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1 Introduction  

Humans produce urine on a daily basis, as it has been from the beginning of times, and the 
composition and quantity of urine vary by the person and diet. There are currently over 7.3 
billion people in the world and each and every one of them produces approximately 1.2 L of 
urine per day, containing 11.5 gN/p/d and 1.2 gP/p/d (Kujala-Räty et al. 2008). Thus, the 
amount of urine in the world reaches 8.85 billion m3/d with 84·103 tons N and 8.8·103 tons P. 
As a reference, the world inorganic fertilizer (as NPK) consumption in years 2005–2007 was 
166·106 tons with division of 57% N, 25% P, and 18% K (FAO 2012). The estimation for 
fertilizer consumption in year 2050 has been projected as 263·106 tons (FAO 2012). 

Human urine contributes approximately 80–90%, 50–65%, and 50–80% of the N, P and K, 
respectively, arriving at typical centralized wastewater treatment plants (WWTPs), while it is 
only 0.4–1.0% of the volume (Höglund et al. 2002, Heinonen-Tanski and van Wijk-Sijbesma 
2005, Pronk et al. 2006; Vinnerås et al. 2008, Winker et al. 2008a, Jana et al. 2012b). 
Centralized WWTPs have been developed from stormwater sewers which were originally 
constructed to prevent flooding of urban areas and further used to transport human excreta in 
response to the need to ensure hygiene and health in urban areas (Wilsenach and van 
Loosdrecht 2004). Along the development, the flush toilet was introduced and it became of a 
symbol for cleanliness (Medilanski et al. 2006). Nowadays in many cases, domestic 
wastewaters (toilet, kitchen, personal hygiene) are mixed together in the sewers with rainwater 
and infiltration water, in addition to with e.g. industrial and hospital wastewaters (Kümmerer 
2001, Medilanski et al. 2006), and are treated in a centralized WWTP (Remy and Jekel 2012). 
Meanwhile, the centralized system has received criticism, as it is not considered sustainable 
(Wilsenach and van Loosdrecht 2004). Therefore, other systems, such as the source 
separation of urine, have been shown to have environmental benefits in environmental life-
cycle studies (Jönsson 2002, Maurer et al. 2003, Spångber et al. 2014). Separating urine from 
other domestic wastewaters can reduce the organic and nutrient load arriving at WWTPs.  

Human excreta, including urine, could be considered as a resource rather than a waste as 
urine contains essential nutrients, already in a form available to plants (Sundin et al. 1999, Lind 
et al. 2001, Golder et al. 2007, Yang et al. 2015). Source separation and use of human excreta 
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as a fertilizer is even claimed to be more energy-efficient and have less impact on global 
warming than the enhanced reduction of nitrogen and phosphorus at a WWTP, complemented 
with the use of chemical fertilizers (Spångberg et al. 2014). However, urine may contain 
microorganisms, pharmaceuticals, and hormones and thus, their fate and removal during urine 
storage and re-use need to be addressed before urine may be regarded as safe. Therefore, 
separating urine from other wastewaters could help to lessen the pharmaceutical and 
hormonal burden of both WWTPs and the environment, in addition to recycling nutrients in a 
more sustainable way. As pharmaceuticals and hormones enter the environment, they pose a 
threat to e.g. aquatic life by increasing the occurrence of hermaphroditic fish near WWTPs 
(Larsson et al. 1999), by re-entering the water cycle (Kujawa-Roeleveld et al. 2008), or by 
accumulating in soils and plants (Pronk et al. 2006), and concerns have risen about the 
potential effects of these compounds on aquatic organisms and human health during long-
term, continuous exposure (Escher et al. 2006). The presence of pharmaceuticals and 
estrogenic hormones in urine-based fertilizer products is also a matter of concern.  

Pharmaceuticals have been detected from municipal WWTPs with varying daily loads (Sim et 
al. 2011). As pharmaceuticals, hormones, and hormone-like ingredients cover a wide variety 
of compounds, detecting them in collected urine in order to monitor the effectiveness of urine 
treatment techniques has been gaining interest, as have their concentrations in the 
environment and in urine-based fertilizer products (Ronteltap et al. 2007). A necessity has 
risen to develop simple and rapid analytical techniques to facilitate the re-use of urine. 
Resulting from a faster urine analysis, the utilization of urine in fertilization applications 
becomes simpler since the presence of harmful substances is rapidly discovered. Thus, the 
suitability of urine in microalgal cultivation and biomass production, for instance, can be more 
simply assessed. 

The objective of this thesis was to develop and facilitate the use of source-separated urine by 
developing and assessing the feasibility of analytical tools in urine monitoring, by evaluating 
the behavior of pharmaceuticals during urine storage, and by assessing the feasibility of urine 
as a nutrient source in microalgal cultivation and biomass production. In the following chapters, 
the composition and uses of human urine, as well as techniques used in source-separated 
urine treatment are discussed (Chapter s 2.1.1-2.1.4). Related to pharmaceutical excretion, a 
short summary on pharmaceutical metabolism in human body is given (Chapter 2.2.1 ), and 
the fate of pharmaceutical compounds in urine treatment processes and at WWTPs is 
discussed (Chapter 2.2.2 ). As pharmaceuticals and estrogens have environmental relevance 
and need to be monitored from environmental and urine samples, an insight on analytical 
techniques for their detection is given (Chapter 2.3 ). Afterwards, the aims of the thesis are 
presented (Chapter 3 ) and the materials and methods used are shortly described (Chapt er 
4). Subsequently, the results and discussion related to analytical development, pharmaceutical 
and estrogenic monitoring, as well as results from urine storage and its effects on 
pharmaceutical behavior in urine, and a description of the algal cultivation experiments 
conducted in urine are given (Chapter 5 ). Thereafter, conclusions, based on findings 
presented in the thesis, are summarized (Chapter 6 ).  
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2  Background  

2.1 Human U rine  

2.1.1 Composition of Human U rine   

Human urine is a complex water solution, containing nutrients as diluted compounds. Main 
compounds are sodium chloride (NaCl, 9-16 g/d) and urea [CO(NH2)2] (25 g/d), which is the 
major source of total nitrogen (80–90%) in fresh urine (up to 9 gN/L). Also potassium (K, 50–
80%), calcium (Ca), sulphate (SO4) and phosphorus (approximately 0.7 gP/L, 50–65%) are 
present (Table 2.1). Urine contains an excess of ammonium relative to phosphate, but it is 
deficient in magnesium. Phosphorus is available as phosphates (H2PO4

- or HPO4
2-) and 

potassium as an ionic component (K+). Urine contains organic compounds which are 
breakdown products of biomolecules and food, such as hydroxyindoles, ethyl mercaptan and 
other sulphides, phenols and cresols, as well as substituted benzoic and phenylacetic acids 
(Escher et al. 2005 end references therein). Urine also contains uric acid, chlorides, oxalates, 
and small amounts of minerals, vitamins, hormones, amino acids, and enzymes. (Harper et al. 
1979, Lind et al. 2001, Heinonen-Tanski and van Wijk-Sijbesma 2005, Ganrot et al. 2007a, 
Winker et al. 2009). The nutrient and chemical composition of urine, reported in the literature, 
is presented in Table 2.2. 

The quantity and composition of urine depend on age, water intake, diet, and external 
temperature. Normally, an adult produces 0.6 to 2.5 L of urine daily (average being 1.2 L). 
Urine is normally acid, with pH ranging from 4.7 to 8.0 (average pH 6.0). Normal color of urine 
is pale yellow or amber, the determining pigment being urochrome, but color varies with its 
concentration; also pharmaceuticals can cause colored urine. (Harper et al. 1979). Each year, 
one person produces approximately 500 kg of urine (Heinonen-Tanski and van Wijk-Sijbesma 
2005) which includes 2.5–5.7 kgN, 0.3–1.0 kgP and 0.1–1.2 kgK per person per year 
(Kirchmann and Pettersson 1995, Heinonen-Tanski and van Wijk-Sijbesma 2005, Mihelcic et 
al. 2011).  
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magnesium, ammonium, and phosphate in equal molar concentrations (Ronteltap et al. 2007). 
Ureolysis thus leads to phosphorus and magnesium precipitation.  

TABLE 2.2.   Nutrients and chemical composition of human urine reported in the literature. 

Composition  Unit  Stored a Stored b 
Stored,  
undiluted  Fresh  Fresh  Stored  Fresh  

Ntot g/L 1.795 2.610 9.2 8.83 - - - 
NH4-N g/L 1.117 1.726 - 

8.1 
- 
0.463 

0.254 1.720 0.438 
NH3aq-N g/L 0.574 0.773 - - - 
urea g/L - - -  - 5.810 0.0073 4.450 
amino acid –N g/L 0.104 0.110 - - - - - 
NO3-N µg/L 45 45 - 

0 
- 
- 

- - - 
NO2-N µg/L 10 20 - - - 
pH - 8.96 8.90 9.1 6.2 7.2 9.0 5.6 
conductivity mS/cm 13.4 19.0 - - - - 22.6 
redox potential mV -90 +236 - - - - - 
COD g/L - - - - 8.150 1.650 7.660 
Macronutrients                
P g/L 0.210 0.200 0.540 0.8-2.0 0.367 0.076 0.388 
K g/L 0.875 1.150 2.2 2.737 2.170 0.770 1.870 
SO4-S g/L 0.225 0.175 0.505 1.315 0.748 0.292 0.878 
Na g/L 0.982 0.938 2.6 3.45 2.670 0.837 3.240 
Cl g/L 2.500 2.235 3.8 4.97 3.830 1.400 6.620 
Micronutrients                
Ca mg/L 15.75 13.34 0 0.233 129 28 89.2 
Mg mg/L 1.63 1.5 0 0.119 77 1 45.4 
Mn mg/L 0 0 - 0.0019 - - - 
Fe mg/L 0.205 0.165 - - - - - 
B mg/L 0.435 0.440 - 0.097 - - - 
Al mg/L 0.210 0.185 - - - - - 

Reference   
Kirchmann and 

Perttersson (1995) 
Maurer et al. 

