high TOC samples for both climate rooms (3 ºC and 22 ºC) during 28 days of laboratory incubations 
under the treatments: A) high TOC, B) high TOC under UV radiation, C) high TOC under UV radiation with addition of 2g of sediment, 
D) high TOC with addition of 2g of sediment. 
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3.2 Half-lives 

Calculated half-lives from the laboratory incubations for the five drugs under all 
treatments can be found in appendix (tables 12-16). For TPR the minimum calculated half- 
life, 7 days, was in high TOC samples under UV radiation treatment in the cold room, while 
the maximum value, 22 days, was detected in the low TOC samples in the same climate room. 
The average half-life of TPR in 3 ºC is 12,4 days and in 22 ºC 13,2 days. DPH has the shortest 
calculated half-life (5 days) in high TOC samples under the UV radiation treatment in the cold 
room and the longest half-life (22 days) detected in the same temperature and in high TOC 
samples but in the protected from UV light samples treatments. The average half-life values of 
DPH in the cold and in the warm room were 15 days and 14 days respectively.  

OXZ had minimum half-life (5 days) in low TOC water samples in the cold room under 
UV radiation and sediment addition treatment while its maximum half-life (53 days) was 
calculated in the cold room, low TOC water samples. The average half-life of OXZ in the cold 
room was 22,1 days and 14 days in the warm room. For HDZ the shortest half-life was 
calculated at 5 days in the cold room in high TOC samples under UV light treatment and the 
longest half-life (20 days) was calculated in low TOC samples in the same climate room under 
UV light and sediment treatment. The average half- life for HDZ was 10 days in the cold room 
and 14 days in the warm room. For more information and values of half-lives calculated, see 
appendix. 

Briefly summarizing, the fastest dissipation (shortest half-lives) occurred in 
treatments involving UV light treatments and this effect was stronger in the treatments with 
low TOC. The longest half-lives (of approximately 50 days) were calculated for low 
temperature and high TOC treatments of DCL and OXZ (Table 14 and 15, appendix). In 
contrast, the shortest half-lives (of around 5 days) were also found for the same drugs in 
treatments involving UV light and high temperatures. An in depth statistical analysis, Dunns’ 
test (see methods) of the treatments is presented for each individual drug in tables 1 to 10 in 
appendix. All treatments (TOC, UV, sediment and temperature) affected the fate of the studied 
drugs. Moreover, UV radiation affected all studied drugs significantly.  However, the 
temperature treatment was only significant for OXZ and DCL. 

The half-lives from the low TOC and low temperature treatments were plotted against 
the half-lives reported previously for the semi-natural pond ecosystem (Fig. 13). As shown, 
laboratory estimates generally underestimated the in situ derived half-lives, especially for OXZ 
and expect for DCL. 

 

 

 

 

 

 

Fig.13. Calculated half-lives of TPR, DPH, DCL, OXZ and HDZ in low TOC water in cold conditions without UV light and sediment addition 
in laboratory incubations against half-lives of them in pond. The latter is derived from Klaminder et al., (2015) for OXZ and from Ekelund 
Nord (2015) for the rest drugs. 

Lab data vs ‘real’ data 
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4. Discussion 

 

Pharmaceuticals with longer half-lives will have greater possibility to move further in 
aquatic environments when released from, WWTPs. My laboratory experiment, shows that 
TRP, DPH and OXZ can have half-lives of up to two weeks in cold water without inputs of UV-
light. For DCL and OXZ, half-lives could be even longer in such waters. Clearly, all studied 
drugs could persist for many weeks and even months in fresh waters according to my 
laboratory predictions. In line with my hypothesis, all studied environmental factors, such as 
UV light, organic solutes and sediment, affect positively the dissipation (increased) of the 
studied drugs, and make possible predictions of their fate in natural waters more complex.  

 
The UV treatment cannot be considered to be truly representative for deeper natural 

ponds and lakes, where UV light only penetrates down a few centimeters (De Haan et al., 
1993). This condition is in contrast with those existing in my incubations, where UV-light was 
allowed to penetrate to the whole solution; hence, my treatments are expected to be much 
stronger than what actually occurs on average in a water column. Nevertheless, my 
incubations identified UV-light as an important degradation mechanism and that high TOC 
levels can decrease photo-degradation by absorbing light and thus, protect the substances and 
slow down dissipation rates. Indeed, the low TOC and low temperature treatment seems as 
the most relevant analogue to field conditions occurring in the studied ponds, given that the 
sample water was retrieved from the very same ponds and that UV light might not penetrate 
deeper waters.  

