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Abstract 

Intro:  
 
Pharmaceutical residues in environmental systems became of a great concern within 
the last decade. A lot of research is already applied in detecting level concentrations in 
water samples. The occurrence of such residues causes severe, potential adverse effects 
which can affect the reproductive systems, behaviour or eating habits of exposed biota.  
The release of APIs in the environment can be controlled and indeed, needs to be 
reduced. Thus, a more cautious use of drugs in our everyday life and an improved 
wastewater treatment process are future keys targeting this increasing challenge. 
Today, pilot projects in STPs all over the world are ongoing, testing new techniques 
removing not yet (by conventional treatment processes) affected residues. Among those 
techniques ozonation treatment is investigated for its potential in degrading 
pharmaceutical residues.  
 
Aim: 
 
This thesis work and its experimental setup was applied to confirm previously found 
data showing the occurrence of pharmaceutical residues in natural environments. The 
experiment aimed to prove a successful method to detect multi- pharmaceutical 
residues in water and solid samples. Furthermore, analysis of sample-sets of pre- and 
post ozonation treatment from a STP allowed for conclusion being drawn about the 
efficiency of improved wastewater process due to ozonation implementation. 
Among these, the work also took potentially adverse effects on microbiota caused by 
determined residues into consideration.  
 
Methods: 
 
Influent/Effluent from a STP with tertiary treatment and water and sediment samples 
from an adjacent creek were analysed on occurrence of multi- pharmaceutical residues. 
Therefore, individual samples were analytical quantified with a LC-MS/MS tandem 
using a Hypersil Gold aQ column and a triple-stage quadrupole MS/MS. The obtained 
data was further more quantified by numerical integration and results expressed in level 
concentrations given in ng/L for liquid samples and in ng/g for solid samples.   
 
Results: 
 
The obtained results show a clear positive effect of ozonation treatment considering the 
removal of pharmaceutical residues. Compared values of pre- and post ozonation 
samples show an increase of API removal rate from 60 % to > 90 %.  
Hypertension and psycholeptic drugs occurred to be at least affected by ozone 
treatment. Here, 44 % of detected APIs in water samples (post- ozonation) belonged to 
hypertension drugs indicating a poor ozone effect. 
Results from this work go along with previously shown data.  
 
Discussion: 
 
Similarities to previous findings and a careful applied experimental setup with results 
confirming earlier made assumptions enable the applied method as a basis for future 
studies. Ozonation as treatment process overall, significantly decreases the rate of APIs 
released and therefore shows high potential of being implemented in future wastewater 
treatment processes.  
Attention needs to be given to by-product formation due to ozone usage. Hence, the 
formation of fragments from APIs needs to be studied in much more detail. Here, data 
needs to show whether toxic effects caused by pharmaceutical residues is decreased 
when those residues undergo ozonation treatment or whether formed by-products 
cause even more severe toxic effects on microbiota. 



V 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



VI 
 

List of abbreviations 
 
 
ACN   Acetonitrile 

API(s)  active pharmaceutical ingredient(s) 

ARG(s)  antibiotic resistance gene(s) 

°C   degree Celsius  

COCP(s)  combined oral contraceptive pill(s) 

EE2  Oestrogen Ethinylestradiol  

e.g.  exempli gratia (lat.) / till exempel (eng.) 

GI  gastrointestinal tract   

i.e.  id est (lat.) / that is to say (eng.) 

LC-MS/MS  Liquid Chromatography – Mass Spectrometry  

LOQ  limit of quantification   

MeOH  Methanol 

Milli-Q  plane/pure water 

O3  Ozone 

rpm   rounds per minute 

STP(s)  Sewage treatment plant(s) 

TLC(s)  Trace level concentration(s) 

VRE  Vancomycin resistant enterococci  

WWTP(s)  Wastewater treatment plant(s) 

Ån (swe.)   creek (eng.) 
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1. Introduction 

1.1 The toxicological effect of wastewater 
 
Currently, a lot of research is done on changes in freshwater biota caused by 
pollutants released into natural water systems. Data shows that certain chemicals, 
especially different types of pharmaceuticals, can be found in significantly high 
concentrations in treated wastewaters (Lindberg et al. 2007; Fatta-Kassinos et al. 
2011; Lindberg et al. 2014). It is shown that if exposed to such pharmaceuticals (e.g. 
psychiatric drugs), changes in behaviour of fish can be observed (Brodin et al. 2013). 
Therefore, the major player in removing pollutants and in assuring high standards in 
treatment of all incoming influent, sewage treatment plants (STPs), are facing a new 
challenge: the removal of micropollutants. STPs have focused on removing nutrients, 
heavy metals, ions and pathogens for decades. Since becoming aware of the impact of 
microbiological and pharmaceutical residues on aquatic microbiota, new techniques 
have been invented. Investigations in tertiary treatments are the current task, focusing 
on removing more and different waste products than ever before. Techniques already 
applied include ultrafiltration, ultrasonication and ozonation (Tian et al. 2015). Due to 
the high costs of their implementation relatively little is known yet about the effects 
and realistic use of them. Still, initial research results show the ability of such 
techniques to lower the contaminations in effluent water and increase the quantity of 
removed micropollutants.  

1.2 Pharmacology: the characteristics of drugs 

1.2.1 Recent overuse use of pharmaceuticals  
 
The progressive improvement of treatments and therapy since the development of 
vaccines and the first antibiotics has been the driving force of many medical 
achievements over the last 200 years. The eradication of certain infectious diseases 
(e.g. Smallpox or Rinderpest) and the improved treatment of bacterial infections with 
antibiotics are only two milestones.  Nevertheless, the easy access to improved 
medical care also needs to be seen with critical eyes. Access to better treatment, good 
care in old age and the ability to get over severe diseases is unquestionable. However, 
the constant rise of the global population, the demographic change and the excessive 
use of pharmaceuticals causes some consequences which now need to be considered.     
 
More people having access to medical care increases the workload on the medical 
sector. In many rural regions the consequences of this, combined with the 
demographic change, are noticeable already. Many facilities in the medical field report 
deficiencies in young professionals leading to understaffed hospitals, clinics and in 
general practice. Also, professionals who are already working on their maximum 
ability are often asked to work even more, longer and under higher pressure. The 
increased workload can be seen in constantly increasing working hours of doctors and 
in constantly decreasing diagnostic times dedicated to a single patient (Magalhaes, 
Ana Maria Muller de et al. 2015; Dollarhide et al. 2014). Such circumstances, not 
even considering the psychological aspects, easily causes mistakes in given 
prescriptions and overall leads to an increased number of prescribed drugs (e.g. 
prescribing faults). Reports of prescribing faults can be increasingly found in studies 
investigating medication errors since the 1990’s (Velo and Minuz 2009). Those 
studies collect data of irrational, inappropriate, ineffective, under-, and 
overprescribing of pharmaceuticals. Focus of monitoring the data of prescribing faults 
is set to evaluate the potential harmfulness of a misused drugs. Yet, little attention is 
given to effects of the excessive usage of pharmaceuticals on our environmental 
systems, especially considering the poor pharmacological features of orally ingested 
drugs.  
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1.2.2 Pharmacokinetics: therapeutic window 
 

Every pharmaceutical drug is given to cause a pharmacological effect in a subject. This 
desired effect depends, besides the subjects’ tolerance of a drug, also to a large extent 
on physical and biochemical characteristics of the drug which affect its metabolism. 
This means that, the design of a drug needs to be specific for each pharmaceutical 
depending on its target site allowing its effect to be in the right place (e.g. tissue 
specific biological response) (Reddy and Zhang 2013). The therapeutic window of a 
drug describes a way of monitoring the drug concentration level in the bloodstream 
depending on given dosages and time after drug intake. It is framed by low and high 
concentration limits, causing poor activity and toxic effects of the ingested 
pharmaceutical respectively. Within the therapeutic window, the drug reaches 
appropriate levels in the systematic circulation of a body allowing pharmacological 
effects on its specific target (Ratain and William K. Plunkett, JR 2003). The minimal 
daily dosage of a drug represents this effective middle ground. 
 