(2006) 
Udert et al. 

 (2003) 
Etter et al. 

(2011) 
Note: a stored 0–3 months; b stored 6 months; - data not reported 

Some bacteria that inhabit the urinary tract excrete ureases that take part in ammonium 
formation and pH rise (Krajewska 2009). One example of these microorganisms is Proteus 
mirabilis, which is also responsible for producing urinary stones (Krajewska 2009), and 
blocking urinary tract catheters in hospitals and urine pipelines in urine diversion systems 
(Udert et al. 2003, Maurer et al. 2006) due to struvite precipitation. Ureases have an optimum 
pH range from pH 6 to pH 9, while also acid ureases exist (pH optimum 2–4.5) (Krajewska 
2009). 

Human urine may contain pathogens (e.g. Salmonella typhi, S. paratyphi, Mycobacterium 
tuberculosis, and Leptospira interrogans) and few enteric microorganisms, viruses (e.g. 
Cytomegalovirus), protozoa (e.g. Microsporidia), or helminth and parasitic eggs (e.g. 
Schistosoma haematobium) which can be emitted in urine (Höglund 2001, Höglund et al. 2002, 
Heinonen-Tanski and van Wijk-Sijbesma 2005, Vinnerås et al. 2008). Urine has been shown 
to contain none or only low levels of the infectious human immunodeficiency virus (HIV) but 
does not appear to be an important source of virus transmission (Levy 1993). In urine, 
ammonia concentration of 40 mM, which can be formed during storage, has been established 
as an inactivation threshold for pathogenic microorganisms (Vinnerås et al. 2008). When in the 
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bladder, human urine is sterile (Höglund 2001). However, collected human urine is not totally 
sterile, as it contains fecal contamination which in source-separated urine is mainly due to 
misplaced feces: the average contamination is 9.1 mgfeces/L urine (Schönning et al. 2002) and 
can be measured by monitoring the concentration of fecal sterols (Sundin et al. 1999).  

Urine also contains heavy metals in a ppb-range (Vinnerås et al. 2008, Table 2.3), while the 
differences in heavy metal concentrations vary depending on the time of storage and possible 
precipitation of metals. Urine may also contain pharmaceuticals, as approximately 60–70% of 
human pharmaceuticals and hormones are excreted in urine (Lienert et al. 2007), the topic of 
which will be discussed in more detail in Chapter 2.2 . Urine may also contain traces of the 
chemicals that humans are exposed to on a daily basis, such as plastic softeners and flame 
retardants (Breithaupt 2014). 

TABLE  2.3.  Reported heavy metal contents of urine. 

Heavy metal  (µg/L)  
Urine, stored  3–6 
months  Urine, hydrolyzed  

Cd 0.2 5.0 
Cr 2.0–4.0 11.0 
Co 1.0–12.0 13.8 
Cu 155 88.4 
Hg 0.44–0.55 - 
Ni 15–227 8.1 
Pb 2.0 27.2 
Zn 70–110 - 
Al 185–210 - 
As - 151 

Reference  
Kirchmann and 
Perttersson (1995) 

Ronteltap et al. 
(2007) 

Note:  - data not found 
 

2.1.2 Source Separation , Storage , and Treatment of Urine  

Source separation basically means the separation and separate collection of urine from feces 
in the toilet, thus enabling the (re-)use of collected urine as such in different applications. 
Different techniques for source separation of urine have been proposed; e.g. urine diverting 
toilets (NoMix toilets, Medilanski et al. 2006) and waterless urinals, which are used to collect 
little diluted urine (Udert et al. 2003). NoMix toilets, depending on the model, use 0.2–0.8 L of 
flushing water (Udert et al. 2003) compared with the 2.5–4 L in the conventional double-flush 
toilets. Separating toilets typically consist of a bowl divided into two parts: the front bowl collects 
the urine and the rear bowl the feces (Schönning et al. 2002, Kvarnström et al. 2006, Larsen 
et al. 2009). After separation urine is collected in a storage tank in or near the household, and 
treated on-site or transported further to a centralized treatment unit (Borsuk et al. 2008, Larsen 
et al. 2009). 

Source separation of urine has been studied in a larger scale for instance in a pilot village in 
Sweden (Kvarnström et al. 2006, Johansson et al. 2009), in office-scale in Germany (23 
waterless urinals and 43 NoMix-toilets, Blume and Winker 2011; Schürmann et al. 2012), and 
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in a university in Australia (Abeysuriya et al. 2013). A larger field study conducted in the 
eThekwini Municipality in South Africa with 700 households (i.e. the VUNA project, Valorization 
of Urine Nutrients in Africa) has demonstrated the applicability of urine diverting dry toilets in 
collecting material for fertilizer production (Etter et al. 2014a, 2014b, Rhonton et al. 2014). A 
lot of information is available for different separation techniques and related issues, such as 
maintenance of toilets and user opinions (e.g. Johansson 2000, Kvarnström et al. 2006, Borsuk 
et al. 2008, Larsen et al. 2009, Lienert and Larsen 2009, Larsen et al. 2010, Blume and Winker 
2011). 

During urine storage, ureolysis (Eq. 1.1) causes ammonia losses due to volatilization. 
Pathogenic contamination and infections from enteric viruses present in urine are mainly 
dependent on the fecal cross-contamination and storage time as well as temperature. The 
recommended storage time at 20oC is at least six months, after which urine is considered safe 
to use as a fertilizer for any crop since pathogenic microorganisms have assumed to be dead 
and/or inactivated. (Höglund et al. 2002, WHO 2006, Winker et al. 2009). The enteric micro-
organisms usually die off in two months’ time, which is why shorter than six-month storage 
periods are commonly applied (Akpan-Idiok et al. 2012).  

Different urine treatment techniques can be applied on the collected urine and are based on 
separation processes, e.g. membranes or precipitation, and elimination processes, e.g. 
oxidation or adsorption (Maurer et al. 2006), and have been discussed in the literature (Table 
2.4) for e.g. hygienization, volume reduction, stabilization, and nutrient removal and recovery 
perspectives, and also for pharmaceutical removal (for a review, see Maurer et al. 2006, 
Tettenborn et al. 2007). The technologies exist and the separation process of nutrients and 
pharmaceuticals is relevant to the production of a urine-based fertilizer, whereas the 
pharmaceuticals must be eliminated for environmental pollution control (Maurer et al. 2006). 
Some of these techniques can be used in pharmaceutical concentration reduction, which will 
be discussed further in Chapter 2.2 . Only urine storage has been investigated thoroughly 
enough for its ability to reduce the amount of pathogens in source-separated urine, while many 
of the other treatment steps will probably also have an effect on the hygienic properties (Maurer 
et al. 2006). For example, the nitrification/distillation process introduced by Udert et al. (2015) 
stabilizes nutrients by biological treatment and additionally improves the quality of the liquid 
fertilizer by inactivating pathogens and removing pharmaceuticals with post-nitrification 
distillation and advanced treatment, respectively (Bischel et al. 2015).  

Some of these treatment techniques (ozonation, nanofiltration, electrodialysis, distillation) are 
high-tech processes and consume energy for e.g. heating, pressure provision, etc. (Gulyas et 
al. 2007, Tettenborn et al. 2007, Udert and Wächter 2012). Based on the comparison 
performed by Dodd et al. (2008), the energy requirements for urine pre-treatment may be lower 
than those required to achieve similar effluent quality via enhanced wastewater treatment, 
based on the energy savings derived from upstream resource recovery.  
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TABLE 2. 4.  Different urine treatment processes and their aims described in the literature. 

