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UV-based advanced oxidation process for
nutrient stabilisation and organic micropollutant
degradation in source-separated human urine

Abstract

Urine dehydration is one of the technological approach to recover nutrients
in concentrated form from source separated urine. When drying fresh urine,
nitrogen loss occurs due to hydrolysis of urea into ammonia unless methods
to inactivate urease enzyme are employed. In addition, concerns arise when
using urine-derived fertiliser due to the potential presence of organic
micropollutants (pharmaceuticals). This thesis evaluated ultraviolet (UV)
treatment as an alternative chemical-free nutrient stabilisation (urease
inactivation) and organic micropollutant (OMP) degradation technology.
Urease inactivation and OMP degradation in water and in urine (synthetic
urine, real urine from human subjects) were studied in a photoreactor
equipped with a low-pressure mercury UV lamp emitting light
predominantly at 185 and 254 nm. Exposure of real urine to 80 min of UV
irradiation resulted in more than 90% degradation of 18 out of 75 OMPs and
1-90% degradation of the remaining OMPs. Enzymatic activity fell below
the detection limit for real urine exposed to 71 min of UV irradiation.
However, electrical energy demand for reducing enzymatic activity below
the detection limit in real fresh urine was 52-fold higher than for inactivation
in synthetic fresh urine (without urea), while electrical energy demand was
more than 10-fold higher for 90% OMP degradation in real fresh urine than
in water. The inactivation and OMP degradation observed were probably due
to direct photolysis and photo-oxidation. Presence of organic substances in
real urine was the likely reason for less efficient inactivation of urease and
OMP degradation, as such substances can competitively absorb incoming
UV light and scavenge the free radicals formed during UV treatment.
Although 20% urea was lost after UV treatment, there was no decrease in
total nitrogen. In summary, UV treatment can stabilise urea-N and degrade
OMPs in fresh urine and has potential for integration into urine diversion
sanitation systems.

Keywords: Circular sanitation, wastewater treatment, urine diversion,
nutrient recycling, UV treatment, urease, enzyme inactivation,
pharmaceuticals.



UV-baserad avancerad oxidationsprocess for
stabilisering av urea-N och nedbrytning av
organisk mikrofororening fran kallseparerad
mansklig urin
Sammanfattning

Urinutorkning &r en tekniska metoderna for dtervinning av koncentrerade
niringsdmnen fran kéllsorterad urin. Vid torkning av farsk urin kan forluster
av kvive uppkomma beroende av hydrolys av urea som omvandlas till bland
annat ammoniak, om inte ureasenzym inaktiveras. Aven om
nédringsinnehallet 1 urinen prioriteras i ett uthdlligt samhdélle, finns det oro
kring innehéllet av organiska mikrofoéroreningar (I&kemedel) i urinen. Denna
avhandling utvérderar en alternativ kemikaliefri ureasinaktivering och teknik
for  nedbrytning av  organiska  mikroféroreningar  (ldkemedel).
Ureasinaktivering och nedbrytning av organiska mikrofororeningar (OMP),
i vatten och i urin (syntetisk urin utan urea och farsk humanurin ), studerades
i en fotoreaktor utrustad med en lagtrycks UV-lampa som emitterade ljus
overvigande vid 185 och 254 nm. Exponering av verklig urin for 80 min
UV-bestrélning resulterade i nedbrytning av 18 av 75 OMP:er med mer 4n
90 % medan resten av OMP:er forsémrades mellan 1-90 %. Enzymatisk
aktivitet var under detektionsgransen for verklig urin exponerad for 71
minuters UV-bestralning. Emellertid var behovet av elektrisk energi for att
minska enzymaktiviteten under detektionsgrénsen i verklig farsk urin 52
ganger hogre dn for inaktivering i syntetisk farsk urin (utan urea), medan
behovet av elektrisk energi var mer dn 10 génger hogre for 90 % OMP-
nedbrytning i riktigt farsk urin &n i vatten. Inaktivering av ureas och OMP-
nedbrytning intriffade sannolikt pa grund av direkt fotolys och av
fotooxidation. Forekomsten av organiska @&mnen i urin var den troliga
orsaken till ldgre inaktivering av ureas och ligre OMP-nedbrytning eftersom
de pa ett konkurrerar om att absorbera inkommande UV-ljus och tar upp de
fria radikaler som bildas under UV-behandling. Aven om 20 % urea bréts
ned under UV-behandling, minskade inte méngden totalkvive.
Sammanfattningsvis kan UV-behandling stabilisera ureakvéve och bryta ned
OMPs i farsk urin, vilket visar en potential for integration av UV-behandling
1 urinledningssystemet.