 
 
Figure 1: General depiction of time-dependent accumulation and depletion of a pharmaceutical 
agent in the bloodstream. Levels of blood concentrations correlate to levels causing poor, 
sufficient (i.e. therapeutic window) or toxic pharmacologic effects. Adapted figure, taken from: 
http://tinyurl.com/h5vddd7 

 
A poor bioavailability, meaning that only a small percentage of the compound reaches 
the systematic circulation system, can influence the therapeutic window negatively. 
This, together with a very high metabolism of the pharmaceutical before it reaches its 
target can cause a reduction of the desired pharmacological effect/ minimizes the 
effectiveness of the drug (Stuurman et al. 2013). 

1.2.3 Pharmacodynamics: bioavailability 
 
Most drugs prescribed today are ingested orally. The bioavailability of them (the 
absorption of the pharmaceutical into the systematic circulation system), is very low. 
This phenomenon is related to the fist-metabolism pathway.  
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First-metabolism pathway:   
 
Orally prescribed drugs pass through the gastrointestinal tract (GI) and through the 
liver before being released into the blood stream. Due to this, many oral 
pharmaceuticals may be metabolized before reaching the circulatory system. The 
specific metabolism of oral drugs depends on their stability through changes in 
neutral (e.g. GI) and acidic environments (e.g. stomach), their solubility and 
enzymatic degradation in the GI, and their degradation due to oxidation by the 
enzyme CYPA34 in the liver (Hetal et al. 2010). Metabolism of acid-labile substances 
already starts in the stomach, if ingested orally. Drugs with low solubility may not 
reach their target if not brought into solution before reaching their site of action. The 
chemical structure of many pharmaceuticals allows chemical degradation of the 
compound throughout hydrolysis, isomerization or elimination. 
 

 
 
Figure 2: Schematic depiction of first-metabolism pathway from stomach to liver to circulatory 
system. Adapted figure, taken from: van de Waterbeemd and Gifford 2003 

The interactions caused by the first-metabolism pathway lead to a limited amount of 
compound being absorbed into the circulatory system, while the rest is metabolised 
and secreted through urine or faeces. The effects can be seen in a decreased 
pharmacological effect and an increased potency of drugs. The increased potency, 
describing the increased amount needed to cause a pharmacological effect (i.e. 
increase in minimal daily dosage) triggers an increase in pharmaceutical residue 
emission due to the metabolism in GI and liver. Orally ingested drugs often show this 
low potency leading to oral consumption of drugs in a much higher concentration than 
actually needed and at a much higher frequency. Such overdosed medication, even if 
needed to reach a certain level of pharmacological effect, may also cause the 
accumulation of substance in a body, triggering a high toxic risk for the subject and 
subsequently the environment if released via urine or faeces.    
 
Counteracting pharmaceutical limitations 
 
The current habit to counteract the low bioavailability of drugs is to increase dosage-
levels, which can easily reach the maximum tolerated dose, or to increase the rate of 
intake. This does not change the high metabolism of certain drugs before reaching 
their target but allows a higher drug level in the blood. The consequences and side 
effects of this habit are obvious. The development of drug resistance in subjects 
constantly taking high dosages of the same pharmaceutic, is a danger to the patients. 
Also unneglectable are the environmental problems caused by high excretion of 
pharmaceutical residues into the environment (see 1.2.3).  
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Current research on overcoming pharmaceutical limitations focuses on reducing 
dosage levels to a minimum and on improvements in drug development (Daughton 
und Ruhoy 2013). Here, an effort is made to adjust the physiochemical characteristics 
of the drug to improve its dissolution and absorption in an organism. Furthermore, 
approaches in combining pharmaceuticals with inhibitors of pre-systematic 
metabolizing enzymes or in synthesising derivates of substances allow physiological 
barriers to be overcome by decreasing solubility of the compound or increasing its 
membrane permeability. High investment costs and unacceptable toxic effects of 
novel drugs limits current developments. This, together with the alarming amount of 
secreted active pharmaceutical ingredients (APIs) exemplifies why current 
counteractions need to be further managed, for example by improving wastewater 
treatment methods.  

1.3 Pharmaceuticals in municipal sewage 

1.3.1 Emission of pharmaceuticals 
 
Up to 90% of orally ingested drugs are excreted by animals or humans as an active 
substance into the environment. It is shown that 64% of these APIs are secreted in 
human urine and 35% in human faeces. Considerable amounts of released APIs are 
also found in animal excretions which can cause severe contamination of organic 
materials (BIO Intelligence Service 2013). As an example, a study from 1999 showed 
that up to 75% of the antibiotic Chlortetracycline (Aureomycin) is excreted by young 
bulls (Montforts et al. 1999). Further use of contaminated organic material in 
agriculture has the potential to allow API re-uptake by any organism. Alongside the 
secretion of APIs by human or animal excretions, pharmaceutical residues also enter 
the environment through improper disposal of medication, “non-compliant patient 
behaviour” or through the release of daily care products into waste streams (BIO 
Intelligence Service 2013).  

 
 
Figure 3: Pathways of released medical / pharmaceutical residues occurring in STPs influent, 
depicting downstream impact. Figure taken from: BIO Intelligence Service 2013   
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No matter how pharmaceutical residues enter the ecosystem, their existence can be 
proven by analytical determination of specific active ingredients. To underline the 
seriousness of this, two major consequences should be moved into focus:  
 

- the impact of APIs on microbiota of e.g. aqueous species and   
- the potential for antibiotic resistances caused by APIs from antibiotics 

 
A study investigating the occurrence of Vancomycin resistant enterococci (VRE) in 
sewage sludge in the south of Sweden proves that APIs can be found after mesophilic 
anaerobic digestion in a STP. Here, 79% of tested samples showed positive screens for 
VRE. Human VRE strains from hospital patients were compared to strains from 
sewage sludge and were found to differ based on PhenePlate profiles. Nevertheless, 
interactions between API excretion from humans and determined VRE strains was not 
excluded and addressed to be of further interest (Sahlstrom et al. 2009). 
 
Together with studies showing impacts of APIs on microbiota (1.3.2) the findings just 
mentioned clearly show the need for method developments for the removal of 
pharmaceutical residues. STPs/wastewater treatment plants (WWTPs) are the main 
element in assuring risk limitation and therefore need to implement successful tested 
methods in their wastewater treatment. The occurrence of medicinal and 
pharmaceutical residues in treated water has different origin and follows several 
different pathways (figure 4). Nevertheless, STPs/WWTPs are always involved and are 
therefore the key element to guarantee high water quality and the degradation of APIs 
in the future.  
 

1.3.2 Influence of APIs on aqueous microbiota 
 
Since the occurrence of APIs in the effluents of sewage treatment plants (STP) was 
proven, more focus was given to interactions caused by pharmaceutical residues in 
fish or other aqueous species (see 1.1). Assays to investigate such interactions focused 
among others on antidepressants, hormones and antibiotic agents. 
 
In 2014 a research group monitored an accumulation of Citalopram, Sertraline and 
Venlafaxine in brains and livers of fish (Grabicova et al. 2014). Even though the 
determined concentrations of those antidepressants were too low to cause severe 
effects on the fish, it still proves that APIs are released into the environment after STP 
treatments.  
 