 
The assumption that photodegradation was not as efficient in the studied pond system 

is supported by the findings of Ekelund Nord (2015), who did not find any significant effect of 
photo-degradation when manipulating the pond water with a tarp. However, the half-lives of 
the samples treated with UV in my incubations, would actually constitute a better predictor of 
the in situ dissipation rates of DCL observed in the pond system, than the one with low 
temperature and low TOC. Bearing in mind the importance of temperature for the degradation 
of DCL, it seems most likely that the mismatch between laboratory predictions and in situ 
dissipation rates is caused by higher temperatures in the pond. For the other drugs, where 
sediment sorption is a non-significant mechanism, it seems plausible that the underestimation 
of the field dissipation rates by my incubations is driven by sediment processes, where drugs 
adsorbed to the sediments are protected from UV light and then slowly released back in to the 
pond water, extending the time that the drugs remain in the water. 
 

Pharmaceuticals with longer half-lives will have a greater possibility to move further 
in aquatic environments when released from, for example WWTP. Ekelund Nord’s (2015), 
results show that TRP and DPH had half-lives of over three weeks and that indicates the ability 
of these drugs to be transported and spread over longer distances in aquatic environments. 
My laboratory experiment, however, shows that TRP and DPH had half-lives of over two weeks 
and only OXZ had half-life of over three weeks (up to more than 50 days in the cold climate 
room). Ekelund Nord (2015), did not find any significant difference in degradation rates 
between the covered and uncovered pond. This lack of effect from UV-light on the degradation 
of drugs in his pond systems indicates that other degradation factors were more important 
during autumn and winter in these northern aquatic systems. In my study, only DCL and OXZ 
seem to be more sensitive to UV radiation than to treatments with sediment addition and this 
is apparent especially in the warm climate room (Figs 7B, 8G, 9B and 10G). This might be an 
indicator that the sunlight is an important degradation factor during the spring – summer 
periods in Northern aquatic systems. Generally, in this study the concentrations of studied 
pharmaceuticals decrease over time and at different rates. 
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4.1 Comparison with data from other environments 

 
The importance of UV light and high temperatures for the degradation of 

pharmaceuticals can be inferred from previous studies on waste water. For example, a study 
conducted in Sweden showed limited environmental elimination in winter and significant 
removal in summer (Daneshvar et al., 2010). Most of the common pharmaceuticals such as 
TRP have a removal rate ranging below 30% and not above 70% upon UV-photolysis of 
drinking water (Snyder, 2008). Massmann et al. (2008), showed that pharmaceuticals can 
persist in aquatic environments for decades, which indicates that UV and temperature 
dependent degradation rates sometimes might still be insufficient in removing the entire 
amount of certain drugs in specific environments 

 
Among the most well studied and commonly reported pharmaceuticals in the aquatic 

environment are antibiotics. From previous studies it has been suggested that TRP remains 
stable against biodegradation (Suarez et al., 2010). Lam et al. (2004), found, however, that 
sunlight was an important factor for the degradation of TRP in microcosm experiments, 
introducing ambiguousness regarding the importance of sunlight for the degradation of TRP. 
Indeed, my incubations support Lam’s findings (2004), as the dissipation of TRP was 
accelerated by the UV light treatment. Several researchers have also studied the half-life of 
TRP in various experimental settings, finding different results. Lam et al. (2004), found the 
half-life of TRP to be of 5.6 ± 1.8 days, while Benotti and Brownawell (2009), tested TRP in 
sea water and found its half-life to be over 100 days. A possible explanation for the large range 
of half-life rates can be the fact that different rates are the results of different environments.  