Keywords: Cirkulér sanitet, avloppsrening, urinavledning,
néringsatervinning, UV-behandling, ureas, enzyminaktivering, likemedel.
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1.Introduction

Sanitation was a challenge in the early Mesopotamian empire and is still a
problem today, especially in developing countries (Lofrano et al., 2010).
Although sanitation has advanced from pit hole burying to properly
monitored sewer systems and improved hygiene conditions, there are still
challenges in providing sanitation access to all (Mara ef al., 2018). One of
the United Nations Millennium Development Goals (MDGs) established to
address the sanitation challenge was “halving the proportion of people
without sustainable access to safe drinking water and basic sanitation”, a
target to be achieved by 2015 (UN, 2015). However, by that deadline only
95 out of 172 countries had met the sanitation target (UN, 2015). In 2015,
the sanitation agenda was included in the Sustainable Development Goals
(SDGs), where an ambitious target set was to provide adequate sanitation
and hygiene access to all by 2030 (UN, 2023). Other targets to be achieved
by 2030 are ending open defecation, improving wastewater treatment and
safe reuse of nutrients in excreta.

A recent assessment by the joint monitoring programme (JMP) of progress
towards the SDGs found that between 2015 and 2020 there was only a 7%
increase, from 49% to 57%, in the population with access to safely managed
sanitation (UN, 2023). Some countries (South Korea, Switzerland, Austria)
had achieved SDG-6 sub-targets such as provision of sanitation service to all
and safe management of wastewater, but some developing countries
(Ethiopia, Togo, Chad) were only less than 15% of the way towards
achieving the targets, requiring quadrupling of efforts to meet the overall
target by 2030 (Ritchie ez al., 2018; UN, 2022).

13



The JMP report released by UN (2023) also mentioned that progress towards
the SDG-6 sub-target on water quality is frequently failing due to phosphorus
and nitrogen release from agriculture and untreated wastewater. While
wastewater treatment plants with secondary treatment processes are designed
to remove organic matter, these processes are inefficient in removing
nitrogen (N), which poses a eutrophication threat in receiving water streams
(Li et al., 2017). Urine represents 80% N and 50% P load of domestic
wastewater, but its volumetric contribution is only 1% (Vinneras et al.,
2006).

Source separation and recovery of nutrients from urine and their subsequent
use in agriculture is among circular economy approaches that can help realise
SDG-6 (Larsen et al., 2021a; Mcconville et al., 2020). Following large-scale
separation of urine in urban setting and use on agricultural land or in
commercial applications the urine needs to be concentrated, as otherwise
nutrient reuse would be uneconomical due to logistical challenges (Dutta et
al., 2016; Senecal-Smith, 2020). Different nutrient-concentrating
technologies have been developed (for a thorough review, see Larsen et al.
(2021a). One of these is urine drying, a technology that concentrates urine
and recovers all macronutrients (Urea-N, P and potassium (K)) and
micronutrients (Senecal et al., 2017; Vasiljev et al., 2021). However, when
concentrating the nutrients by drying, urine must be stabilised to minimize
N loss due to hydrolysis of urea-N by urease enzyme (Senecal et al., 2017).
Otherwise, hydrolysis of urea in urine leads to loss of nitrogen and
phosphorus in urine-diverting toilets or urine storage tanks in the form of
scales and free ammonia gas (Geinzer, 2017; Udert et al., 2003b).

Urease, a ubiquitous enzyme in nature and in sanitation systems, is
responsible for hydrolysis of urea in source-separated urine into ammonia
and bicarbonate (Udert et al, 2003a). The ammonia formed during
hydrolysis will be lost when the urine is subjected to drying, leading to very
low nitrogen recovery. Acidification (Boncz et al., 2016), alkalisation
(Simha et al., 2020b) or treating urine with electrochemical oxidation (De
Paepe et al., 2020) are among the technologies reported to halt the enzymatic
action of urease. However, use of chemicals requires active monitoring, and
therefore chemical-free stabilisation technology is preferable. When the
nutrients in urine have been stabilised and concentrated, with chemicals or
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by other methods, concerns still arise regarding presence of organic
micropollutants (pharmaceuticals) in the final product (Simha et al., 2021).