Another study published in the same year investigated the risk of active hormone 
agents on amphibians. Here, results showed that exposure of Xenopus tropicalis to 
Norethindrone (> 1 ng/L) and Progesterone (> 10 ng/L) has effects on oocyte 
formation and therefore potential toxic effects on the reproductive system of exposed 
subjects (Safholm et al. 2014). A study reviewed in that paper also showed that 
bioconcentrations of 1.8 ng/L of Oestrogen Ethinylestradiol (EE2), the main estrogenic 
agent found in combined oral contraceptive pills (COCP, i.e. birth control pills), 
induces weakened spermatogenesis along with reduced fertility in males and drives 
the sex-ration in the species towards females (Gyllenhammar et al. 2009). Yet 
another COCP agent, progestogen found in Levonorgestrel (i.e. emergency birth 
control pill), was found to permanently impair fertility in female frogs if exposed to 
156 ng/L of the compound during tadpole stage (Kvarnryd et al. 2011).     
 
A Swedish research group, led by Björn Berglund, published results in 2015 showing 
an increase in antibiotic-resistance genes (ARGs) found in water samples taken 
downstream from a WWTP. Results showed that determined concentrations of ARGs 
in water samples taken upstream to the WWTP can be neglected. Thus, assumptions 
were made that the downstream increasing ARGs originates from the released effluent 
from the WWTP (Berglund et al. 2015).  
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Yet another study investigated drug-induced behaviour changes in fish, underlying 
ecotoxicological effects of pharmaceutical residues on the environment. Here, the 
uptake of Oxazepam in damselfly larvae (a food source for fish) and perch due to 
exposure to contaminated treated water was shown (Brodin et al. 2014). The influence 
of uptaken Oxazepam was investigated in yet another study and concluded that perch 
with a higher bioconcentration of the agent became significantly more active. For 
damselfly larvae no change in behaviour due to Oxazepam exposure was determined 
(Brodin et al. 2014).  The difference in Oxazepam influence shows the difficulty in 
drawing general conclusions on impacts from APIs on different aqueous species. 
Nevertheless, it demonstrates the potential risk of re-uptake of pharmaceutical 
residues by humans due to the consumption of fish.  

1.4 Recent challenge: antibiotic resistance  
 
Within the last century antibiotic drugs have become the first choice against many, if 
not all bacterial infections. The advantage of antibiotic use is obvious as they harmless 
for humans. Many antibiotics are so called broad spectrum antibiotics which can be 
used to treat infections caused by a variety of species. Also, antibiotics act quickly and 
help to cure infections within a few days. The most well-known and most serious 
consequence of antibiotic use is the occurrence of resistances. Bacteria are able to 
develop resistances to antimicrobial agents as result of mutations in their genome. 
These mutations can cause survival in the future presence of the agent and are 
therefore selected in the process of natural selection. Such mutations can be passed to 
subsequent generations, creating drug resistant populations, preventing further 
successful use of the earlier applied drug.  
 
Antibiotic resistance is a major problem worldwide and current research is focused on 
details of its origin. It’s already know that high drug usage (see 1.2.1) within the last 
decades resulted in the resistances seen today. The occurrence of antibiotic residues in 
environmental systems already engages research in pharmacology (see 1.2.2), 
metabolism of antibiotics in different organisms (see 1.4) and effects on increased 
antibiotic resistances (Lindberg et al. 2007). Considering surveys done in the last 
decades, the usage of antibiotics hasn’t change much (Hamilton-Miller 1984). It is 
shown that between 28% – 42% of patients in hospitals are initially put on antibiotic 
medication such as ampicillin, tetracycline, penicillin and trimethoprim (Hamilton-
Miller 1984). Inappropriate intake of medication by patients or over-prescription 
causes a high waste of antibiotics. The same study shows that about 20% of oral 
antibiotics have never been used before their disposal (Leach und White 1978). 
Inadequate disposal of such antibiotics is an easy way for antimicrobial agents to enter 
environmental systems. Here especially antibiotic residues have the possibility to 
promote the development of resistances in bacteria (Bondarczuk et al. 2016).  
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1.5 Aim of the thesis 
 
The emphasis of this thesis was to participate in monitoring the efficiency of 
techniques developed to deal with the current challenge of pharmaceutical residues 
in wastewater and therefore to reduce the risk of potential toxic effects. 
 
The experiment has monitored the occurrence of multi- pharmaceutical residues in 
sediment and water samples up- and downstream of a river adjacent to a sewage 
treatment plant (STP) and in samples of Influent and Effluent of the STP: 
 

- given samples were analysed by Liquid Chromatography – Mass Spectrometry 
(LC-MS/MS) to detect the occurrence of multi- pharmaceutical residues 
 

- quantification of results and determination of concentration levels of 
pharmaceutical residues was done using numerical integration methods 
 

- obtained results were compared to data generated from samples taken from 
the same STP after ozonation was implemented as tertiary treatment step 
 

- comparison with previous data was used to predict the efficiency of ozonation 
and to contribute to the evaluation of its use to remove pharmaceutical 
residues in wastewater 
 

- results were brought into context of current approaches showing the potential 
toxic effect of determined pharmaceutical residues in aqueous microbiota   
 

- results were used to strengthen the hypothesis that sewage sludge and effluent 
are potential sources of origin for antibiotic resistances caused by APIs    
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2 Background 

2.1 Sewage treatment plants 

2.1.1 Basic principle of wastewater treatment 
 
Treatment of wastewater is divided into four major processes: preliminary, primary, 
secondary and tertiary treatment. Sludge is the product of those treatments, excluding 
the preliminary residue, and is “referred to as biosolids” (Mara und Horan 2003).  
 
The preliminary treatment removes rough solids (e.g. rags, sticks) and buoyant 
materials (e.g. plastics) to avoid problems with treatment operations. Those materials 
are usually disposed of directly or shredded to be processed later on in the process 
stream. Primary treatment removes solids, fats, oils or free and large movable 
materials which are able to sink down in sedimentation tanks. This is considered a 
mechanical treatment step. The third step, secondary treatment, includes biological 
processes to remove organic substances, nutrients and colloidal materials. Such 
substances are transformed into inorganic materials and to a large extent into 
biomass. During this stage, a disinfection step can be included too (Tchobanoglous et 
al. 2003). An advanced step, referred as tertiary treatment method, can follow for 
specific required water reuse. This includes among others ozonation, used to break 
down pharmaceutical residues when providing a drinking water source downstream 
from the treatment plant (Ikehata et al. 2006) (see 2.3.1). 

2.1.2 Sludge treatment and usage 
 
The gained primary (raw) sludge from the four major processes of wastewater 
treatment contains maximum up to 6% dry solids and otherwise shows high amounts 
of proteins, cellulose or plant nutrients such as Nitrogen, Phosphorus and Potassium 
(Mara und Horan 2003).  
 
The main aim of wastewater treatment is to release a minimum of solids in the 
effluent water and to gain a high level of solids in sludge. The obtained sludge is 
therefore further processed to reduce its water and organic content allowing its 
disposal or reuse. Commonly used methods for processing raw sludge vary from 
aerobic or anaerobic digestion (liquid sewage sludge), different drying techniques 
(gaining thermally dried sludge, containing 90 – 95% dry solids) to long-term storage 
and gasification or simply burning the biosolid (Moffat 2006). The so gained digested 
sludge is rich in plant nutrients and can be used in agriculture, as energy serving fuel 
or even as building material for land reclamation (Bending et al. 1999).  