My findings regarding TRP are relevant to those of several different environments, as 
indicated by the wide spread occurrence of this drug. TRP is commonly detected in most 
influent wastewater samples analyzed in the range of 100– 6000 ng/l. According to Hordern 
et al. (2009), concentration levels were above 6 μg/l in the WWTP influent of Cilfynydd (UK), 
while in Croatia, Greece, Italy, and Sweden the same analysis revealed concentration higher 
than 1.5 μg/l (Kosma et al., 2014). In hospital effluents TRP is often detected at higher 
concentration (μg/l). Serna et al. (2010), found TRP concentration in drinking water ca 0.5 
ng/l. TRP concentration in New Mexico was found to be up to 35,5 ng/l and it was also detected 
in municipal wastewater (110 to 470 ng/l) (Nikolaou et al., 2007). The concentrations in 
America and Asia are approximately twice as high in freshwater (Pal et. al., 2010). In Asia, the 
rates are also high both in effluent of WWTP and freshwater resource. Lastly, Africa displays 
the highest average concentrations, indicating that the occurrence of pharmaceuticals in the 
environment is not just a concern of industrialized countries (Weber et. al., 2015).  

The fact that DPH is a hydrophobic compound and therefore is expected to have a 
tendency to adsorb to the sediment has been previously shown and further supported by my 
results. According to Ferrer et al. (2004), DPH is strongly concentrated in river sediment 
compared to its concentration in water column. In contrast to my results, stand studies 
suggesting that the compound is stable under UV radiation treatment (Pastrana-Martinez et 
al., 2012. According to Ferrer et al. (2004), DPH is strongly concentrated in river sediment 
compared to its concentration in water column. The compound is also considered stable under 
UV radiation treatment (Pastrana-Martinez et al., 2012). Ekelund (2015), showed that DPH 
had an acute dissipation rate during the first five days in the covered pond. DPH had the 
longest half-life among the drugs Ekelund Nord studied (22.4 days in the uncovered pond and 
26.7 days in the covered pond), while laboratory incubations in this study showed that DCL 
had the longest half-life (53 days) in low TOC water samples without UV or sediment added in 
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the cold room and OXZ’s (53 days) in low TOC water under UV light treatment in the cold 
room (appendix 1). 
 

Previous studies in line with my findings suggested that DCL, a well studied compound 
so far, is readily degraded by photodegradation. In fact, photodegradation is assumed to be 
the main degradation pathway (Buser et al., 1998). Buser et al. (1998), found via their lake 
experiments that DCL did not biodegrade and it was not likely to adsorb to sediment. Bartels 
and von Tümpling Jr (2007), had similar results at week two, although there had been earlier 
studies that reported much faster degradation rates (Buser et al., 1998). As already stated 
above, many studies suggest that photodegradation is the paramount factor for the 
degradation of DCL. This assumption, however, was not supported by Li (2014), where no 
significant effects of UV light on the degradation rate of DCL were detected. Li (2014), 
proposes the possibility of different factors contributing to the dissipation of DCL from the 
water column. This is also supported by Yang et al. (2011), who found DCL in river sediments 
in China. Buser et al. (1998), however, conducted lab experiments and suggested that DCL had 
negligible adsorption to sediment. Clearly, my results are partly supporting findings from 
Yang et al (2011), as I observed weak sediment sorption of DCL in the laboratory incubations.  

Calculated half-lives, however, were largely independent of the presence of sediments, 
implying that sediment adsorption is not a critical factor for the degradation rate of DCL. 
According to Poirier et al. (2016), DCL had the shortest calculated half-life of 5.6 days in the 
uncovered pond and 5.8 days in the covered pond. Reported half-lives range from 1 hour to 14 
hours (Buser et al., 1998; Bartels and von Tümpling Jr, 2007). Many experiments under 
central European conditions and in different seasons, indicated half-lives of DCL ranging from 
2,5 to 3 hours during spring and summer and 9 to 14 hours in autumn and winter, depending 
on the intensity of irradiation (Bartels and von Tümpling, 2007). Despite the fact that half-
lives vary in different locations and seasons, direct photolysis is the basic pathway for DCL’s 
elimination in the aquatic environment (Packer et al., 2003).  