More than half of all pharmaceuticals consumed by humans end up in the
urine, either in the form of a metabolite or as the parent compound (Lienert
et al., 2007). Previous research has indicated that organic micropollutants
(OMPs) such as pharmaceuticals may end up in urine-derived fertiliser
products, with the concentrations varying depending on the type of nutrient
recovery process employed (Simha et al., 2020a). Therefore, use of urine-
derived fertiliser may generate concerns among users about OMPs reaching
their food. For example, Tanoue et al. (2012) found that micropollutants can
accumulate in plants (pea and cucumber) during use of organic manure and
reclaimed wastewater in agriculture. Thus, it is imperative to remove
micropollutants prior to using urine-derived fertiliser in agriculture (Simha
etal,2021).

Treatment by membrane filtration (Pronk et al., 2006), activated carbon
filtration (K6pping et al., 2020), electrochemical oxidation (Y Yang ef al.,
2022) or ozonation (Escher et al., 2006) are among the technologies reported
to either reduce or remove pharmaceuticals from source-separated urine.
However, all these processes have a high energy requirement or result in a
by-product that may need further treatment before disposal (Larsen et al.,
2021b).

Ultraviolet (UV) treatment is a technology mostly employed for
removal/destruction of micropollutants and for disinfection in drinking water
treatment plants (Wols et al., 2014). Treatment by UV radiation also has the
potential to denature enzymes and remove pharmaceuticals from wastewater
and urine (Zhang et al., 2016b). Previous studies on degradation of OMPs in
urine (Giannakis et al., 2018; Zhang et al., 2016a) have been limited in scope
as regards number of compounds analysed. In addition, investigations of
urease inactivation by UV have been limited to urease in water and in
phosphate buffer (ClauB3 ez al., 2008; Luse et al., 1963). Therefore, this thesis
investigated UV treatment as an alternative treatment for urea-N stabilisation
and for degradation of selected target OMPs, representing different
therapeutic groups, in source-separated real urine from human subjects.
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2. Aims and Structure

The overall aim of this thesis was to evaluate UV treatment as a stabilisation
and organic micropollutant degradation method, to ensure safe nutrient
recycling from source-separated human urine. Specific objectives were to:

» Investigate the effectiveness of UV treatment in inactivation of

urease enzyme in source-separated human urine (Paper I)

» Evaluate the potential of the UV treatment in degradation of organic
micropollutants (pharmaceuticals) in source-separated urine (Paper
1)

» Determine the amount of electrical energy required to degrade >90%
of organic micropollutants and reduce urease enzyme activity in
source-separated human urine by >99% (Paper [ and II).
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3.Background

3.1. Sanitation around the globe

Sanitation, i.e. management of human excreta, has advanced from onsite
excreta containment to establishment of centralised sewer systems serving
large numbers of users (De Feo et al., 2014; Matsui, 1997). Sanitation has
gained much attention by governments worldwide since the perspective of
economic growth has begun to involve human development, where
sanitation is identified as basic human right (Rosenqvist et al., 2016).
However, with the current rapid rate of urbanisation around the world,
technological advances in waste management are needed to meet the
growing demand for sanitation (De Feo ef al., 2014).

Increasing awareness and acceptance of the term “sustainability” have paved
the way for its adoption in sanitation and environmental work, leading to the
birth of “ecological sanitation” (Esrey et al., 1998). This has been
accompanied by a shift in the perception of sanitation from a service to a
resource (Larsen et al., 1996). Viewing sanitation as a resource has
revolutionised technologies at both household and industrial wastewater
treatment (WWT) scale (Larsen et al., 2021b). However, progress in
implementation of such technologies has been very slow (Aliahmad et al.,
2023).

Although some progress has been made by countries around the world,
realisation of the SDG-6.3 sub-target on water quality is now under question
(Sadoff et al., 2020). Globally, an estimated 360 billion m® of wastewater are
generated annually of which 63% is collected (Jones et al., 2021). However,
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recent data on progress towards SDG-6 have revealed that only 58% of
collected domestic wastewater is safely treated (UN, 2023). Despite the slow
progress in realising SDG-6, technologies focusing on source separation and
resource recovery are being implemented on a large scale. For instance, the
city of Helsingborg in Sweden is implementing source separation to
showcase the possibility for water savings and for efficient nutrient recovery
by separating black water from grey water (Aliahmad et al., 2023).