Note: UV - ultraviolet 

Urine treatment 
process  

Aim of treatment  Application scale  Reference  

acidification stabilization (prevention 
of precipitation, 
degradation and 
volatilization) 

laboratory  Maurer et al. (2006) 

adsorption ammonia and 
phosphate removal from 
urine with e.g. zeolite  

laboratory  Tettenborn et al. (2007) 

crystallization crystal formation, 
fertilizer product 

laboratory  Tettenborn et al. (2007) 

electrochemical 
oxidation on graphite 

ammonia removal laboratory Udert et al. (2015) 
Zöllig et al. (2015) 

electrodialysis salt concentration,  
pharmaceutical 
concentration reduction 

laboratory,  
pilot tests 

Dodd et al. (2008). 
Escher et al. (2006)  
Pronk et al. (2007) 

evaporation volume reduction and 
concentration of 
nutrients, 
pharmaceutical 
concentration reduction 

laboratory, 
pilot, 18 L of concentrate 
from 1 m3 of urine  

Tettenborn et al. (2007) 

freeze-thaw volume reduction laboratory  Maurer et al. (2006) 
ion exchange nitrogen recovery laboratory  Maurer et al. (2006) 
microbial electrolysis 
cell 

hydrogen production 
ammonium recovery 

laboratory Kuntke et al. (2014) 
 

microbial fuel cells  energy production 
nitrogen recovery 
ammonium recovery 
nitrogen and 
phosphorus removal 
pharmaceutical removal 

laboratory 
 

Ieropoulos et al. (2013) 
Kuntke et al. (2012) 
Ledezma et al. (2015) 
Santoro et al. (2013a) 
Santoro et al. (2013b) 
Wang et al. (2015) 

micro- and nanofiltration turbidity removal,  
separation of nutrients 
from pharmaceuticals, 
pharmaceutical 
concentration reduction 

laboratory  Pronk et al. (2006, 2007) 

nitrification/distillation  nutrient recovery  
partial degradation of 
pharmaceuticals 

laboratory,  
pilot tests 
 

Bischel et al. (2015) 
Fumasoli et al. (2016) 
Udert et al. (2015) 
Udert and Wächter (2012) 

ozonation pharmaceutical 
concentration reduction, 
additional treatment 

laboratory,  
pilot tests 

Dodd et al. (2008) 
Escher et al. (2006) 
Tettenborn et al. (2007)  
Pronk et al. (2007) 

precipitation solid fertilizer, mainly 
struvite 

pilot  Escher et al. (2006) 
Maurer et al. (2006)  
Ronteltap et al. (2007) 
Tettenborn et al. (2007) 

reverse osmosis volume reduction laboratory  Maurer et al. (2006) 
steam stripping nitrogen recovery, 

pharmaceutical 
concentration reduction 

laboratory,  
pilot plant, >2 m3 

Tettenborn et al. (2007) 

storage hygienization pilot and technical  Maurer et al. (2006) 
UV-radiation pharmaceutical 

concentration reduction, 
additional treatment 

laboratory  Tettenborn et al. (2007) 
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In the future, urine treatment would most probably consist of a combination of treatment 
processes, e.g. by removing phosphate and ammonium by struvite precipitation followed by a 
biological process to eliminate organic pollutants and nitrogen (Maurer et al. 2006) either at 
the source or at centralized treatment units. One of the novel techniques include the use of 
microbial fuel cells (MFCs) to recover nitrogen while simultaneously producing electricity 
(Kuntke et al. 2012, Santoro et al. 2013); the objective being energy-positive wastewater 
treatment (Ledezma et al. 2015). MFCs can also be utilized in micropollutant (i.e. trace organic 
compounds) removal from wastewater (for a review, see Wang et al. (2015)). 

2.1.3 Use of Human Urine  

As urine is rich in nutrients, it has inspired research in the field of fertilizer use in different 
applications. According to the European Union (EU), the concept of urine as a fertilizer is 
unknown: only chemically pure urea is accepted in fertilizer use on agricultural fields and it is 
regarded as inorganic fertilizer (Regulation No 2003/2003). Regarding manure, instructions on 
its use are given in a Council regulation, but (human) urine is not involved (Regulation No 
1069/2009). Legislation dealing with organic farming in the EU denies the use of human urine 
in agricultural fields (Council Regulation 834/2007). However, World Health Organization has 
introduced guidelines for safe re-use of human excreta (WHO 2006); next, a short summary 
of source-separated urine as a fertilizer is given.   

Urine as a Fertilizer  in A gri - and Aqua culture     

As discussed in the previous section, human urine contains nutrients that are needed for plant 
growth, thus making it an appealing fertilizer alternative (Paruch 2012). Human urine has also 
been recognized as a potential aquacultural nutrient source. 

Traditionally, urine as such has been and can be used in liquid form which can be applied with 
conventional equipment available at farms, or it can be precipitated as struvite which is a rather 
pure mineral (Winker et al. 2009). Struvite crystallizes when human urine is treated with 
magnesium (Mg2+) (Maurer et al. 2006) and can then be used as a slow-release phosphatic 
fertilizer (nutrient becomes available gradually over time, Ronteltap et al. 2010) (Antonini et al. 
2012). Human urine releases plant nutrients faster than sources such as livestock/avian 
excreta, green manure, compost manure, or similar (Akpan-Idiok et al. 2012). In developing 
countries, the use of human urine could be a solution as a low-cost, easily available and safe 
fertilizer (Jana et al. 2012a). Human urine has been used to fertilize edible plants (Table 2.5) 
with no considerable changes in taste and with better yields than with artificial fertilizers 
(Heinonen-Tanski et al. 2007, Pradhan et al. 2007, Tidåker et al. 2007, Pradhan et al. 2009, 
Pradhan et al. 2010, Akpan-Idiok et al. 2012).  

The prevention of ammonia loss during storage and soil application of urine is an important 
aspect for efficient fertilizer use (e.g. Kirchmann and Pettersson 1995, Watson et al. 2008). 
Indeed, urine infiltrates soil quite quickly and thereafter ammonia emissions end. Therefore, 
the application technique has to be adjusted to the high ammonia content of urine (i.e., close 
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to soil preferably in combination with soil incorporation) (Winker et al. 2009). By using a struvite 
fertilizer, ammonia volatilization is minimized compared with direct urine application into soil 
(Heinonen-Tanski and van Wijk-Sijbesma 2005, Watson et al. 2008). 

Soil ureases (Krajewska 2009) rapidly hydrolyze urea, leading to ammonia emissions when 
urine is applied into the soil (Watson et al. 2008, Saggar et al. 2013, Singh et al. 2013). In order 
to prevent the loss of ammonia from urea during soil application, the use of urease inhibitors 
has been studied (Watson et al. 2008). The most promising urease inhibitor in different 
laboratory and field studies has been N-(n-butyl) thiophosphoric triamide (nBPT), a structural 
analogue of urea, which is effective in low concentrations, non-toxic, stable, and inexpensive 
(Watson et al. 2008, Saggar et al. 2013), as well as available commercially as e.g. Agrotain® 
(Zaman and Blennerhassett 2010, Singh et al. 2013) and StabilureN® (Agra Group 2015). 
Granular urea amended with nBPT reduced ammonia losses under laboratory conditions from 
11% to 1.9% of urea-N applied and no evidence of nBPT efficiency decline was detected after 
repeated applications on the same soil over a three-year period (Watson et al. 1998). 

Use of urine in aquaculture, such as in hydroponic cultivation of plants or growing zoo- and 
phytoplankton, is another way to potentially use the renewable nutrient source (Table 2.5 ). 
One of the issues associated with fresh urine use in aquaculture is the high concentration of 
ammonia and high pH which can be harmful to aquatic species (Jana et al. 2012a). Therefore, 
aeration of urine is usually used in urine-fed aquacultural systems as it transforms ammonia 
to nitrate more rapidly via nitrification (Jana et al. 2012a). Another advantage of aeration is the 
reduction of anaerobic pathogens which may be present in urine-fed culture systems (Jana et 
al. 2012a). However, the toxicity of urine at higher concentrations can pose risks to e.g. 
zooplankton survival, which is why urine needs to be highly diluted (Golder et al. 2007). It has 
been demonstrated that human urine can be used in aquaculturing of microalgae, zoo- and 
phytoplankton, and tomatoes (Adamsson 2000, Golder et al. 2007, Jana et al. 2012b), as well 
as fish and prawns (Jana et al. 2012a) and water spinach (Yang et al. 2015). In most cases, 
cultivation in diluted urine led to similar or higher yields than in nutrient solution or compared 
with other nutrient sources used (cow urine, vermi-compost etc., Table 2.5 ).
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TABLE 2.5.  Studies reported in the literature on ways to utilize human urine as a fertilizer. 
Agricultural applications  Scale of cultivation  Urine application  Main observation  Reference  
fertilization with fresh human urine     
cabbage outdoor cultivation 180 kgN/ha growth and biomass were slightly 

higher with urine than with a 
mineral fertilizer  

Pradhan et al. (2007)  

cucumbers outdoor cultivation 233 
kgN/ha(urine)a 

34 kgN/ha 
(mineral)a 

the cucumber yield with urine was 
similar or slightly better than the 
yield obtained with a mineral 
fertilizer 

Heinonen-Tanski et al. (2007) 

red beet outdoor cultivation 
urine only, urine+ash 

133 kgN/ha urine and ash, and only urine 
fertilizer produced 1720 
and 656 kg/ha more root biomass 
than mineral fertilizer, respectively 

Pradhan et al. (2010) 

wheat life cycle analysis - - Tidåker et al. (2007) 
 climate chamber, 21 days, 

pot trials (freeze-concentrated 
urine, urine-equilibrated zeolite, 
urine-equilibrated activated 
carbon, struvite) 

0.45-0.65 gN/kgb  the struvite/adsorbent mixtures 
showed better nutrient availability 
than struvite alone, but nutrients 
weren’t enough for wheat growth 
during 21 days  

Ganrot et al. (2007b) 

okra greenhouse and field  0, 45.8, 68.7 or 
91.6 kgN/hac 

91.6 kgN/ha significantly 
increased the growth and yield 
relative to inorganic fertilizer; 68.7 
kgN/ha had similar effect as 
inorganic fertilizer 