DCL has been detected in surface water, groundwater, and/or drinking water in 50 
countries. It is one of the five most often detected drugs in all UN regions (Weber et al., 2015). 
Fent et al. (2006), presented concentration rates of DCL in surface waters with maxima 
occurring above 1 μg/l and in treated wastewater with maxima of 8 μg/l. DCL was detected at 
a concentration of 40 ng/l in the estuary of the River Elbe, 20 ng/l in UK streams and rivers, 
and 125 ng/l in Swiss rivers (Nikolaou et al., 2007). DCL detected in Swedish recipient waters 
ranges from 1.45 to 30.1 ng/l (Huber et al., 2016), while it has also been found in the Swedish 
River Höje, with maximum concentrations ranging from 0.12 to 2.2 μg/l (Bendz et al., 2005). 
Acidic pharmaceuticals, such as DCL, occur as ions at neutral PH and this is the reason that 
they are not adsorbed by the sludge but remain in the aqueous phase (Nikolaou et al., 2007) 
Lastly, as it is known that the toxicity of the daughter substance of DCL is 5-6 times higher 
than the parent and since DCL is one of the most widely used anti-inflammatory drugs, its 
permanent discharge into the aquatic environment should raise concern due to its high toxicity 
level (Schmitt et al., 2007). However, a recent study conducted by Lagesson et al., (2016) 
suggests that DCL does not bioaccumulate strongly in aquatic food webs. 
 

Earlier experiments have shown that preservation of OXZ in lakes over years can be 
induced by low temperatures and weak penetration of solar UV light. Additionally, dissolved 
organic matter is known to protect benzodiazepines from photodegradation (Calisto et al., 
2011), a phenomenon also seen in my incubations. The fact that TOC levels in European waters 
are rising, along with oxazepam’s persistence to photodegradation, suggest that the 
dissipation rates of this substance may decrease in the future (Klaminder et al., 2015).  
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Fahlman (2014), conducted a similar study and found that OXZ degradation is in fact 
controlled mainly by UV-light and temperature. He reports significantly higher degradation 
rates in all samples treated with UV light compared to those which were not. The results 
indicate an initial rapid degradation, followed by a linear degradation from day 5. My results 
follow the same pattern of degradation as the above study, a pattern hard to explain as there 
is no literature available on this topic. Higher degradation was also observed in most 
treatments in the warm climate room (22 ºC), a pattern that also shares similarities with 
previous research conducted by Fahlman (2014), and suggesting that this could be the result 
of the higher temperature stimulating the microbial activity. In the treatments without UV 
light, Fahlman (2014), found that only the sediment including samples had higher dissipation 
rates, with the sorption of OXZ to sediment being the core mechanism behind this pattern. 
The results of this study are in accordance with this finding (Figs 9D and 10F) and further 
supported by previous studies that have reported that OXZ is more persistent in sediments 
(Löffler et al., 2005) and that detectable levels of this substance can be found in sediments up 
to 20 years old (Sundelin, 2014). 

 
  Results regarding the half-life of OXZ in different treatments of laboratory incubations 
are available by Fahlman (2014), Löffler et al. (2005), and Calisto et al. (2011), as cited in 
Fahlman (2014). Löffler et al. (2005), found half-lives of OXZ at 20 ºC of 54 and 19 days for 
low TOC and low TOC with sediment added, compared to Fahlman’s findings (2014), of 40 
and 19 days respectively and the present study’s results of 14 days in every treatment of the 
warm climate room (22 ºC) and 22,1 days in the cold room. Klaminder et al. (2015), suggest 
that TOC and sediment sorption are important factors controlling the persistence of OXZ in 
aquatic sediments. In fact, Klaminder et al. (2015) showed that OXZ accumulated in sediments 
could remain for more than four decades in sediments, despite a fairly rapid degradation rate 
when dissolved in water. However, microbial degradation has been suggested to be important, 
as laboratory results indicate that OXZ undergoes little short term degradation at lower 
temperatures (Klaminder et al., 2015). My findings in fact, support the above study reporting 
that the half-life was shorter in the warm temperature treatment. 
 