3.2. Source separation of urine

The fertiliser potential of urine has long been recognised (Jonsson et al.,
1999), but work on transforming this potential into usable fertiliser has made
very slow progress (Aliahmad et al., 2023). Ecological sanitation has brought
a new perspective on the benefits of urine, attracting the attention of
researchers (Larsen* et al., 2009). Source separation is beneficial as it
enhances nutrient recovery, minimises the micropollutant load and reduces
health risks associated with faecal pathogens (Larsen ef al., 2021b; Vinneras
et al., 2002). However, while source separation of urine appears to be
ecologically relevant, Simha et al. (2017) emphasise the importance of
careful monitoring when using source-separated urine for agricultural
purposes, as it can lead to emissions of greenhouse gases (ammonia) and
high acidity and salinity in agricultural soil.

Two types of urine-separating toilets have been developed, the urine
diversion flush toilet (UDFT) and urine diversion dry toilet (UDDT) (Tilley
et al., 2014). Both of these toilet types separate urine from faeces, but their
primary purpose is somewhat different. The UDDT is mainly designed to
produce an odourless, fly-less faecal sludge product, whereas the UDFT is
designed to collect urine with as little flush water as possible (Mcconville et
al., 2020). Separate collection of urine, in addition to saving flush water,
could play a role in minimising water scarcity through use of the urine
fraction for irrigation purposes (Jonsson et al., 1999; Larsen et al., 1996). A
WHO (2006) report recommends that for safe use of urine for irrigation
purposes, the urine must be kept in storage for at least six months. However,
if the urine is not properly stored, the urea present will be hydrolysed to
ammonia due to the action of urease, leading to loss of nitrogen as free

20



ammonia gas (Udert ef al., 2003a). Therefore, it is crucial to stabilise urine
before employing any nutrient recovery process.

3.3. Urine stabilisation

Methods for stabilisation of urine mostly revolve around maintaining the
nitrogen content in the urine, mainly urea-N (Senecal ef al., 2017). Before
urine from a urine source separation system is dehydrated, it needs to be
stabilised to prevent the urea being hydrolysed by free urease or urease-
producing bacteria present in the system (Udert et al., 2003a) (Figure 1).
Without stabilisation, ammonia will leave the system in the form of gas,
resulting in loss of nitrogen and contributing to greenhouse gas emissions
(Simha et al., 2017). Furthermore, hydrolysis and increased pH will give rise
to a foul smell and production of settleable solids such as struvite and calcite
that can block urine separation pipes (Udert et al., 2003a).

Free urease

Cross-contamination enzyme NJN‘M 1 Nzl y__His
) -
with faeces ; 5 O / \ j
His’ H,0 H,0 ()-{\Asp

N ) _
v 4w ~ ‘
- &, <

Layer of biofilm in source-
separating urine pipes

Figure 1. Presence of free urease and urease-producing bacteria as part of the
biofilm created in source-separated urine collection pipes.

A recent review (Larsen et al. (2021b) compared technologies currently used
to stabilise urine, including biological, chemical (acid and/or alkaline) and
electrochemical stabilisation methods. Biological stabilisation methods,
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unlike other stabilisation methods, promote microbial activity to convert
urea-N into ammonium-nitrite and ammonium-nitrate (Udert ef al., 2012).
However, the success of the process is highly dependent on the types of
ammonium-oxidising microorganisms present and the process tends to
produce a settleable solid that clogs collection pipes.

Chemical stabilisation methods are designed to halt the enzymatic action of
both intracellular and extracellular urease. Alkaline urine stabilisation can be
achieved by adding alkali oxides (e.g. NaOH and KOH) or alkaline earth
hydroxides (e.g. Mg(OH), and Ca(OH),). A study by Simha et al. (2020b)
on different alkaline stabilisation media found that alkali oxides are
completely soluble and alkaline earth hydroxides are sparingly soluble in
urine solution. The alkaline earth hydroxides confer the advantage of
stabilising urine for a long period, as they compensate for the pH buffering
due to absorption of atmospheric CO, during open storage or drying of
stabilised urine (Senecal-Smith, 2020). The best alkaline stabilisation
method to use depends on the intended nutrient concentration pathway. If the
nutrients are concentrated through reverse osmosis, then alkali oxide
stabilisation is preferred. If nutrient concentration upon dehydration is
required, stabilisation using alkaline earth hydroxides is recommended. For
alkaline stabilisation to be effective, the pH must be kept higher than 10.5,
as pH values below this threshold will reactivate urease, leading to urea
hydrolysis (Geinzer, 2017), and as pH above 12 enables a storage time of
more than 18 months (De Paepe et al., 2020).