Akpan-Idiok et al. (2012) 

fertilization with stored human urine    
tomato greenhouse experiment 135 kgN/ha urine fertilization resulted in  

equal amounts of tomato fruits as 
mineral fertilizer and 4.2 times 
more fruits than non-fertilized 
plants 

Pradhan et al. (2009) 

fertilization with struvite     
maize, ryegrass greenhouse pot 

experiment 
0.17 gN/kgd  struvite fertilizers induced similar 

or significantly higher biomass 
yields than those generated by a 
commercial mineral fertilizer 

Antonini et al. (2012) 
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TABLE  2.5. Continues. 
Aquacultural applications  Scale of cultivation  Urine  

concentration   
Main observation  Reference  

fresh and stored urine     
indian carp and freshwater prawn holding tanks, 120 days 0.01% 0.01% urine produced fish yield 

lower than cow manure or cow 
manure mixed with human urine  

Jana et al. (2012a) 

microalgae 
zooplankton 
tomato 

hydroponic cultivation, 
114 days 

2%, 2%+Fe culturing algae, zooplankton and 
tomatoes in an aquaculture 
system using only diluted human 
urine with iron amendment is 
possible 

Adamsson (2000) 

phytoplankton 5000 L tanks, 16 weeks 0.02% primary production of 
phytoplankton was the highest 
with highest phosphate 
concentration (stored urine) 

Jana et al. (2012b) 

zooplankton 4500 L tanks, 10 days 0.01% the best zooplankton growth 
was obtained in diluted human 
urine 

Golder et al. (2007) 

water spinach hydroponic cultivation, 
21 days  

10%, 5%, 3.3%, 2%  2% urine produced comparable 
growth characteristics to those 
in nutrient solution 

Yang et al. (2015) 

Note: areported as gN/m2; b180-260 mgN per 0.4 kg pot;  creported as L/ha; d1530 mgN per 9 kg pot 
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2.1.4 Urine in Cultivation of Microalgae  

Microalgal cultivation for biofuel and bioenergy feedstock purposes has become increasingly 
relevant as new energy sources are explored for. After harvesting, microalgal biomass can be 
utilized e.g. in anaerobic digestion to produce methane (for a review, see e.g. Sialve et al. 
2009), in biodiesel production by extracting the algal lipids (Griffiths and Harrison 2009, for a 
review, see Chisti 2007), or as another type of products, such as nutritional supplements, 
natural pigments, or aquaculture feed (Vandamme et al. 2013). When using urine for algae 
cultivation, factors such as light intensity, possible water source, cultivation strategies (batch 
vs. continuous, open pond vs. closed photobioreactor, etc.), climate conditions, existing 
infrastructure and logistic considerations, additional supply of carbon dioxide (CO2), algal 
harvesting, and biomass post-processing affect the cultivation system (e.g. sustainability) 
(Chisti 2007, Cho et al. 2013, Rawat et al. 2013, for a review, see e.g. Lam and Lee 2012a). 
One of the main issues affecting the economics of algal cultivation, i.e. the capital and 
operating costs as well as well as the viability of commercial production (Jegathese and Farid 
2014), is the source of phosphorus and nitrogen; micronutrients are also required at lower 
concentrations. Sustainability issues impact on the cultivation of algal biomass for biofuel 
production: on one hand, nitrogen fertilizer manufacturing process is energy-demanding and 
causes greenhouse gas emissions, on the other hand the world’s phosphorus reserves are 
depleting due to phosphate rock mining (Dawson and Hilton 2011, Hilton and Dawson 2012, 
Canter et al. 2015).  

Microalgal Nutrient S ources  

Different types of recyclable sources of nutrients in microalgal cultivation have been suggested 
(Table 2.6), and studied, mainly in laboratory scale. Microalgal cultivation in wastewater can 
be used to remove nutrients from the wastewaters and simultaneously grow biomass for further 
uses (e.g. Li et al. 2011, Lam and Lee 2012a). Suggestions to integrate algal cultivation to 
wastewater treatment with CO2 supplementation have been made (Cho et al. 2013, Soares et 
al. 2013) as microalgae can fix CO2 from industrial exhaust gases in the form of soluble 
carbonates (Sydney et al. 2010). On the other hand, life cycle analyses have demonstrated 
(e.g. Clarens et al. 2010, Medeiros et al. 2015) that cultivation of microalgae in wastewater still 
has its pressure points (the use of electricity, fertilizers etc.) that need to be addressed. 
Wastewater has been considered as an attractive and economic alternative for microalgal 
fertilizer source, but it is susceptible to virus and bacterial contamination, and in the worst-case 
scenario the whole microalgal colony could be devastated by other microorganisms thus 
leading to annihilation of microalgal population (Lam and Lee 2012a).  

The use of human urine in microalgal cultivation has only been studied quite recently (Table 
2.6). Human urine contains sufficient nutrients (especially N and P, Table 2.2 ) to support algal 
growth in addition to being a renewable resource. It has been hypothesized that urine used in 
cultivations should be nitrified (Feng et al. 2008) or stored (Jana et al. 2012b) to lessen the 
effect of ammonium inhibition or to inactivate microorganisms. Stored urine has less 
Escherichia coli than fresh urine (Jana et al. 2012b), whereas nitrification requires constant 
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pH-adjustment which increases expenses (Feng et al. 2008). During nitrification, ammonia 
volatilization can occur, affecting negatively on the ammonium-N concentration, which is why 
dilution of nitrified urine would be needed (Feng et al. 2007, Jana et al. 2012a). However, as 
urine quickly undergoes hydrolysis, leading to ammonium formation and precipitation of key 
nutrients (Zhang et al. 2014), the use of fresh urine is the most promising nutrient source in 
algal cultivation. Source-separated, hydrolyzed urine (urine was diluted to 3.5%) has been 
compared to other bioenergy feedstocks for algal cultivation (Clarens et al. 2010), but 
hydrolyzed urine needs excessive dilution, making it more water intensive than coupling algal 
cultivation with wastewater treatment. In addition, some microalgal strains are not able to re-
grow efficiently in recycled water due to the susceptible contamination by fungus and bacteria 
(Lam and Lee 2012b). 
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TABLE 2.6.  Different recyclable nutrient sources for microalgal cultivation, algal strains used, and the experimental scale. 
Microalgal nutrient source  Algal strain  Cultivation volume and type  Reference  
    
wastewater - - Pittman et al. (2011) 
agricultural Botryococcus braunii  

Chlorella vulgaris 
Chlamydomonas mexicana 
Nitzschia cf. pusilla 
Scenedesmus obliquus 
Ourococcus multisporus 

500 mL, bubble-column, piggery 
250 mL, batch, piggery 

An et al. (2003) 
Abou-Shanab et al. (2013) 

industrial Chlorella vulgaris 
Chlorella vulgaris 
Chlorella vulgaris 

40 L, high rate algae pond, textile 
500 mL, photobioreactor, dairy waste 
250 mL batch, oil industry waste  

Lim et al. (2010) 
Abreu et al. (2012) 
Wang et al. (2013) 

municipal Chlorella sp. 
Chlorella sp. 
Chlorella vulgaris 
Chlorella vulgaris 
Chlorella sorokiniana 
Chlorella vulgaris 

250 mL, batch 
25 L, coil reactor 
500 mL, batch 
1000 mL, semi-continuous 
 
2 L, tubular photobioreactor  

Li et al. (2011) 
 
Choi and Lee (2012) 
de-Bashan et al. (2004) 
 
He et al. (2013a) 

anaerobic digestion effluent Chlorella sp. 
Nannochloropsis salina 
- 
Muriellopsis sp. 
Pseudokirchinella subcapitata 

250 mL, batch, dairy manure  
2 L, batch, semi-continuous 
- 
300 mL, bubble column 

Wang et al. (2010) 
Cai et al. (2013) 
Sialve et al. (2009) 
Morales-Amaral et al. (2015) 

food waste hydrolysate Schizochytrium mangrovei 
Chlorella pyreidinosa 
Chlorella vulgaris 

2 L, batch  
 
150 mL, batch, darkness 

Pleissner et al. (2013) 
 
Lau et al. (2014) 

hydrothermal liquefaction 
aqueous by-product 

Chlorella vulgaris 
Nannochloropsis gaditana 
Phaeodactylum tricornutum 
Scenesdesmus almeriensis 
Desmodesmus sp. 