The fate of HDZ in the aquatic environment is not yet so well studied.  Salgado et al. 
(2012), studied HDZ in a sewage treatment plant and found that HDZ had a moderate 
degradation rate by adsorption and UV-light and low degradation rate by biodegradation. 
Importantly, Salgado and co-workers performed the experiment in a WWTP and that is not 
directly convertible to natural conditions, but yet it should provide some indications of what 
to expect about the persistence of this drug. In my results the degradation of HDZ was steadily 
progressive under the UV light treatments until the end of the experiment (28 days). Ekelund 
(2015) showed that HDZ had one of the fastest half-lives, with 10 days in the uncovered pond 
and 11.4 days in the covered pond, while my results in the lab showed the half-lives for HDZ 
to be 8 days in low TOC water under the UV light treatment in the cold room and 14 for the 
same treatment without UV radiation.  
  

 

5. Conclusion 
 

To conclude, my first hypothesis, that the main factor controlling the degradation of 
pharmaceuticals in aquatic environments is UV radiation was mainly confirmed. Dissipation 
rates of some drugs, however, were to a large extent affected by sediment sorption, especially 
for HDZ, which was mainly adsorbed to sediment and reached its lowest values under UV light 
treatments in both temperatures (3 ºC and 22 ºC). Half-life estimated from laboratory 
incubations was earlier found to be positively correlated to those of TRP, DPH and OXZ in 
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natural conditions, while significant variations were observed in Ekelund Nord’s survey for 
DCL and HDZ, was found in my study hence, partially rejecting my second hypothesis.  

 
To gain more knowledge on the fate of these pharmaceuticals in the aquatic 

environment, more studies need to be conducted. The sediment needs to be analyzed to 
quantify its ability to act as a sink or as a source in the long run. It is farther important that 
researchers collect data in situ and repeat this experiment in a natural environment (i.e. field 
verifications), in order to cite specific models about the dissipation and degradation rates of 
these drugs.  It would also be valuable to quantify the importance of each degradation factor 
i.e. biodegradation, sedimentation and uptake by biota.   

 
There is one important difference between the results of my study and those providing 

data from natural environments where pharmaceuticals are found. In my study there was a 
point emission, while natural systems where drugs are detected, commonly have a steady 
inflow of pharmaceuticals from, for example, WWTP’s. This means that these natural systems 
are exposed for longer periods to certain amounts of pharmaceuticals and hence biota might 
be exposed to bioactive drugs despite their fairly rapid degradation rate. Having said that, I 
hope that my study will stimulate further research on the fate of pharmaceuticals, and 
particularly the sediment-water column interactions, as they seem of crucial importance for 
dissipation rates in aquatic systems. 
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Appendix 

 
Table 1. Summary of the Kruskal-Wallis test for treatment combinations at 3 °C for 
Trimethoprim. Treatments include High TOC (H), Low TOC (L), UV-light (UV) and sediment 
(S). Treatments that are significantly different compared to Low TOC treatment are marked 
with bold text (p=0,05, two tailed values accounted for). P values are considered statistically 
significant (p<0.05).  
 

 
Table 2. Summary of the Kruskal-Wallis test for treatment combinations at 3 °C for 
Diphenhydramine. Treatments include High TOC (H), Low TOC (L), UV-light (UV) and 
sediment (S). Treatments that are significantly different compared to Low TOC treatment are 
marked with bold text (p=0,05, two tailed values accounted for). P values are considered 
statistically significant (p<0.05). 
   

H HS HUV HUVS L LS 

HS 0 
     

  
      

HUV 0.00 0.09 
    

  
      

HUVS 0.00 0.231 0.00 
   

  
      

L 0.166 0.00 0.00 0.00 
  

  
      

 LS 0.00 0.156 0.067 0.04 0.00 
 

  
      

 LUV 0.35 0.00 0.02 0.00 0.09 0.00 
  

      

 LUVS 0.00 0.4721 0.00 0.251 0.00 0.139 

 
H HS HUV HUVS L LS 

HS 0.00 
     

  
      

HUV 0.00 0.09 
    

  
      

HUVS 0.00 0.18 0.01 
   

  
      

L 0.15 0.00 0.00 0.00 
  

  
      

LS 0.00 0.03 0.28 0.00 0.00 
 

  
      

LUV 0.20 0.00 0.01 0.00 0.03 0.04 

  
      

LUVS 0.00 0.41 0.06 0.24 0.00 0.02 
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Table 3. Summary of the Kruskal-Wallis test for treatment combinations at 3 °C for Diclofenac. 
Treatments include High TOC (H), Low TOC (L), UV-light (UV) and sediment (S). Treatments 
that are significantly different compared to Low TOC treatment are marked with bold text 
(p=0,05, two tailed values accounted for). P values are considered statistically significant 
(p<0.05). 
  