Acid stabilisation can be achieved by adding organic acids (e.g. citric acid
and acetic acid) or inorganic acids (e.g. sulphuric acid, hydrochloric acid and
phosphoric acid) (Maurer et al., 2006; Ray et al., 2018). Acid stabilisation is
effective at pH less than 4, as otherwise urea may be hydrolysed by urease
produced by microorganisms that can survive in low-pH environments
(Mobley et al., 1989; Simha et al., 2023).

During drying of alkaline-stabilised urine, carbon dioxide is absorbed from
the atmosphere, which lowers the pH of the system (Randall et al., 2022;
Senecal-Smith, 2020), necessitating close monitoring to maintain the pH.
Drying of acid-stabilised urine, on the other hand, does not require close
monitoring once a pH level less than 3 is attained (Simha et al., 2023).
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Examining inactivation of jack bean urease by heat and alkaline treatment
found that urease is inactive at temperatures above 80 °C and pH above 13.
The problem with using high temperature to inactivate the enzyme is that it
will lead to thermal hydrolysis of urea (Geinzer, 2017; Randall ef al., 2022;
Randall et al., 2016).

Electrochemical stabilisation of urine involves altering the active site of
urease activity through the action of reactive radicals (De Paepe ef al., 2020).
The elevated pH (>11) attained in the electrochemical cell also deactivates
the enzyme. However, this stabilisation method requires high energy inputs.

A rather fast and chemical-free alternative stabilisation technology is
required to lengthen the storage time of urine and facilitate nutrient recovery.
To this end, ClauB et al. (2008) investigated inactivation of urease using UV
treatment and found that it can effectively inhibit the enzymatic action of
urease. Furthermore, UV treatment has been shown to inactivate
microorganisms in both urine and wastewater (Giannakis ef al., 2018).

3.4. Micropollutants in source-separated urine

Urine is a very complex matrix containing a number of organic and inorganic
metabolic products (Putnam, 1971). In addition to natural metabolites,
consumed pharmaceuticals end up in urine, in the form of parent compound
and/or metabolites, e.g. Lienert et al. (2007) studied the excretion route of
212 pharmaceuticals and found that 64 + 27% end up in urine. Thus source
separation of urine requires separate treatment and control of such
micropollutants, preventing them from reaching the environment.

A recent multinational survey (covering 16 countries) of consumer attitudes
to consuming foods fertilised by urine-derived products found that the
respondents were positive to consuming such foods (Simha et al. (2021).
There were some concerns about health risks, but a considerable proportion
of respondents believed that urine can be treated appropriately to minimise
the risk (Simha et al. (2021). Presence of micropollutants or of pathogens
from cross-contamination with faeces are the main reasons for consumer
concerns about use of urine-derived fertilisers (Simha et al., 2018). This
concern may be justified, since in a pilot study conducted in Finland,
pharmaceuticals were detected in a fertiliser made from concentrating an
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alkaline-stabilised urine (Simha et al., 2020a). Therefore, micropollutants
must be removed prior to use of urine-derived fertiliser.

A number of technologies have been developed to separate or degrade the
micropollutants in urine. Reviews by Maurer et al. (2006) and Larsen et al.
(2021b) compared technologies for micropollutant separation and treatment
and concluded that electrodialysis, nanofiltration and ammonia stripping are
effective in separating micropollutants from nutrients. Ozonation,
electrochemical oxidation and UV-based advanced oxidation processes
(AOPs) are also reported to be effective in degradation of micropollutants
from urine streams (Giannakis et al., 2017; Zhang et al., 2015). During
separation of micropollutants in electrodialysis and nanofiltration, some
nutrients such as ammonia and urea will be lost (Maurer ef al., 2006). On the
other hand, oxidation processes such as ozonation are energy-intensive
methods for removing micropollutants from urine and are associated with
formation of toxic by-products (Larsen et al., 2021b).

Source separation UV treatment
of urine of urine

Figure 2. Ultraviolet (UV) treatment as a chemical-free method for nutrient
stabilisation and organic micropollutant (OMP) degradation in OMP-contaminated
source-separated urine.

Technologies such as electrochemical oxidation and UV treatment are
multifunctional alternatives that can be used for both urine stabilisation and
micropollutant degradation in urine (De Paepe et al., 2020; Giannakis ef al.,
2018; Maurer et al., 2006). This thesis investigated the potential of UV
treatment for urea-N stabilisation and OMP degradation in source-separated
fresh human urine (Figure 2).
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3.5. UV emission and mechanism of compound
degradation

Technological development and application of UV treatment for different
purposes began after the discovery of the bactericidal effect of sunlight
(Downes et al., 1877). Ultraviolet irradiation from UV lamps is generally
classified based on the emission spectra as monochromatic, dichromatic or
polychromatic (Miklos et al., 2018). UV lamps are classified based on the
pressure of the filler gas inside the lamp as low-pressure (0.01 to 0.001
mbar), medium-pressure (1 to 3 bar) and high-pressure (10 bar) (Masschelein
et al., 2016). The emission spectrum and different types of UV lamp
technologies are presented in Figure 3.