2.1.3 Primary effluent and surface water treatment   
 
Wastewater, containing effluents from domestic or industrial sources shows a lower 
water quality compared to groundwater which undergoes natural physical, biological 
and chemical filtration through soil. Surface water often runs off into rivers or lakes 
which serve as drinking water source for municipalities. Therefore, releasing as little 
solids as possible in the secondary effluent phase and to assure high standards in 
wastewater applications is necessary. Hence, the primary effluent resulting after the 
secondary treatment stage of sewage or direct supplied influent surface water, 
undergoes several additional processes different from sludge treatment. Before the 
effluent can be released into the environment, reused in agriculture, stored in 
reservoirs or released into rivers or lakes, variations of filtration, UV disinfection, 
chlorination and fluoridation steps are applied (Mara und Horan 2003; 
Serra et al. 2014). 



9 
 

 
 
Figure 4: Schematic depiction of a STP / WWTP. Division into primary, secondary and tertiary 
treatment. Figure shows treatment methods for sewage and sludge together with possibilities 
for its further use. Adapted figure, taken from: http://tinyurl.com/zet3dvn  

2.2 Pathogens in surface water and sludge 
 
In areas with limited or provisional sanitation, wastewaters are less likely to undergo 
any suitable sewage treatment. Appropriate treatment of human excretions or 
production of a pollutant free end-product may not be assured and therefore 
contamination of surface water gets more likely. This can cause an increase of 
pathogenic microorganisms affecting humans, leading to severe diseases like Cholera, 
which is caused by the bacterium Vibrio Cholera found in faeces-contaminated water.  
Other factors affecting the concentration of pathogens in surface water are: the total 
human population in the environment, seasonal pharmaceutical fluctuations, 
discharge of contaminated effluents into the natural ecosystem (e.g. from industries) 
and the efficiency of applied sewage treatment methods or low and high seasons of 
rain.    
 
Pathogens such as bacteria and viruses can not only be found in surface water but also 
in sludge. Those pathogens, if not removed from sludge, are a constant high risk to 
human health when considering the use of sludge in agriculture. The types of 
pathogens found in sludge, mainly in raw sludge, vary between regions and correlate 
to the incoming influents into the treatment plant. For example, in areas of food 
production industry an increased occurrence of Salmonella, L. Monocytogenes or 
Campylobacter can be observed (Behling et al. 2010).  
 
Inactivation of pathogens: 
 
Luckily, today we are aware of the occurrence and danger of pathogens in surface 
water and sludge. Treatment processes in a sewage plant have the ability to inactivate 
pathogens and therefore lower the risk of infections to humans. Nevertheless, 
pathogens are still able to develop resistances to sludge treatment processes. 
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This leads to a hypothesis that pharmaceutical residues, if found in sewage, may 
promote and accelerate the development of bacterial and other resistances. Finding 
correlations between antibiotic resistances caused by pharmaceutical residues in 
sludge is not covered in this paper. It rather drives another point of view for future 
studies and should be seen as possibility for a broader perspective on research 
currently applied in studying the increased antibiotic resistances of bacteria.    
The experimental approach covered in this paper, monitoring the occurrence of 
pharmaceutical residues in sludge, may serve as a fundament for further research on 
the made hypothesis. Then, the unresearched interactions between pharmaceutical 
residues found in samples downstream from a sewage treatment plant and the 
occurrence of antibiotic resistances in respective pathogens can be brought into 
correlation. 

2.3 Ozonation: removal of multi- pharmaceutical residues  
 
The chemical process of ozonation has been known and used since the late 19th 
century. In organic chemistry, ozonolysis became useful in synthesising carbonyl 
compounds by breaking double bonds of olefin compounds. Today, ozonation 
becomes a partly implemented step of wastewater treatment processes, promoting the 
degradation of inorganic and organic pollutants, mainly pharmaceuticals.  
 
Oxidative effect of ozone 
 
Ozone (O3) as reactive affine compound has a very high oxidative effect on chemicals. 
Due to its formation with help of excitation by UV light and subsequent 
decomposition into a free oxygen atom and an oxygen molecule, ozone causes the 
oxidation of chemical compounds, e.g. due to cleavage of double bonds. The formed 
products can be easily treated for further degradation within wastewater treatment 
processes. 
Beside this oxidative effect on chemicals, ozone also has the ability to attack the 
surface of microorganisms and destroys their cell walls causing loss of cytoplasmic 
compounds and therefore inactivation of the whole organism.    
 

 
 
Figure 5: General overview of possible chemical reactions of ozone on aromatic compounds. 
Oxidative effects, due to accretion of hydroxyl groups (upper pathway) or formation of carbonyl 
compounds due to molozonide formation and cleavage of double bonds (middle pathway) are 
shown. Mechanisms of possible radical reactions are also shown (lower pathway). Formation 
of O3 by excitation with UV light is not shown. Adapted figure, taken from Lee, Gunten 2016  
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3 Material and methods 

3.1 Sampling site/ allocation of samples  
 
This experiment examined the occurrence of multi- pharmaceutical residues around 
the city Knivsta, in the Knivsta municipality (Uppsala province) in the south of 
Sweden. Sediment and water samples were taken from Knivsta ‘ån’ (local creek) 
upstream (4 sample-points, #1 – #4) and downstream (6 sample-points, #5 – #10) 
adjacent to the local STP. The first 3 sample-points were located inside the city 
whereas the 4th point was chosen just before the STP. 4 Sample-points downstream 
(#5 – #8) were chosen right after the local STP whereas #9 and #10 are sample-points 
further along the river and right before the river enters a lake (serving as drinking 
supply for the municipality). Beside those samples, samples of incoming influent to 
the STP as well as from released effluent from the STP were included in the 
experiment (figure 6). Samples from the mentioned sample-points were taken before 
and after implementation of ozonation (07/2015) as treatment in the wastewater 
processes of the local STP. Ozonation as additional treatment has been applied since 
July 2015.  
 

 
 
Figure 6: Map of Knivsta city in the Knivsta municipality, province Uppsala, in the south of 
Sweden showing location of sample-points for samples included in the experiment. Black 
square: location of STP, black crosses: individual location of sample-points. Adapted figure, 
© Andreas Gulde, Jerker Fick 



12 
 

The Knivsta municipality has about 7000 inhabitants. The city of Knivsta has a health 
care centre to assure access to medical care for the local population. No significant 
industry is located in the municipality. Therefore, wastewater mainly contains sewage 
from private households and the health care centre.   

3.2 Pre-treatment 

3.2.1 Extraction 
 
Sediment samples 
 
Sediment samples of 0.3 – 0.5 g where prepared in Eppendorf tubes and weighted out 
with a laboratory scale (Mettler PE 360, DeltaRange®). To each sample 5 to 10 pills of 
2.3 mm dia. ZIRCONVIA / SILICA (BioSpec) were added. Subsequently, 1.7 ml 
Acetonitrile (ACN) and 58 µl LC-MS internal standard was pipetted to the Eppendorf 
tubes before homogenization with a Mini-BeadBeater-24 (BioSpec). Separation of 
pellet and supernatant was done by centrifugation for 4 minutes with Centrifuge 5415 
C. The resulting supernatant was transferred into a 14 ml tall-form vial. Afterwards, 
1.2 ml ACN was added to the remaining pellet and homogenization was applied a 
second time. Supernatant and pellet were separated again. Both supernatants were 
combined in the previously used 14 ml tall-form vial before evaporation was 
performed. All steps were carried out under 23 °C ambient temperature and 
centrifugation was performed at 14000 rpm. 
 