H HS HUV HUVS L LS 

HS 0.00 
     

  
      

HUV 0.00 0.03 
    

  
      

HUVS 0.00 0.02 0.43 
   

  
      

L 0.22 0.00 0.00 0.00 
  

  
      

LS 0.44 0.00 0.00 0.00 0.26 
 

  
      

LUV 0.00 0.27 0.10 0.07 0.00 0.00 

  
      

LUVS 0.00 0.29 0.09 0.07 0.00 0.00 

 
 
Table 4. Summary of the Kruskal-Wallis test for treatment combinations at 3 °C for Oxazepam. 
Treatments include High TOC (H), Low TOC (L), UV-light (UV) and sediment (S). Treatments 
that are significantly different compared to Low TOC treatment are marked with bold text 
(p=0,05, two tailed values accounted for). P values are considered statistically significant 
(p<0.05). 
  

H HS HUV HUVS L LS 

HS 0.01 
     

  
      

HUV 0.00 0.05 
    

  
      

HUVS 0.00 0.01 0.19 
   

  
      

L 0.40 0.01 0.00 0.00 
  

  
      

LS 0.10 0.15 0.00 0.00 0.06 
 

  
      

LUV 0.03 0.32 0.02 0.00 0.02 0.28 

  
      

LUVS 0.00 0.16 0.28 0.07 0.00 0.02 
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Table 5. Summary of the Kruskal-Wallis test for treatment combinations at 3 °C for 
Hydroxyzine. Treatments include High TOC (H), Low TOC (L), UV-light (UV) and sediment 
(S). Treatments that are significantly different compared to Low TOC treatment are marked 
with bold text (p=0,05, two tailed values accounted for). P values are considered statistically 
significant (p<0.05). 
  

H HS HUV HUVS L LS 

HS  0.00 
     

  
      

HUV 0.02 0.01 
    

  
      

HUVS  0.00 0.15 0.00 
   

  
      

L 0.08 0.00 0.00 0.00 
  

  
      

LS 0.00 0.05 0.18 0.00 0.00 
 

  
      

LUV 0.49 0.00 0.02 0.00 0.08 0.00 

  
      

LUVS 0.00 0.42 0.01 0.11 0.00 0.08 

 
 

Table 6. Summary of the Kruskal-Wallis test for treatment combinations at 22 °C for 
Trimethoprim. Treatments include High TOC (H), Low TOC (L), UV-light (UV) and sediment 
(S). Treatments that are significantly different compared to Low TOC treatment are marked 
with bold text (p=0,05, two tailed values accounted for). P values are considered statistically 
significant (p<0.05). 
  

H HS HUV HUVS L LS 

HS 0.00 
     

  
      

HUV 0.05 0.03 
    

  
      

HUVS 0.00 0.06 0.00 
   

  
      

L 0.21 0.00 0.01 0.00 
  

  
      

LS 0.00 0.36 0.01 0.12 0.00 
 

  
      

LUV 0.10 0.01 0.37 0.00 0.02 0.00 

  
      

LUVS 0.00 0.19 0.00 0.26 0.00 0.30 
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Table 7. Summary of the Kruskal-Wallis test for treatment combinations at 22 °C for 
Diphenhydramine. Treatments include High TOC (H), Low TOC (L), UV-light (UV) and 
sediment (S). Treatments that are significantly different compared to Low TOC treatment are 
marked with bold text (p=0,05, two tailed values accounted for). P values are considered 
statistically significant (p<0.05). 
  