500 mL, batch 
 
 
 
2 L, batch  

Barreiro et al. (2015) 
 
 
 
Alba et al. (2013) 

 

Note: - review study, not reported 
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TABLE 2.6.  Continues. 
Microalgal nutrient source  Algal strain  Cultivation scale  Reference  
struvite Chlorella vulgaris 10 L, batch, photobioreactor Moed et al. (2015) 
human urine Spirulina platensis 1.2 L, batch, bubble column 

1 L, batch, photobioreactor  
1.2 L, bubble column 
1.2 L, batch, bubble column 
1.2 L, photobioreactor 

Feng et al. (2007) 
Yang et al. (2008) 
Feng et al. (2008) 
Chang et al. (2013) 
Feng and Wu (2006) 

 Chlorella sorokiniana microtiter plate 
1 L, photobioreactor 
6 L, photobioreactor 

Tuantet et al. (2014a) 
Tuantet et al. (2014b) 
Zhang et al. (2014) 

 Scenedesmus acuminatus 40 L, greenhouse culture Adamsson (2000) 
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2.2 Pharmaceuticals and Estrogenic Hormones in U rine  

To make utilization of urine possible, besides factors such as the varying collection, storage, 
and transportation methods, also the possible occurrence of harmful substances in urine and 
their fate must be considered. Pharmaceutical residues and hormones are excreted through 
human urine and therefore, use of urine is associated with potential transfer of pharmaceutical 
residues to the environment, agricultural fields, crop plants and thus, humans (Winker 2010). 
The effect of estrogenic compounds on endocrine and reproductive systems of wildlife (e.g. 
fish feminization, Larsson et al. 1999) has been noted (Soto et al. 1995, Routledge et al. 1998), 
and female sex-hormones and synthetic steroids are the most potent estrogenic compounds 
regarding their endocrine-disrupting properties (Rodriguez-Mozaz et al. 2004b). In addition, 
many compounds that are found in the environment have estrogenic properties: certain 
pesticides and herbicides, some polychlorinated biphenyls (PCBs), plasticizers, breakdown 
products of surfactants, and phthalates (Routledge and Sumpter 1996, Beck et al. 2006). In a 
wastewater treatment system, conjugated pharmaceuticals and hormones can transform back 
into their (biologically) active forms by microbial metabolism already in the sewer network or 
at the WWTP (Desbrow et al. 1998, Jelíc et al. 2015) and be transported to watersheds.  

Pharmaceutically active ingredients comprise a large variety of chemical compounds (more 
than 3 000 registered in the EU alone) which have different therapeutic modes of action, 
different physico-chemical properties and susceptibilities to (biological) degradation (Kujawa-
Roeleveld et al. 2008, Kümmerer 2009). Thus, one important factor in pharmaceutical and 
estrogenic monitoring is the use of applicable detection methods. Next, more insight is given 
on specific compounds and estrogenic hormones (Chapter 2.2.1 ), their fate in urine and 
wastewater treatment processes (Chapter 2.2.2 ), and the analytical methods for detecting and 
monitoring them in urine (Chapter 2.3 ). 

2.2.1 Pharmaceutical s, Estrogen s, and Their  Excretion in U rine  

Pharmaceuticals and hormones, as well as nutrients (Table 2.2) are excreted to a large extent 
into urine (Winker et al. 2008a, 2008b, Table 2.7), the production of which is 1.2 L/person/day 
on average. Nutrients, hormones, and microorganisms (bacteria, viruses) are naturally present 
in collected urine, as described in Chapter 2.1 , while pharmaceuticals and the transformation 
products have been present in urine largely since the 1970’s, when the concept of 
medicalization entered the modern society (Becker and Nachtigall 1992). Many 
pharmaceutical compounds go through a structural change in the human body, due to 
organisms in the gut or by human enzymes (Pelkonen and Ruskoaho 2003). This structural 
change turns the compounds into metabolites, which do not make a difference between 
biochemical processes, bacterial activity, or hydrolysis (Längin et al. 2008, Kümmerer 2009). 
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After administration or production and/or synthetization in the human body, pharmaceuticals 
and estrogens are metabolized and excreted mostly in urine via kidneys (or through bile and 
via faeces), partially as parent compounds and as a number of inactive and active metabolites 
with modified chemical structures (Pelkonen and Ruskoaho 2003, Kujawa-Roeleveld et al. 
2008, Schürmann et al. 2012). The excretion varies for the previously presented compounds 
(Table 2.7) in the range of 2.7–70% as parent compounds; for estrogens, excretion is based 
mainly on glucuronides, which comprise approximately 85–95% of the excreted concentration 
(Table 2.7). As estrogens can be less bioactive in their glucuronide-form, to enhance analysis 
efficiency, the chemical glucuronides must be broken down to release the active, original 
compound (Figure 2. 1).   

 
FIGURE 2.1.  Chemical structures of the four estrogens (DrugBank 2015) and the conjugated forms 

of estradiol as examples of urinary estrogen conjugates (ChEBI 2013, MolDB 2013). 
 

 
FIGURE 2.2.  An overview of the metabolism of a parent compound into phase I and phase II 

metabolites (adapted from Halling-Sørensen et al. 1998, Koulu and Tuomisto 2007).  
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In human metabolism (of pharmaceuticals and hormones) four different end-products are 
observed: an active compound results in inactive metabolite (i), an active compound results in 
active metabolite (or both active and inactive metabolites) (ii), an inactive compound results in 
active metabolite (iii), or an inactive compound results in toxic metabolite (iv) (Koulu and 
Tuomisto 2007). As a result of conjugation, the compound gains a glucuronide, glutathione, 
acetyl, or a sulfate group (Pelkonen and Ruskoaho 2003) and is then excreted into urine. 
Metabolism can be divided into two phases describing the water solubility of the metabolite 
(Figure 2. 2). Both phase I and phase II reactions depicted in Figure 2. 2 change the physical 
behavior of the substance, since metabolism always renders the metabolites more water-
soluble than the parent compound (Halling-Sørensen et al. 1998); phase II metabolites being 
most water-soluble. In the intestine or in urinary bladder de-conjugation reactions can occur, 
which leads to release of parent compound or phase I metabolite into urine (Pelkonen and 
Ruskoaho 2003). The presence of metabolites in urine is essential relating to urine-based 
fertilizers, as metabolites are susceptible to change back to original, active forms of the 
compounds e.g. in the WWTPs and in the soil (Kurisu et al. 2010, Goeppert et al. 2014, Jelíc 
et al. 2015), thus posing a risk to fertilization applications. 

2.2.2 Fate of Pharmaceuticals and Estrogens in Urine  Treatment  and in 
Wastewater T reatment  Plants   

In order to understand the effect of urine removal from municipal wastewater, the presence of 
pharmaceuticals and estrogens at WWTPs and receiving waters needs to be assessed. 
Pharmaceuticals and their metabolites are excreted mainly via urine (only partly via feces), as 
discussed earlier (Chapter 2.2.1 ) and thus the potential fate of pharmaceuticals and their 
metabolites is defined by the following processes. For example, in the flush sewage systems 
urine is led into municipal WWTPs, while in other systems urine may be discharged directly 
into environment (Escher et al. 2005, 2006). One major difference between source-separating 
urine and treating wastewaters at WWTPs is that in the former the urine has a significantly 
higher concentration of pharmaceuticals (µg/L or mg/L vs. ng/L measured at WWTPs) as well 
as bulk organics and nutrients (Kujawa-Roeleveld et al. 2008).  

Finding processes to remove pharmaceuticals and hormonal compounds from urine is of 
notable importance considering its re-use (Gajurel et al. 2007). Among the different techniques 
investigated for urine treatment and pharmaceutical removal (Tables 2.4 and 2.8), 
nanofiltration, struvite precipitation, and electrodialysis are all effective in separating inorganic 
nutrients from pharmaceuticals for further applications, while a supplemental treatment is 
recommended to remove or degrade the pharmaceuticals (Dodd et al. 2008). Ozonation is not 
considered as a process for fertilizer production, but it can be used as an additional urine 
treatment step to break down pharmaceutical compounds (Escher et al. 2006). It is also 
possible, in principle, to remove pharmaceuticals by adsorption to active carbon or other 
adsorbents (Maurer et al. 2006), but the high organics concentration in urine will probably 
interfere with the adsorption process (Quinlivan et al. 2005). 
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TABLE 2. 8. Comparison of different urine treatment processes for pharmaceutical elimination. 
Technique  Waste product  Fertili zer product  Estrogenicity removal  Removal of single compounds  Reference  
electrodialysis diluate, drugs concentrate 99.7% EE2 > 98% Escher et al. (2006) 
   86–94% ibuprofen >95% Pronk et al. (2007) 
bioreactor (after 24h) - treated effluent 

(stabilized urine) 
E2 92% 
EE2 73% 

E2 89% 
EE2 55% 
propranolol 0% 
ibuprofen 0% 

Escher et al. (2006) 

nanofiltration concentrate 
drugs 

permeate 53.4% propranolol 59% 
ibuprofen 96% 
diclofenac 96% 
carbamazepine 74% 
EE2 96% 

Escher et al. (2006) 

  - - EE2, diclofenac, ibuprofen, 
propranolol, carbamazepine: at 
pH 5.3, >92% removal; at pH 4.8, 
73% removal 

Pronk et al. (2006) 

struvite precipitation filtrate, drugs struvite >98.1% EE2 and E2 < LOD 
propranolol 99.2% 
ibuprofen >99.9% 
diclofenac >99.9% 
carbamazepine 99.7% 

Escher et al. (2006) a 

  washed struvite  - diclofenac <LOD 
hydrochlorothiazid <LOD 
metoprolol <LOD 
nebivolol <LOD 

Schürmann et al. (2012) 

  washed struvite - E1 97% 
E2 95% 
EE2 100% 
propranolol 94.2% 
ibuprofen 99.6% 
diclofenac 99.9% 
carbamazepine 96.4% 

Ronteltap et al. (2007) 

Note: a struvite dissolved after washing; <LOD - concentration below limit of detection; - not reported 
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While the fate of pharmaceuticals and estrogens in the treatment or use of source-separated 
urine are little investigated, their fate at WWTPs has been intensively studied and in the 
following some general overview of the compounds studied in this thesis is given (Tables 2. 9 
and 2.10). Over the years, several studies investigating the pharmaceutical concentration at 
current WWTPs have shown the inconvenient truth: most pharmaceuticals are only partly 
removed during treatment processes (Ternes et al. 2001, Ternes et al. 2004, Blair et al. 2015) 
and some appear quite persistent (Clara et al. 2004). In Tables 2. 9 and 2.10, the average 
concentrations reported in the literature for the selected compounds are given. The fate of the 
studied compounds in the WWTP process has varied; e.g. 3TC is reported to be eliminated 
more than 90%, while removal of NVP and ZDV has been negligible (Table 2.9). According to 
a review by Jain et al. (2013), antiviral compound persistence in WWTPs can be observed with 
other antiviral compounds as well. It has been claimed that pharmaceuticals are transformed 
back to their active forms by the WWTP microorganisms (Jelíc et al. 2015), thus explaining the 
larger concentration leaving from the WWTP than what is recorded in the influent. In the case 
of estrogens, the removal percentages at WWTPs have varied from -62.4% to 98.8% in the 
reported investigations (Table 2.10). The natural estrogens E2 and E3 are eliminated by 44–
96%, and E1 is not removed in some cases at all, while the synthetic EE2 used in e.g. 
contraceptives is 34–43% removed. 