Water samples, solid phase extraction 
 
Water samples were extracted using a single use OASIS WATERS: HLB Cartridge 
(200 mg) per sample. Prior to the solid phase extraction (SPE), columns needed to be 
conditioned. Therefore, 5 ml MeOH and subsequently 5 ml pure water (Milli-Q) were 
run through each column at a flow rate of 5 ml/minute (i.e. one drop/second) in a 
10 – 15 psi vacuum. Afterwards, probes were acidified to pH 3 using 95 – 97 % sulfuric 
acid (H2SO4). Then internal standard solution, containing 50 ng of each residue being 
analysed, was added and SPE process started. The flow rate and vacuum was adjusted 
to previous conditioning settings. After sample run was completed, column was eluted 
using 5 ml MeOH and subsequently 3 ml Ethyl acetate (EtAc). The eluted product for 
each column was collected in separate 14 ml tall-form vials. All steps were performed 
under a fume-hood and at 23 °C ambient temperature. 

3.2.2 Evaporation 
 
Evaporation was carried out to remove liquids and therefore to concentrate pollutants. 
Potential crystallisation of pollutants during evaporation was counteracted by re-
dissolving samples in MeOH. 
 
14 ml tall-form vials with purified sediment or water samples were placed in the 
Biotage TurboVap® LV evaporator. Evaporation was performed until sample volume 
decreased to roughly 20 µl. This was done by running evaporation for 40 - 60 minutes 
at 34 °C and 10 – 12 psi applied vacuum. Afterwards, 100 µl MeOH was added to each 
sample and the total volume of 120 µl of each sample was transferred to a separate 
MS-vial and stored in a freezer until analysis with LC-MS/MS was performed.     
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3.3 Analytical method 

3.3.1 LC-MS/MS 
 
To determine the concentrations of multi- pharmaceutical residues potentially found 
in sewage and water or sediment samples in a river adjacent to a STP, a combined 
method of liquid chromatography (LC) and mass spectrometry (MS) was applied.  
The chosen method allowed simultaneous determination of more than 90 previously 
chosen pharmaceuticals. Grabic et al. 2012 describe the application of the developed 
method in more detail. An excerpt of chosen and applied methods + materials is given 
here:    
 
The method is based on a LC-MS/MS tandem using a Hypersil Gold aQ column for 
separation of pharmaceuticals due to their physio-chemical properties in the LC step. 
For MS analysis, a triple-stage quadrupole MS/MS TSQ Quantum Ultra EMR 
combined with an Accela LC pump (both: Thermo Fischer Scientific, San Jose, CA, 
USA) and a PAL HTC autosampler (CTC Analytics AG, Zwingen, Switzerland) was 
applied.   
 
Liquid Chromatography 
 
Liquid Chromatography (LC) allows separation of chemical compounds dissolved in a 
solution. The successful separation is based on different physical and chemical 
properties of each individual compound caused by distinct chemical structures. The 
chosen column, in this particular method, provides a lipophilic environment (sorbent) 
and causes compounds to be immediately released or withheld depending on their 
distinct hydrophilic (i.e. lipophobic) or hydrophobic (i.e. lipophilic) character. 
Depending on the individual retention time of each compound, hydrophilic/ 
lipophobic agents are released faster than hydrophobic/ lipophilic agents which 
interplay with the given lipophilic environment in the column 
(Belenkii and Vilenchik 2000).    
 
Mass spectrometry 
 
Using different retention times, LC provides controlled input of compounds into the 
coupled mass spectrometer. Following their release from LC, compounds are ionized 
(here: using a heated electrospray) resulting in loss or gain of an electron and 
production of a negative or positive charge. For each compound a distinct applied 
current allows movement of the charged molecules against their charge (i.e. attractive 
force). Through this movement, which occurs in spiral due to quick changes of 
supplied current on paired quadrupoles, molecules enter a collision chamber. This 
Argon gas filled chamber causes the molecules to crash with the gas itself and 
therefore to form fractions. As this crash can occur more than once while transforming 
the compound through the mass spectrometer, several fragments (here: usually two) 
are formed. Chemical compounds usually break into fragments cleaving their weakest 
bond. Therefore, obtained fragments correlate very specifically to induvial chemicals. 
Thus, detection of fragments in correlation to retention times from LC and specific 
applied currents allows a very accurate determination of which compound was given 
to be analysed (Hoffmann and Stroobant 2007). 
 
To prevent interplays between substances being analysed, contaminations coming 
from the environment, or compounds being released too early from LC, the mass 
spectrometer is constantly under vacuum to assure purified analysis (i.e. removing 
background noise).   
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Quantification of MS data: determination of residue levels 
 
The data gained from applied LC-MS/MS is furthermore quantified by calculating a 
ratio between surface-area under determined peaks of internal standards and detected 
compounds (i.e. numerical integration). The ratio gives a correlation between known 
concentrations of agents used in internal standard solution and to unknown 
concentrations of residues detected in individual samples (Grabic et al. 2012).  
 
 

4 Results  

4.1 Influent/Effluent STP 
 
Pre-ozonation (04/2015) 
 
The applied method screened for 103 pharmaceuticals. In total, 43 different APIs were 
detected in a sample-set taken in April 2015. 34 APIs from different pharmaceutical 
compounds were determined in incoming influent. Out of those 34 residues, 30 were 
still detectable in effluent being released into the environment. With a total of 39 APIs 
of different pharmaceuticals detected in the effluent sample (9 residues of compounds 
were detected additionally comparing data of APIs in influent and effluent) more than 
1/3 of all screened pharmaceuticals were still found after conventional treatment 
processes. Taking a closer look at the few removed APIs, results show that 2 out of 4 
compounds were classified as antibiotic agents (Clarithromycin and Clindamycin). 
Within residues found only in effluent, 3 out of 9 were hypertension drugs 
(Telmisartan, Verapamil, Felodipine) whereas the rest were classified as antibiotic, 
analgesic and antidepressant ingredients.   
 
Post-Ozonation (10/2015) 
 
In a sample-set taken in October 2015 (after implementation of ozonation as 
treatment) screening for APIs of 93 different pharmaceuticals was applied. In the 
influent to the STP, 24 different residues were detected. Out of those, 21 were still 
detectable in the primary-effluent after conventional treatment processes took place. 
After the subsequent applied ozonation treatment, 4 out of those 21 APIs were still 
detectable. Ozonation treatment removed 80.1 % of APIs incoming via primary 
effluent. The unremoved pharmaceuticals were Fluconazole (82 ng/L, LOQ = 7.5 
ng/L), Irbesartan (5 ng/L, LOQ = 3 ng/L) and Oxazepam (33 ng/L, LOQ = 10 ng/L). 
The fourth determined API in secondary effluent belonged to Bupropion whose trace-
level concentration (TLC) was below its limit of quantification (LOQ) in the previously 
analysed influent and primary-effluent. Overall, a decrease in concentration of 
determined APIs was observed after ozonation treatment.  
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Figure 7: Histogram of distribution of determined APIs, pre- and post of implementation of 
ozonation as treatment method in Knivsta STP for (A) influent samples and for (B) secondary 
effluent samples. APIs classified in “Others” are Antiarrhythmic, Antimycotic, Antipropulsive, 
NSAID, Statin and Urological agents which were detected ≤ 2 times in the sample-set.   