H HS HUV HUVS L LS 

HS 0.00 
     

  
      

HUV 0.38 0.00 
    

  
      

HUVS 0.00 0.16 0.00 
   

  
      

L 0.14 0.00 0.08 0.00 
  

  
      

LS 0.00 0.30 0.00 0.31 0.00 
 

  
      

LUV 0.37 0.00 0.48 0.00 0.08 0.00 

  
      

LUVS 0.00 0.22 0.00 0.41 0.00 0.40 

 
 
Table 8. Summary of the Kruskal-Wallis test for treatment combinations at 22 °C for 
Diclofenac. Treatments include High TOC (H), Low TOC (L), UV-light (UV) and sediment (S). 
Treatments that are significantly different compared to Low TOC treatment are marked with 
bold text (p=0,05, two tailed values accounted for). P values are considered statistically 
significant (p<0.05). 

  
H HS HUV HUVS L LS 

HS 0.24 
     

  
      

HUV 0.00 0.00 
    

  
      

HUVS 0.00 0.00 0.22 
   

  
      

L 0.17 0.05 0.00 0.00 
  

  
      

LS 0.47 0.22 0.00 0.00 0.19 
 

  
      

LUV 0.00 0.01 0.28 0.09 0.00 0.00 

  
      

LUVS 0.00 0.02 0.24 0.07 0.00 0.00 
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Table 9. Summary of the Kruskal-Wallis test for treatment combinations at 22°C for 
Oxazepam. Treatments include High TOC (H), Low TOC (L), UV-light (UV) and sediment (S). 
Treatments that are significantly different compared to Low TOC treatment are marked with 
bold text (p=0,05, two tailed values accounted for). P values are considered statistically 
significant (p<0.05). 
  

H HS HUV HUVS L LS 

HS 0.12 
     

  
      

HUV 0.00 0.00 
    

  
      

HUVS 0.00 0.00 0.32 
   

  
      

L 0.40 0.08 0.00 0.00 
  

  
      

LS 0.06 0.34 0.01 0.00 0.04 
 

  
      

LUV 0.00 0.03 0.25 0.13 0.00 0.06 

  
      

LUVS 0.00 0.00 0.44 0.37 0.00 0.01 

 
 
Table 10. Summary of the Kruskal-Wallis test for treatment combinations at 22 °C for 
Hydroxyzine. Treatments include High TOC (H), Low TOC (L), UV-light (UV) and sediment 
(S). Treatments that are significantly different compared to Low TOC treatment are marked 
with bold text (p=0,05, two tailed values accounted for). P values are considered statistically 
significant (p<0.05). 
  

H HS HUV HUVS L LS 

HS 0.00 
     

  
      

HUV 0.15 0.01 
    

  
      

HUVS 0.00 0.13 0.00 
   

  
      

L 0.19 0.00 0.03 0.00 
  

  
      

LS 0.00 0.45 0.00 0.16 0.00 
 

  
      

LUV 0.26 0.00 0.35 0.00 0.07 0.00 

  
      

LUVS 0.00 0.26 0.00 0.31 0.00 0.30 
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Table 11. Summary of statistical analyses of the temperature treatments (3 °C and 22 °C) in 
low TOC samples. P-values below 0.05 indicate significant effects. 

 
DRUG TREATMENT CHI-    

SQUARE 
DF P 

TPR TEMP 1.55 1 0.21 

DPH TEMP 1.45 1 0.23 

DCL TEMP 4.65 1 0.03 

OXZ TEMP 6.95 1 0.01 

HDZ TEMP 2.49 1 0.11 

 

 

         Table 12. Half-lives of TRP in all treatments calculated and rounded up. 

      

                                Trimethoprim(3 °C)   

treatment          k half-life (days) 

High TOC water 0,041 17 

High TOC water + UV radiation 0,101 7 

High TOC water +UV radiation +2g sediment 0,064 11 

High TOC water+ 2g sediment 0,06 12 

Low TOC water  0,032 22 

Low TOC water + 2g sediment 0,082 8 

Low TOC water +UV radiation 0,064 11 

Low TOC water +UV radiation +2g sediment 0,061 11 

      

Trimethoprim (22° C) 

treatment k half-life (days) 

High TOC water 0,05 14 

High TOC water + UV radiation 0,065 11 

High TOC water +UV radiation +2g sediment 0,05 14 

High TOC water+ 2g sediment 0,05 14 

Low TOC water  0,05 14 

Low TOC water + 2g sediment 0,05 14 

Low TOC water +UV radiation 0,05 14 

Low TOC water +UV radiation +2g sediment 0,061 11 
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Diphenhydramine (3° C) 

treatment k half-life (days) 