TABLE 2.9.  Pharmaceutical concentrations in WWTP influents and effluents, and their removal 
percentages reported in the literature. In some cases, concentrations are from grab 
samples, in others 24-h collection samples. The removal is expressed as a difference 
between the influent and the effluent, while the fate is not presented. The values are 
mean concentrations.  

 At  WWTP (ng/L)   
Analyte  Influent Effluent Removal (%) Reference   
Lamivudine 210–720  < LOQ 76–93 Prasse et al. (2010) 
Nevirapine 4.8–21.8 7.2–32.1 0 Prasse et al. (2010) 
Zidovudine 310–380 98.2–564 0–68 Prasse et al. (2010) 

Sulfamethoxazole 

- 
580 
144–674 
800–2200 

- 
250 
135–304 
900 

-138–60 
43 
6–55 
40  

Göbel et al. (2007) 
Carballa et al. (2004) 
Lindberg et al. (2005) 
Pérez et al. (2005) 

Trimethoprim 
- 
99–1300 
300–500 

- 
66–1340 
100 

-40–20 
-3–33 
75  

Göbel et al. (2007) 
Lindberg et al. (2005) 
Pérez et al. (2005) 

Ciprofloxacin 
200–600 
<LOD–4230 
102–300 

29–40 
<LOD–130 
7–18 

86–93 
97–100 
93–94 

Vieno et al. (2006) 
Vieno et al. (2007) 
Lindberg et al. (2005) 

Rifampicin - - - - 

Carbamazepine 160–820 
290–400 

290–2440 
380–470 

 -81– -198 
-18– -23 

Vieno et al. (2007) 
Vieno et al. (2006) 

 
Note: A negative value in the elimination-column means that effluent had higher concentration than 
influent. In most cases, the variation is reported between different seasons or different WWTPs and 
sampling sites; - not reported 
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but requires high bacterial activity found in activated sludge WWTPs, whereas CIP does not 
degrade at all but is immobilized in the soil (Carr et al. 2011). Under anaerobic conditions, 
influencing factors such as nutrient availability, microbial population, and soil structure could 
have an effect (Carr et al. 2011). In the soil, microbial transformations, sorption, the capillary 
transport of water and pharmaceuticals, and the levels of pharmaceuticals in contact with roots 
may vary both spatially and temporally (Wu et al. 2013). Winker et al. (2010) have 
demonstrated that ryegrass can uptake CBZ on roots and aerial parts of the plant via urine 
fertilization, and the transport was driven by transpiration, while a cucumber can take up CBZ 
which can bioaccumulate at indigenous levels present in wastewater (Shenker et al. 2011). 

The main factors affecting pharmaceutical and hormonal uptake in plants from soil are the acid 
dissociation constant (pKa) and polarity of the compound (i.e. ionization at environmental 
conditions) – pharmaceutical translocation in the plant after root uptake is affected by water 
movement due transpiration, and hydrophilic compounds may have a greater movement 
potential (Herklozt et al. 2010, Wu et al. 2013). The plant uptake of pharmaceuticals during 
irrigation with treated wastewater may affect plant development indirectly by disrupting soil 
communities and soil function by decreasing the number of soil bacteria thus leading to lack 
of food for soil fauna (protozoa, nematodes, micro arthropods) (Fatta-Kassinos et al. 2011). 
Less data is available on pharmaceutical accumulation through urine fertilization but some 
studies have been conducted using e.g. reclaimed wastewater (Shenker et al. 2011) and 
nutrient solutions (Herklotz et al. 2010, Wu et al. 2013). For more information, see Table 2.11 
where some of the accumulation and leaching studies of pharmaceuticals and estrogenic 
hormones in the soil have been grouped.  

The root uptake of pharmaceuticals has been shown to correlate positively with pH-adjusted 
octanol–water partition factor (logKow) for nonionic compounds whereas translocation from 
roots is negatively related (Wu et al. 2013). Ionization of compounds, including 
pharmaceuticals in the soil, is therefore important – weak acids or bases, for instance, undergo 
partial dissociation under environmental pH conditions and are thus present in soils in two or 
more forms, i.e. the neutral molecule and ionized species (Wu et al. 2013). Under soil pH 
conditions below their pKa, organic acids are normally in their neutral and undissociated form, 
which has a higher tendency to sorb to soil organic matter (Xu et al. 2009). For ionizable 
organic compounds, ionization reduces their uptake to the shoots due to the decrease in the 
plant cell membrane permeability (Carvalho et al. 2014). 
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TABLE 2.11 .  Studies on pharmaceutical accumulation into plants and leaching of estrogens in the soil as reported in the literature 
Source of 
pharmaceuticals 
and hormones  

Pharmaceutical/
plant  

Soil type (organic matter 
content %)  Type of experiment  Main observation  Reference  

reclaimed 
wastewater 

CBZ/cucumber peat mixture (32.6) 
sandy soil (1.2) 
clay soil (6.5) 

greenhouse, CBZ 
concentration 25 µg/L 
(spiked); 1 µg/L 
(reclaimed incl. 3 µg/L 
indigenous), 5 L pot, 
50-60% water content 

CBZ concentration in the fruit ranged 6.4–
25.6 µg/kg. 

Shenker et al. (2011) 

nutrient solution TRI, CBZ, SMX 
and 13 
others/lettuce, 
cucumber, 
spinach, chili 
pepper 

- hydroponic cultivation, 
21 days, 0.5 and 5 µg/L 

vegetables were taking up 
pharmaceuticals. Among the studied 
pharmaceuticals, TRI (92–270 ng/g) 
accumulated in roots, CBZ in roots (2.9–
67 ng/g) and leaves and stems (23–520 
ng/g).  

Wu et al. (2013) 

nutrient solution SMX, CBZ, 
TRI/cabbage 

Hoagland’s nutrient 
solution 

hydroponic cultivation, 
232.5 µg/L (spiked) 

accumulation of pharmaceuticals in the 
roots (per wet weight): 98.87 ng/g CBZ, 
138.26 ng/g SMX and 91.33 ng/g TRI. 

Herklozt et al. (2010) 

urine CBZ, Ibuprofen 
/ryegrass 

air-dried type 
Meckenheimer Krume 
(1.2) 

greenhouse, 
29 µg CBZ and 422 µg 
Ibuprofen (spiked) per 
pot, 9 kg pot, 80% 
water content 

CBZ in aerial parts 4200–6950 µg/kg dry 
matter, roots 202–426 µg/kg dry matter. 
Ibuprofen was not transferred to the roots 
and probably degraded by soil bacteria. 

Winker et al. (2010) 

fertilized water CIP, metformin, 
narasin/carrot, 
barley, wheat 
and 5 others 

sandy soil (0.73) greenhouse, 4 kg per 
pot, 10 mg/kg (spiked), 
duration 2–3 months, 
concentration in soil 6.5 
mg/kg for CIP 

in barley, CIP accumulated the least, while 
metformin was detected up to 0.1 mg/kg in 
the leafs and 1.5 mg/kg in the seeds. 

Eggen et al. (2011) 

spiked water TRI and 9 
others/carrot, 
lettuce 

loamy sand soil (0.4) greenhouse, 1 µg/kg, 
1.5 kg soil per pot, 20% 
water content 

TRI was detected in lettuce (6 µg/kg), 
carrot (5.3 µg/kg) and carrot peel (1.0 
µg/kg). 

Boxall et al. (2006) 

sheep urine estrone, estradiol sandy clay loam textured 
Eutric Cambisol (2.1); 
sand textured Eutric 
Cambisol (2.7); sandy 
loam textured Haplic 
Podzol (1.2) 

laboratory soil leaching 
study, 50 µg/L (spiked) 

both estrogen and estradiol mineralization 
were significantly reduced in all soils. 
Addition of urine caused significant 
changes in microbial activity and their 
capacity to degrade estrogens. 

Lucas and Jones 
(2009) 
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However, methods for detecting the pharmaceuticals presented in Chapter 2.2.1 are very 
diverse, are not necessarily optimized for urine matrix, and include only few of the compounds 
at a time from a selection of matrices. Therefore, a method able to detect the selected 
compounds in a single run would provide savings in analysis time and consumables. 