4.2 Water samples, Knivsta ån 
 
Pre-ozonation (04 and 05/2015) 
 
Here, two different sample-sets of water samples from Knivsta ån were analysed for 
103 different pharmaceutical residues. In both sets, the major API occurrence was 
observed in samples taken downstream from the STP. For sample-set 1, 27 different 
APIs were determined while in sample-set 2, 34 APIs were detected. In samples from 
sample-points not far downstream from the STP (i.e. #5 to #7), TLCs were found to be 
particularly higher than in samples taken from sample-points further downstream. 
Aligned with that, at the last sample-point (#10), furthest apart from the STP / closest 
to the lake, 17 out of 27 and respectively 21 out of 34 former determined APIs showed 
values below their LOQ. 
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Figure 8: Average values of TLCs of determined APIs in water samples of Knivsta ån, 
downstream the Knivsta STP (sample-point: #5 to #10). TLCs are given in ng/L. (A) Determined 
residues with maximum TLC < 240 ng/L. (B) Determined residues with maximum TLC > 240 
ng/L. TLCs < LOQ are adapted as zero values. 
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Figure 9 shows the drug classification of the 23 APIs which were detected from both 
water sample-sets (pre-ozonation) at the last sample-point (#10).   
 

 
Figure 9: Histogram showing distribution of determined APIs in water samples, prior to 
ozonation introduction at Knivsta STP. APIs classified in ‘Others’ are Antiarrhythmic, CNS 
stimulant and NSAID agents. 

Results of detected APIs upstream show LCs much greater than LOQ for 
Carbamazepine, Caffeine and Venlafaxine. Here, values for Caffeine (LOQ = 50 ng/L) 
with mean 385.1 ng/L and mean 191.4 ng/L respectively and values for Venlafaxine 
(LOQ = 0.5, 50 ng/L) in sample-set 1 with mean 67.1 ng/L were obtained.   
 
Post-ozonation 
One sample-set from October 2015 was screened for 93 pharmaceutical residues. In 
total, 10 different APIs were determined. 1 of these 10 APIs (Bupropion) was only 
found at one upstream sample-point (#4) and 9 of these 10 APIs were detected in 
samples taken downstream from the Knivsta STP (#5 - #10). Of those 9 APIs, 1 API 
(Clindamycin) was found both up- and downstream.  
 
The API of Bupropion was found with a TLC of 6 ng/L (LOQ = 0.1 ng/L) at the nearest 
upstream sample-point to the STP. The majority APIs found downstream belonged to 
the class of hypertension drugs. Beside those APIs, 1 antibiotic-, 1 antimycotic, 1 peptic 
ulcer and 2 psycholeptic agents were found. The highest detected TLC was found for 
Atenolol with mean 241 ng/L (LOQ = 5 ng/L). The TLC determined for Bisoprolol 
with mean 42 ng/L exceeded its LOQ (= 0.1 ng/L) 420 times.    
 

 
Figure 10: Average TLC values of detected APIs in water samples of Knivsta ån, downstream 
from the local STP. Sample set from 10/2015, post-ozonation. TLCs are given in ng/L and 
TLCs < LOQ are adapted as zero values.  
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Figure 11: Comparison of TLCs (pre- and post-ozonation) + LOQs for downstream determined 
APIs which were still found after undergoing O3 treatment. Pre-ozonation values were averaged 
from samples 04/2015 and 05/2015. Post-ozonation values represent data from sample 10/2015. 
For easier depiction, TLCs < LOQ are adapted as zero values. (A): Clindamycine, antibiotic 
(LOQ = 1 ng/L), (B): Fluconazole, antimycotic (LOQ = 0.5 ng/L), (C): Atenolol, hypertension drug 
(LOQ = 5 ng/L), (D): Bisoprolol, hypertension drug (LOQ = 0.1 ng/L), (E): Irbesartan, 
hypertension drug (LOQ = 0.5 ng/L), (F): Metoprolol, hypertension drug (LOQ = 5 ng/L),  
(G): Memantine, psycholeptic (LOQ = 0.5 ng/L), (H): Oxazepam, psycholeptic (LOQ = 5 ng/L), 
(I): Ranitidine, peptic ulcer drug (LOQ = 5 ng/L) 
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4.3 Sediment samples, Knivsta ån 
 
Pre-ozonation (08/2014 and 04/2015) 
 
Two different sets of sediment samples from Knivsta ån were screened for multi- 
pharmaceutical residues of 103 different compounds. In the sample-set from August 
2014, 7 different APIs were detected in samples taken downstream and Trimethoprim 
upstream of the STP. In comparison, 4 APIs were found downstream in the sample-set 
from April 2015 and one, Orphenadrine, was detected in samples taken upstream. 
 

The determined APIs are classified as antiarrhythmic, antibiotic, antidepressant, anti-
histamine and urological agents. Orphenadrine and Trimethoprim which were 
detected in samples upstream, belong to the class of anti-histamines and antibiotic 
drugs respectively. The TLCs detected for Orphenadrine (LOQ = 0.1 ng/g) was 0.5 
ng/g and for Trimethoprim (LOQ = 0.1 ng/g) 0.3 ng/g. TLC for downstream 
determined Citalopram was the highest detected value with mean 14 ng/g (LOQ = 5 
ng/g). However, determined TLC value of Alfuzosin exceeded its LOQ (0.1 ng/g) 15 
times and therefore showed the highest exceeding value detected.   
 
Post-ozonation 
 
Results obtained for sediment samples taken up- and downstream from the STP after 
introduction of ozonation as treatment process show no occurrence of APIs > their 
LOQs. 
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Figure 12: Depiction of detected APIs from mean TLCs in (A) sample-points upstream from STP 
and in (B) sample-points of the STP. Surface area (i.e. bullet) of each depicted API represents the 
extent to which each individual API exceeds its LOQ.    
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5 Discussion  

The purpose of this work was to evaluate the occurrence of pharmaceutical residues in 
wastewater and in a creek adjacent to a STP. Pharmaceutical debris were determined 
in influent and effluent of the Knivsta STP and in water samples of Knivsta ån, pre- 
and post-ozonation. For sediment samples taken of Knivsta ån, APIs were only 
detected pre-ozonation.  
 
Influent/Effluent of STP: 
 
Considering the obtained results for influent and effluent samples of the STP, 
ozonation seemed to have a significant impact in removing APIs. For easier depiction, 
determined APIs were grouped in their drug classes (figure 7).  
 
In the influent sample from 04/2015 most determined APIs belonged to hypertension 
drugs, antidepressants or anti-histamines. Comparing this data to results obtained for 
the sample from 10/2015 the number of found antidepressants and anti-histamines 
decreased whereas the number of found hypertension drugs stayed the same (figure 
7A). These findings can be easily explained due to seasonal fluctuations in use of anti-
histamines to cure allergies, mainly occurring during spring time. The use of 
hypertension drugs does not underlay such a seasonal fluctuation as their use and 
prescription is independent from environmental (e.g. weather) conditions. However, 
the decrease in antidepressants may follow the same pattern as observed for anti-
histamines due to its greater prescription and usage during winter times, especially 
during long periods of darkness in Scandinavia. Observed equal levels of antibiotics 
can also be seen as indicator for seasonal impacts, as spring and autumn are known to 
show higher cold infection rates. The differences in determined numbers of analgesic 
and psycholeptic drug APIs can be neglected.  
 