High TOC water 0,028 25 

High TOC water + UV radiation 0,146 5 

High TOC water +UV radiation +2g sediment 0,085 8 

High TOC water+ 2g sediment 0,057 12 

Low TOC water  0,031 22 

Low TOC water + 2g sediment 0,101 7 

Low TOC water +UV radiation 0,036 19 

Low TOC water +UV radiation +2g sediment 0,032 22 

Diphenhydramine (22°C) 

treatment k half-life (days) 

High TOC water 0,05 14 

High TOC water + UV radiation 0,05 14 

High TOC water +UV radiation +2g sediment 0,05 14 

High TOC water+ 2g sediment 0,05 14 

Low TOC water  0,05 14 

Low TOC water + 2g sediment 0,05 14 

Low TOC water +UV radiation 0,05 14 

Low TOC water +UV radiation +2g sediment 0,05 14 

 

 

                                                                        

 

 

 

 

 

 

 

            

            

Table 13. Half-lives of DPH in all treatments calculated and rounded up. 
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            Table 14. Half-lives of DCL in all treatments calculated and rounded up. 

 

 

 

 

 

 

 

 

 

        

Diclofenac (3° C) 

treatment k half-life (days) 

High TOC water 0,014 50 

High TOC water + UV radiation 0,028 25 

High TOC water +UV radiation +2g sediment 0,089 8 

High TOC water+ 2g sediment 0,021 33 

Low TOC water 0,013 53 

Low TOC water + 2g sediment 0,026 27 

Low TOC water +UV radiation 0,183 4 

Low TOC water +UV radiation +2g sediment 0,14 5 

Diclofenac (22°C) 

treatment k half-life (days) 

High TOC water 0,05 14 

High TOC water + UV radiation 0,05 14 

High TOC water +UV radiation +2g sediment 0,05 14 

High TOC water+ 2g sediment 0,05 14 

Low TOC water 0,05 14 

Low TOC water + 2g sediment 0,05 14 

Low TOC water +UV radiation 0,05 14 

Low TOC water +UV radiation +2g sediment 0,05 14 
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        Table 15. Half-lives of OXZ in all treatments calculated and rounded up. 

Oxazepam (3° C) 

treatment k half-life (days) 

High TOC water 0,028 25 

High TOC water + UV radiation 0,0132 53 

High TOC water +UV radiation +2g sediment 0,05 14 

High TOC water+ 2g sediment 0,047 15 

Low TOC water 0,028 25 

Low TOC water + 2g sediment 0,042 17 

Low TOC water +UV radiation 0,044 16 

Low TOC water +UV radiation +2g sediment 0,056 12 

Oxazepam (22° C) 

treatment k half-life (days) 

High TOC water 0,05 14 

High TOC water + UV radiation 0,05 14 

High TOC water +UV radiation +2g sediment 0,05 14 

High TOC water+ 2g sediment 0,05 14 

Low TOC water 0,05 14 

Low TOC water + 2g sediment 0,05 14 

Low TOC water +UV radiation 0,05 14 

Low TOC water +UV radiation +2g sediment 0,05 14 
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              Table 16. Half-lives of HDZ in all treatments calculated and rounded up. 

Hydroxyzine (3° C) 

treatment k half-life (days) 

High TOC water 0,074 9 

High TOC water + UV radiation 0,151 5 

High TOC water +UV radiation +2g sediment 0 #DIV/0! 

High TOC water+ 2g sediment 0,091 8 

Low TOC water 0,049 14 

Low TOC water + 2g sediment 0,114 6 

Low TOC water +UV radiation 0,083 8 

Low TOC water +UV radiation +2g sediment 0,035 20 

Hydroxyzine (22° C) 

treatment k half-life (days) 

High TOC water 0,05 14 

High TOC water + UV radiation 0,05 14 

High TOC water +UV radiation +2g sediment 0,05 14 

High TOC water+ 2g sediment 0,05 14 

Low TOC water 0,05 14 

Low TOC water + 2g sediment 0,05 14 

Low TOC water +UV radiation 0,05 14 

Low TOC water +UV radiation +2g sediment 0,05 14 
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