Although LC and MS are very sensitive techniques, they are not suitable for screening 
purposes and do not consider the biological effects of a single hormone or chemical mixtures 
(Michelini et al. 2008). Endocrine disrupting compounds (EDCs, e.g. estrogens, estrogen-like 
compounds, plastic softeners, etc.) have several different chemical structures and 
mechanisms of action making their detection complicated using conventional, mainly 
chromatographic methods (Michelini et al. 2008). As the environmental concentrations of 
EDCs are quite low, sample matrices are complex, and the diversity of target compounds is 
vast, robust bioassays have been gaining interest (Salste et al. 2007). The advantage of 
biosensors in monitoring estrogenic activity is their capability to estimate cumulative estrogenic 
effects of a variety of chemicals in an environmental sample (Campbell et al. 2006) that 
correspond the overall activity of all estrogen receptor (ER) -binding chemicals present 
(Rehman et al. 1999). To identify different estrogenic compounds in environmental samples, 
the results from biological assays must be combined with gas chromatography (GC) or LC 
coupled to MS analyses (Salste et al. 2007). 

2.3.1 Pharmaceutical Analysis of  Urine  with Liquid Chromatography  

As already described, pharmaceuticals can be analyzed in urine with LC-technology. HPLC 
(operating pressure < 400 bar) and ultra-high performance liquid chromatography (UHPLC, 
operating pressure up to 1000–1200 bar) (Wren and Tchelitcheff 2006, Gritti and Guiochon 
2010b, McCalley 2011) are common tools in sample analysis of different environmental and 
biological matrices (e.g. Jin et al. 2010, Núñez et al. 2012). HPLC is one of the main 
techniques, for example, in pharmaceutical development, where it is used to determine purity 
to control the quality and consistency of the active substance and dosage forms (Wren and 
Tchelitcheff 2006).  

Core-Shell Columns vs. Conventional Columns  

The 400-bar pressure limit of the conventional HPLC system has been a bottleneck for faster 
chromatographic analysis (MacNair et al. 1997). As the column particle size decreases, the 
backpressure of the system increases, and pressure in columns packed with 1-µm-diameter 
particles at its optimum flow rate is 125 times higher than in columns packed with 5 µm particles 
(MacNair et al. 1997). Commonly used column particle sizes are 3–5 µm and with complex 
samples, separation times of 30 minutes or longer are not uncommon (Wren and Tchelitcheff 
2006): therefore, reducing separation time without reducing the separation quality has led to 
development of smaller particles which can be used with older HPLC equipment.  

The porosity of the particles affect negatively on column efficiency at high flow rates and under 
high pressure gradients (Gritti and Guiochon 2010a): thus, the use of superficially porous 
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4  Materials  and Methods  

This chapter describes the methods and analyses used in this thesis. The objectives as well 
as the methods are summarized in Table 4.1.   

TABLE  4.1.  Summary of the objectives and methods used in this thesis. 
Objective  Method  Paper 
method for analyzing several 
pharmaceuticals simultaneously in urine 

development of an HPLC method able to 
detect eight pharmaceuticals in a single run 
in six minutes 

I 

method for fast estrogenic activity 
detection in both fresh and stored 
human urine 

feasibility assessment of a yeast-cell-based 
biosensor without sample pre-treatment in 
detecting estrogenic activity in urine  

II 

pharmaceutical behavior in urine during 
a six-month storage  

urine storage experiments for six months 
with pharmaceutical spiking and with 
feces/urease inhibitor amendment 

III 

urine as a nutrient source in microalgal 
cultivation 

microalgal cultivation in different urine 
dilutions and as a reference in an artificial 
growth medium  

IV 

 

4.1 Substrate and I nocul a 

4.1.1 Urine Collection , Experimental C ontrols , and Pharmaceuticals Used  

The human urine used in the experiments was collected from volunteers (28–38 years) in the 
Department of Chemistry and Bioengineering (Tampere University of Technology, TUT) as 
well as from four individuals outside TUT (9–38 years). A summary of the collected urine and 
different experimental set-ups are presented in Table 4.2 . All volunteers were healthy and 
were taking no medication. 
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TABLE 4.2.   Urine collection for each experiment conducted in this thesis. 
Source of human urine  Processing before experiments  Reference  
two persons: 
a male and a female 

mixed Paper I  

six persons: 
a female, a female taking oral 
contraceptives, two males, a boy child, a 
girl child 

used individually + mixed 
stored (one or five months) + mixed 

Paper II  

eight persons: both male and female mixed  
 

Paper III  

one person: a male sampled twice: one sample for each 
set-up 

Paper IV 

Urine used in the experimental controls (Papers II-IV) was not autoclaved, although 
autoclaving is often used to prevent biological activity. Preliminary tests indicated that 
autoclaving changed urine composition by transforming urea to ammonium, thus making use 
of such control unfeasible. Filtration of controls through 0.2 µm was excluded as it removes 
beneficial bacteria, and in a large scale, the costs would be high (Papers II, III, IV). 

A method was developed to analyze several pharmaceuticals in urine simultaneously (Paper 
I), and the effect of urine storage on spiked pharmaceuticals was evaluated (Paper III ). In 
addition, a bioluminescent whole-cell biosensor was used to determine the estrogenic activity 
from spiked standards and real human urine samples (Paper II). A summary of the physical 
and chemical properties of the pharmaceuticals and estrogens used in the experiments 
(Papers I , II, and III) are described in Table 4.3 (next page).  

 

 

 

 

 

 

 

 

 

 

 







39 
 

antivirals, 43–469 mg/L/d for antibiotics, 60–300 mg/L/d for antituberculotics, and 20 mg/L/d 
for CBZ, Paper III ). In short, each pharmaceutical was tested in laboratory storage, in triplicate, 
individually, in therapeutic groups, in therapeutic groups with feces addition, and in therapeutic 
groups with urease inhibitor addition. Urine was also stored without pharmaceuticals but 
amended with either feces or urease inhibitor.  

In the beginning of the experiment and afterwards monthly for a duration of six months, pH and 
conductivity of the samples were measured and a 3 mL portion of the sample was filtrated for 
SPE pre-treatment. After SPE, samples were transferred into HPLC vials and run on Agilent 
1100 HPLC with earlier developed method (both the HPLC method and SPE pre-treatment are 
described in detail in Chapter 4.3.1  and in Paper I).  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4.1.  A) experimental set-up in storage experiments; mixed urine (150 mL) in 60 bottles, 

and B) same urine samples after pharmaceutical, feces, and urease inhibitor addition 
(green color is caused by urease inhibitor, orange by the antibiotic agent rifampicin) 
(Paper  III). C) microalgal cultivation in batch bottles (Paper IV ). The alga was 
cultivated in initial 600 mL of selected medium in 1 L Erlenmeyer shake flasks. 

 

4.2.2 Microalgal Cultivation Experiments (IV)  

Microalgal growth was studied in two experimental set-ups for 21 days each (Paper IV ). One 
experiment was performed as triplicate in diluted urine (1:100), in modified Chu-10 medium, 
where the concentrations of N and P were adjusted to match to that of diluted urine, and in 
modified Chu-10 medium in which the N and P sources had been replaced by corresponding 
amount of urine but with all essential nutrients supplied as stock solutions. The other 

A B 

C 
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experiment was conducted as duplicate, in different urine dilutions of 1:25, 1:75, 1:100, 1:150, 
and 1:300. Cultivation experiments took place in 1 L Erlenmeyer shake flasks (Figure 4.1C) in 
similar conditions as with stock and maintenance cultures (temperature, shaking, illumination, 
air supply). 

4.3 Analy tical Methods and Method Development  

As eight different pharmaceuticals were analyzed, and many different chromatographic 
techniques were available for the selected individual compounds, there was a need to develop 
an analytical tool to detect all the compounds with a single method instead of having to analyze 
each compound separately. As for the estrogenic activity assessment, application of the yeast 
biosensor was hypothesized to provide rapid overview of the estrogenic activity in urine 
samples without having to perform time-consuming chromatographic analysis that would have 
required extensive sample pre-treatment steps.  

4.3.1 HPLC Method for Simultaneous D etection of Pharmaceutical s in Urine  (I) 

A pre-treatment step for urine samples was needed in order to remove interfering substances 
before HPLC analysis. Thus, SPE with vacuum manifold was chosen as a cleaning step (for 
details, see Paper I). The SPE sorbent (Strata-X, 30 mg/33 µm) was conditioned with methanol 
(MeOH), equilibrated with MilliQ-water, and the filtrated (0.2 µm nylon) sample was loaded. 
After drying the sample for 1 minute in vacuum, sorbent was washed with 2% ammonium 
hydroxide to remove interferences, and to collect the fraction containing lamivudine (due to low 
logKow, Table 4.3), sorbent was dried for 1 min in vacuum and the rest of the sample was 
eluted with ACN:MeOH:Acetic acid (50:50:2, v/v/v). Method was validated for human urine by 
performing recovery tests for each pharmaceutical (Paper I). 