Comparing data for effluent pre- and post-ozonation gives a first indication for 
ozonation as effective treatment method. In figure 7B an obvious decrease in numbers 
of determined APIs is shown. In the secondary effluent from 10/2015 only 4 active 
residues were detected, all belonging to different drug classes. Compared to this, 39 
different APIs were detected in the secondary effluent from 04/2015, representing 
residues from all drug classes. Here, 9 residues of compounds were detected 
additionally which can be explained to retention times in the STP. The retention time 
of roughly 10 hours of wastewater in the Knivsta STP and almost simultaneous taken 
samples prohibit a direct comparison of distinct influent and analysed effluent 
samples. Nevertheless, the chance for a significant difference in their composition is 
very low and therefore neglected. Most detected APIs from effluent samples post-
ozonation belonged to hypertension drugs and antidepressants. The occurrence of any 
API found post-ozonation is an indicator for poor wastewater treatment considering 
the removal of pharmaceutical residues. A closer look at the number of APIs 
determined and the number of APIs screened for in the experiment shows this even 
more drastically. Assuming a closed system for the obtained data, it is shown that 
conventional wastewater treatment only removes 62.14 % of pharmaceutical residues 
and releases more than 1/3 of active ingredients into the environmental systems. This 
is then compared to results gained after ozonation treatment, where the removal rate 
of APIs increased to 96.12 %. Hence, ozonation treatment promotes removal of 
pharmaceutical residues. 
 
Water samples of Knivsta ån 
 
Considering the obtained data for treated water samples a significant difference of 
both taken sample-sets can be observed. Even though only a few days were between 
the first and second sample, TLCs of distinct APIs vary tremendously. Residues such 
as from Atenolol, Citalopram, Codeine, Diclofenac, Eprosartan, Tramadol and 
Caffeine were found with highest variations in determined TLCs.  
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The detection of very high levels of APIs may be attributable to their daily use, 
particularly in the morning or evening times. Hypertension drugs (e.g. Atenolol and 
Eprosartan) are commonly taken before or after dinner. Therefore, an assumption can 
be made that both analysed sample-sets represent the differences in released APIs of 
influent and effluent depending on the daytime. In general, the occurrence of 27 and 
34 APIs in the sample-sets downstream is alarming but also correlates to values 
obtained for released effluent from the STP. When comparing the last sample-point 
(#10) to more upstream sites (#5-#9), it can be seen that fewer residues are found 
further downstream. This allows for the conclusion that a few APIs may have been 
diluted and reached TLCs < their LOQ. This fact actually was reported earlier and 
represents the occurrence of further degradation of compounds. Hence, nature 
provides a way of degrading potential toxic agents, for example by microbes, a fact we 
currently use in biological secondary treatment of wastewaters.  
 
Grouping of, determined APIs into their drug classes, especially in prior to ozonation 
treatment, allows for comparisons between released effluent and detected residues 
downstream of the STP. The pattern, seen in figure 9, resembles what was observed 
for the secondary effluent from 04/2015 (figure 7B). Only small variations can be 
seen. The similarity seen here allows for two conclusions. On one hand it may indicate 
the effect (i.e. contamination) of released effluent into water of the creek. Thus, 
contaminations which are not removed due to wastewater treatment will most likely 
always be found wherever effluent of the STP is being released. On the other hand, it 
seems that conventional treatment methods are already capable of removing 
pharmaceutical residues to a noticeable extend but may have no effect on drugs from 
particular drug classes. For example, hypertension drugs were found in high numbers 
in effluent as well as in water samples whereas the number of analgesic drugs stayed 
low. To strengthen that approach even further, results for post-ozonation effluent and 
water samples can help. Here, both hypertension drugs and analgesic drugs show a 
decrease in detected APIs but only analgesic drugs are removed completely whereas 
some APIs of hypertension drugs remained.    
 
In contrast, observed data for samples analysed post-ozonation show a significant 
decrease of determined APIs (figure 10). This observation can directly be linked to the 
introduction of ozonation as treatment method as it comes along with data seen by 
earlier analysed effluent released from the STP (figure 7B). Overall, ozonation seems 
not to have a significant impact on TLCs of still released APIs but rather causes API 
removal or non-removal. Evidence for this can be found when comparing mean TLC 
values of post-ozonation determined APIs (figure 8) with TLC detected pre-ozonation 
(figure 10). Here, only Clindamycine and Irbesartan show a decrease of TLCs. 
Residues from Atenolol, Bisoprolol, Oxazepam and Ranitidine show increased TLCs 
whereas those of Fluconazole and Memantine remained almost constant. This allows 
the conclusion of ozonation treatment seen as ‘all-or-nothing-effect’ on 
pharmaceutical residues.  
 
Another observed pattern can be seen in figure 11. Here, the TLCs of determined APIs 
are shown for each sample-point downstream. A common pattern of lower TLC values 
as going downstream can be seen and goes hand in hand with the earlier discussed 
potential dilution and further degradation of APIs by microbes. The patterns seen for 
some APIs (figure 11B-D, H-I) with low-high-low TLC variation may be reasoned by 
potential local accumulations of residues. This can be, for example effected by a 
slowed down water flow caused by a natural dam made of branches or roots. 
Nevertheless, even though those levels vary throughout the downstream sample-
points, all levels reach values for determined APIs < their LOQ before entering the 
lake which serves as drinking water source for the municipality.  
 
Sediment samples, Knivsta ån 
 
Paying attention to sediment samples the obtained results strengthen the earlier made 
conclusion that detected pharmaceutical residues emerge from released effluent.  
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In figure 12 it is easily shown that many more APIs in sediment occur downstream 
than upstream the STP. Findings of Trimethoprim and Orphenadrine upstream with 
mean TLCs of 0.3 ng/L and 0.5 ng/L respectively can indicate an inadequate disposal 
or direct water contamination with human excretes. Taking a closer look at distinct 
APIs detected in sediments downstream, it can be concluded that their solubility in 
water has an effect on their occurrence. Except Diphenhydramine and Venlafaxine, 
detected compounds show the common characteristic of being very slightly or even 
only sparingly soluble. The fact that TLCs of those APIs exceeded their LOQ mainly in 
samples taken closer to the STP underlies this approach. As soon as being released in 
effluent, the not-soluble pharmaceutic debris may be deposited in sediment and thus 
is not transported further downstream nor diluted at all.  

5.1.1 Efficiency of ozonation 
 
Taking single aspects mentioned before into consideration, conclusions about the 
efficiency of ozonation as treatment method can be drawn. Overall it was proven that 
due to the ozonation process fewer APIs were detected in released treated wastewater. 
Going along with the decrease observed in secondary effluent, also much fewer APIs 
were found in water samples taken from a creek adjacent to a STP. Already this 
evidence allows the general conclusion that ozonation positively effects the removal of 
pharmaceutic residues. A closer look to some obtained results from performed 
experiments underlies previous findings about the effect of ozonation even further. 
Here, determined removal rates of > 90 % due to ozonation (≈ 60 % pre-ozonation) 
are an indicator for a significant improvement in sludge treatment. And finally, no 
occurrence of APIs in sediment samples after ozonation is a strong evidence for the 
overall positive effect of the method in removing pharmaceutical residues.    
 
The background of the ozonation processes seems quite simple. Pharmaceutical 
residues interact with the reactive ozone (O3), forming oxidative fragments of the 
primary compound (see 2.3). Thereby, fragmenting the compound only describes the 
initiation of a following degradation cascade. Fragments of ozonation generally have a 
much higher water solubility allowing further degradation by natural mechanisms. 
Consequently, a more hydrophilic fragment can be more easily diluted and therefore 
easier accessed by microbes, eventually causing its degradation up to single molecular 
levels. In figure 13 the effect of ozone on Carbamazepine is shown. Here, ozone causes 
the formation of instable intermediate fragments (i.e. BQM, BQD and BaQD) which by 
continuous supply of O3 are further degraded into oxamic acid and in a long term to 
simple carbon dioxide (CO2). 