An HPLC method was developed to monitor the concentrations of selected pharmaceutical 
compounds in urine during storage. In short, Agilent 1100 HPLC equipped with Kinetex XB-
C18 2.6 µm core-shell column (temperature 40oC) and a 0.2 µm pre-filter C18-cartridge was run 
in a gradient mode: mobile phase consisted of ACN (eluent A) and 10 mM potassium 
phosphate buffer, pH 2.50 (eluent B). Gradient elution took place in 4.0 minutes: an isocratic 
hold from 0 min to 0.5 min at 5% eluent A, linear gradient from 0.5 min to 3.5 min from 5% to 
70% eluent A, and an isocratic hold from 3.5 min to 4.0 min at 70% eluent A. The column was 
left to stabilize for 2.0 min after each sample, leading to a total analysis time of 6.0 min per 
sample. The detection wavelengths were 210 nm and 264 nm (diode array detector) and the 
flow rate used was 2.5 mL/min. The method was validated by performing repeatability and 
robustness tests (Paper  I). 
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5 Results and Discussion  

5.1 Urine C haracteristics  

The characteristics of urine used in different experiments (Papers II –IV) are described in Table 
5.1. Urine was collected several times during years 2012–2014 from volunteers (see Chapter  
4.1.1).  

The pH of fresh urine was in the range of 5.7–6.3 (Papers II–IV) as reported in the literature 
and close to the average pH 6.0 of urine (Harper et al. 1979). As discussed in Chapter 2.1 , 
the composition of human urine varies greatly with diet. This can explain the variation in 
different set-ups in e.g. urea concentration (0.89 g/L vs. 6.28 g/L in Papers I II and IV, 
respectively) or in DOC (7.3 g/L in Paper II  vs. 2.4 g/L in Paper IV ), as well as with other 
parameters such as nutrients, anions, and cations. All in all, the nutrients and parameters in 
urine used (Papers II–IV) fall in the range reported in the literature (Table 5.1).   

The pH of urine after storage (5–6 months) had risen well above 9 (Papers II  and III), indicating 
ureolysis which is supported by the smaller concentration of urea in the stored urine as well as 
the increased ammonium, bicarbonate and alkalinity content of urine (Table 5.1 ). The 
decomposition of organic matter, precipitation of Mg and Ca salts (e.g. as struvite) and 
decrease in sulphate and phosphate content are supporting decomposition of urine into 
struvite during storage (Papers II and III). In general, during storage of five to six months, 
changes in conductivity followed the changes in pH. As pH rose, so did the conductivity, 
reaching up to 20–25 mS/cm (Papers II and III), while with lower final pH values the 
conductivity remained approximately at 10–13 mS/cm (Paper III ). The increase in conductivity 
in stored urine is directly related to the amount of dissolved ions, e.g. phosphorus, nitrogen, 
and carbon: the higher the conductivity, the more there are ions present in the sample (Lind et 
al. 2001). This is in correlation with the present findings (Papers II and III), since dissolved 
nitrogen, phosphorus, and sulphur as well as cations were present throughout the storage 
period.  
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pharmaceuticals are all visible, their signal intensity at 10 mg/L is quite different. This comes 
from the selected 210 nm wavelength used for signal recording. This particular wavelength 
has been used previously e.g. in screening a variety of toxicological drugs from serum and 
urine (Lai et al. 1997). Each compound has its own maximum intensity wavelength on which 
the observed signal would be the best. In order to optimize the analysis, 210 nm was used for 
all other compounds except for RMP, to which 264 nm was used.  

 

 

FIGURE 5.1.  A graph showing HPLC-UV signal at 210 nm from filtrated urine (solid line) and 
pharmaceuticals (dashed line). Note the different y-axis scale for pharmaceuticals.  

As the compounds studied were of varying physical and chemical properties, some 
compromises were needed to enable simultaneous analysis. With SPE, the limitations of the 
sorbent (Strata-X, logKow -0.5) affected the analysis of 3TC, which is why a two-step elution 
was needed. Antiviral drugs have been described as difficult to analyze because of the 
differences in their pKa values and high polarity, and the fact that they are difficult to retain on 
common SPE sorbent materials (Prasse et al. 2010). SPE was used to clean up the samples 
and its use also provided savings, as the compounds could be eluted in two subsequent 
elutions from the same SPE tube, thus saving sorbent material. Comparison of different SPE 
sorbents on pharmaceutical recovery has been discussed in Paper  I. 3TC performance was 
difficult to optimize in HPLC analysis as well, as it seemed that the linear range of the 
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compound was only up to 100 mg/L after which the compound was flushing out of the column 
with no retention. The injection of small enough sample sizes is therefore important to avoid 
overloading the column (Gritti and Guiochon 2012). The limited sample capacity is directly 
related to the core-shell particle surface area (DeStefano et al. 2012): Kinetex particles are 
61% porous, which reduces the sample loading capacity due to the more straightforward 
movement of the sample in the column as a narrow band (McCalley 2011). 

Method Suitability in Urine Sample Analysis with HPLC  

The LOD (limit of detection) and LOQ (limit of quantification) of the method were somewhat 
high for urine samples. However, keeping in mind the further use of this method (Paper III), 
the LOD and LOQ obtained for the developed method were comparable with other similar 
studies with pharmaceutical detection from biological fluids and water (Table 5.2 ). As 
previously described, some compromises were needed for the method in order to be able to 
simultaneously analyze all eight compounds. Previously, e.g. antiviral pharmaceuticals have 
been analyzed simultaneously (Mistri et al. 2007), but these compounds all belonged to the 
same therapeutic group with relatively similar logKow’s (Table 4.3 ). In conclusion, the method 
performed as was expected, with acceptable LOD and LOQ, and after validation it was suitable 
to be used in further studies. 
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TABLE 5.2.   Comparison of the limit of detection (LOD) and limit of quantification (LOQ) for pharmaceuticals from different matrices analyzed with 
HPLC. 

Method  Matrix  Compound  LOD 
(µg/L) 

LOQ 
(µg/L) 

Sample pre -treatment  Recovery %  Reference  

HPLC-UV urine 
 

3TC 
ZDV 
NVP 
TRI  
SMX 
CIP  
RMP 
CBZ 

1610 
189 
71 
39 
115 
189 
503 
41 

5366 
630 
237 
129 
383 
631 
1676 
136 

SPE 
SPE 
SPE 
SPE 
SPE 
SPE 
SPE 
SPE 

16.7–43.3 
93.2–106.9 
98.5–105.0 
98.7–104.9 
83.0–96.2 
81.6–109.2 
90.7–105.8 
97.8–102.1 

Paper I  
Paper I  
Paper I  
Paper I  
Paper I  
Paper I  
Paper I  
Paper I  

  SMX 
TRI 

120 
180 

420 
570 

SPE 
SPE 

86.4–90.5 
70.2–77.2 

Fernandez-Torres et al. (2010) 
Fernandez-Torres et al. (2010) 

HPLC-FL serum CIP 5 - protein precipitation, enrichment 97.8–107.9 Zotou and Miltiadou (2002) 
  CIP 50 - sample vortexing, protein precipitation 99.4–101.0 Krol et al. (1995) 
  CIP 50 - sample dilution 99.0–104.3 Krol et al. (1995) 
HPLC-MS/MS water TRI 

SMX 
0.00007 
0.00013  

0.00025  
0.00043  

SPE 
SPE 

46 
16 

Nebot et al. (2007) 
Nebot et al. (2007) 

HPLC-MS urine CBZ 2400 - un-treated - Maggs et al. (1997) 
HPLC-MS/MS plasma 3TC 

NVP 
25 
50  

- 
- 

SPE 
SPE 

87.6–90.9 
96.5–99.5 

Mistri et al. (2007) 
Mistri et al. (2007) 

Note: - = not reported; UV - ultraviolet; FL - fluorescence 
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activity, and in those cases concentrations have been measured with chromatographic 
methods, requiring sample enrichment before analysis if the matrix has been some other than 
a standard solution (EtOH etc.). The LOD was practical in monitoring of real urine samples. 
Compared with the sample preparation and clean-up needed before chromatographic analysis 
(e.g. Escher et al. 2005), use of the biosensor was justifiable in simple and rapid monitoring. 
Compared with analysis using MS, which normally has a low LOD of only few ng/L (e.g. 
Desbrow et al. 1998), the obtained LODs were higher, but compared with conventional LC in 
combination with urine sample pre-treatment which has a LOD around 0.1–0.2 µg/L, the results 
are comparable (Zou et al. 2012). A comparison of different yeast-cell-based bioassays and 
their detection limits to chromatographic techniques is presented in Table 5.4. 

Leskinen et al. (2005) have already proven that yeast estrogen strains have behaved and 
responded to hormones (two androgens, E2) and xenoestrogens similarly with yeast estrogen 
screen. Urine always contains estrogens (even urine of males); thus, having urine blank is not 
possible. Stored men’s urine has a low estrogenic background which is still higher than in fresh 
urine: this difference has been explained by the fact that majority of estrogens are excreted as 
conjugates which may be hydrolyzed in non-sterile urine storage (Escher et al. 2006). Even 
though urine stored long enough might be devoid of estrogens, the composition of the sample 
would be different and it might still contain estrogen-like compounds that induce a signal with 
the biosensor.  

As discussed previously (Chapter 4.1 ), no filtration or sterilization of the urine samples was 
conducted as their costs would not be feasible in practice in a large scale – all the bacteria 
responsible for estrogenic degradation would be removed – and it was not considered 
significant related to the use of the biosensor in this thesis.  
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