 
Figure 13: Oxidative effect of ozone (O3) on Carbamazepine (solubility: 18 mg/L) causing 
formation of instable fragments (BQM, BQD, BaQD) and more stable hydrophilic compounds, 
i.e. oxamic acid (solubility = 105 mg/L) and carbon dioxide. Adapted figure, taken from:  
Ikehata et al. 2006 
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Overall, discussed published data and results gained from this particular project 
focused on the enormous potential of ozonation. Nevertheless, the process itself 
cannot only allow exuberant enthusiasm. The earlier mentioned financial and 
logistical effort to introduce ozonation will not be discussed in any further detail. 
However, effects monitored on molecular levels are of more personal interest. Here, 
current research shows that created fragments due to ozonation may cause different 
but still toxic effects further downstream. Several water soluble compounds may be 
formed out of one pharmaceutical drug. Among those barely known compounds, the 
occurrence of stable toxic fragments cannot be excluded. Hence, creating numerous 
dangerous compounds as result to remove one particular compound may be a wrong 
approach. Yet, little is known about this downside of ozonation and intense research 
goes on in quantifying fragments, determining their chemical structure and therefore 
potential toxic characteristic.  

5.1.2 Ozone effects on hypertension and psycholeptic drugs 
 
The occurrence of pharmaceutical residues in treated wastewaters determined in this 
experiment only underlies previous findings as well as earlier reported effects of 
ozonation on API removal. Nevertheless, even without significant new insights, it 
arouses attention on the topic again. Therefore, earlier mentioned ecotoxicological 
effects of residues from antibiotics, antidepressants and especially hormones, need to 
be recaptured (see 1.3.2). Alongside those already discussed effects, caused by distinct 
drug classes, the results obtained for this experiment ask for an additional focus on 
the toxicity of APIs coming from hypertension drugs. 
 
Hypertension drugs 
 
From determined APIs of water samples post-ozonation, 44.4 % belong to 
hypertension drugs. This value, and the fact that only 33.3 % of residues from this 
drug class were affected by ozonation treatment is alarming. Also, the overall positive 
effect of ozonation gets slightly disproved considering those values. Nevertheless, the 
earlier made predication that treatment with O3 seems to cause an ‘all-or-nothing-
effect’ may help with understanding this pattern. Hypertension drugs, including beta-
blockers are known to be fairly persistent in water matrices generated during 
treatment in STPs (Godoy et al. 2015). Beside their high persistence, the moderate or 
rather low removal rate allows assumption for a low ozone reactivity on hypertension 
drugs. Antoniou, Hey et al. (2013) report about differences in reactivity’s determined 
for different drug classes as well as on increased removal rates gained with higher 
ozone doses. The observed effect of higher dosage rate increasing the removal rate of 
APIs was fairly shown for recalcitrant micropollutants but may be a future approach 
tested on hypertension drugs. Apart from different ozone doses a second approach on 
increasing removal rates can be found in investigations done by Naddeo et al. (2012). 
Here, increased removal rates, applying ozonation, were observed when decreasing 
the initial concentration of APIs. Thus, determining TLCs before ozonation treatment 
together with a controlled flow of influent coming into the ozone reactor may have 
positive effects on the removal rate of APIs achieved.   
 
To call attention to the need for those future approaches one severe toxic effect of 
residues from hypertension drugs needs to be mentioned. It is reported that those 
residues have the availability to alter testosterone levels of male organisms found 
within aqueous species (Godoy et al. 2015). This effect, targeting all male organisms 
underlines their hazardousness, especially considering that APIs from hypertension 
drugs may overall only represent a small percentage rate of total determined residues.  
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Figure 14: Occurrence of most frequent and rarely reported hypertension drugs found in the 
environment. Depicted in relative percentage rate of residues from pharmaceuticals and their 
transformation products. Reported in articles published between 1998 and 2015. Adapted 
figure, taken from: Godoy et al. 2015. 

All residues which were determined in this project (water sample, post-ozonation) can 
be found (see figure 10) among the most reported APIs determined for hypertension 
drugs during the last two decades (figure 14). This evidence allows the conclusions to 
be drawn that the applied method was carried out successfully and obtained results 
can be considered to depict a realistic but momentous picture. 
 
Psycholeptic drugs 
 
Beside a high occurrence of hypertension drugs, debris from psycholeptic drugs after 
ozonation treatment were also determined within this experiment. Awareness is given 
to the occurrence of Oxazepam which even shows increased TLCs for post-ozonation 
samples (+ 23.11 %). Observed results from studies done at Umeå university (Brodin 
et al. 2013) show that perch, if exposed to equivalent levels of Oxazepam as 
determined in rivers and streams change their behaviour. Here, it is reported that the 
fish get less social, eat faster and become bolder. Those findings may be a first 
indication for constant evolutionary and ecological consequences caused by APIs in 
the environment. 
 
The complexity of effects caused by APIs was reported from Brodin et al. (2013) giving 
an impression of how far modified behaviours in one species may impact life at an 
ecosystem level.  
 
“For example, perch eat zooplankton, which in turn consume algae. If perch become 
more efficient eaters, the numbers of zooplankton will be suppressed which could 
lead to more frequent algal blooms in waterways. But the modified behaviours 
would also make the perch more vulnerable to predation themselves by the likes of 
pike. In that case, zooplankton populations would rise and the numbers of algae 
would fall” (Brodin, BBC News Boston, 2013).  
 
With those aspects being observed, the implementation of ozonation as treatment 
method may be a first step into the direction of capturing pharmaceutical residues and 
preventing tremendous, manmade changes in evolution and ecology. 
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5.1.3 APIs and antibiotic resistances 
 
The applied method allowed screening for > 100 multi- pharmaceutical residues 
including a few antibiotic agents. Here, results show that before ozonation was 
introduced APIs of antibiotics could be detected in effluent, water and sediment 
samples. In contrast, to pre-ozonation occurred antibiotics (Clindamycine, 
Clarithromycin and Trimethoprim) no occurrence was observed in samples after 
ozonation treatment took place. Hence, considering the removal of antibiotic residues 
in this experimental setup, O3 has an entire effect with 100 % removal rate.  
 
Nevertheless, determined antibiotic residues in pre-ozonation released treated 
wastewater allows for the assumption that those residues can give rise to resistances 
in microbes found in water or soil of a creek, river or lake. Investigations on 
correlations between released antibiotic residues and occurred resistances are 
currently not the main focus of research. The approach though, might be considered 
in the near future and can help to prohibit further resistance developments. 
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6 Summary  

The experiment indeed has monitored the efficiency of ozonation as treatment 
method. It has been successfully shown that ozonation increases the removal rate of 
pharmaceutical residues in wastewater and may have the potential to be implemented 
in future. In context to previously published data about determination of APIs and 
their impact, the obtained data from this project underlies earlier drawn conclusions. 
Similarities observed in TLCs and efficiency or non-efficiency on distinct drug classes 
for own gained results in context with previous publications, show a successful applied 
method and realized experiment. Furthermore, this allows future studies to be based 
on results achieved within this project work.  
 
Results may also contribute to assumptions being made between determined 
pharmaceutical residues and ecotoxicological effects monitored on exposed 
microbiota. This approach needs to be further investigated and correlations of drug 
usage, occurrence of residues in wastewater, inefficient removal and toxic effects, 
needs to be certainly proven. Nevertheless, a more cautious behaviour in drug usage 
and medical application is necessary to avoid unsuspected consequences in the near 
and far future. 
 
 
 

“It’s scary when you think about it. It’s a huge cocktail of drugs and fish 
are experiencing it 24/7 – breathing it, drinking it and eating in it.”  

 
(Brodin, BBC News Boston, 2013) 
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