Emission spectrum for the
UV lamp used in this thesis
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Figure 3. Emission spectrum for UV-A, UV-B and UV-C light. Typical emission
spectrum for low-pressure (LP), medium-pressure (MP) mercury lamps, and
specialized lamps; UV LEDs, KrCl and Xenon Excimer lamps. Ozone-generating
LP and MP mercury lamps is shown by dashed arrow at 185 nm and 172 nm.

The most commonly used UV lamp is the low-pressure mercury lamp, which
was used for drinking water and wastewater treatment in France and the USA
in the early 20th century (Masschelein et al., 2016). The emission spectrum
of low-pressure mercury lamps is mainly concentrated in one or two
wavelengths (185 and 254 nm, with 254 nm being the main spectrum).
Medium-pressure lamps, on the other hand, have a wide emission spectrum,
but the amount of photons emitted at most wavelengths does not exceed 10%
of the main emission spectrum (Helios-quartz, 2023) (Figure 3).
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However, the emission spectrum can be enhanced using different halide
doping methods, which increase effective light emission across the spectrum
and also change peak emission wavelength (Helios-quartz, 2023). For
example, peak emission wavelength for a typical medium-pressure mercury
lamp is 366 nm and this changes to 420 nm with gallium doping and to 298
nm, 357 nm and 420 nm when doping with lead (Helios-quartz, 2023).
Specialist lamps, such as UV light-emitting diodes (LEDs) (Bhat et al., 2023)
and excimer lamps (ClauB3 et al., 2008), are potential alternatives to mercury
lamps for effective degradation of OMPs and enzyme inactivation (Figure
3).

Degradation of a compound subjected to UV irradiation depends on both the
photochemical properties of the compound and the medium in which it is
dissolved. Photochemical properties such as quantum yield (®) (mol of
product formed per mol of photon absorbed) and molar absorption
coefficient (¢) (absorbance of photon emitted at a given wavelength)
determine the extent of degradation by direct photolysis (Parsons, 2004). In
order for photodegradation to occur, a compound must have an atom with a
double or triple bond, or with a lone pair of atoms, so that the absorbed
electrons can be moved from a bonding or non-bonding orbital to an anti-
bonding orbital (Masschelein et al., 2016). Double and triple bonds are
generally found in compounds with an aromatic functional group and bonds
formed by nitrogen, oxygen and members of the halogen group.

Aromatic compounds can be degraded through isomerisation, cycloaddition,
hydrogen abstraction, dimerisation, electrocyclisation, substitution and
rearrangement reactions (Dinda, 2017). These degradation mechanisms
apply in addition to deamination, decarboxylation and ring cleavage for
OMPs such as pharmaceuticals (Ahmad et al., 2016). Most OMPs and amino
acid residues of urease, such as histidine and tryptophan, contain aromatic
groups which are susceptible to photodegradation (Luse et al., 1963;
Wypych, 2020). It should be noted that the amount of absorbed energy must
exceed the energy required to break the bonds. For instance, deamination of
ethylamine may require 324 KJ mol’!, which is equivalent to energy emitted
at a threshold wavelength of 370 nm. Therefore, energy higher than the bond
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energy increases the chance of breakage, even if the matrix is somewhat
different (Pelayo et al., 2023).

Ultraviolet lamps emitting photons at lower wavelength (<200 nm) can
photolyse water to produce hydroxyl radicals (OHe) and hydrogen atoms
(He) (Zoschke et al., 2014), enhancing degradation even more. Hydroxyl
radicals and hydrogen atoms can both react with organic compounds non-
selectively, e.g. OHe reacts with diclofenac with a rate constant of 8.2 x10°
M- s (Wols et al., 2014) and with cysteine with a rate constant of 2.4 x10°
M-1s! (Enescu et al., 2006).
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4.Methodology

4.1. Urine collection and characterisation

Fresh urine donations from male and female volunteers (aged 20-65) were
collected in high-density polyethylene (HDPE) bottles. The collected urine
from different individuals was pooled and mixed before use. Pooled urine
was cold-stored at 4 °C for <4 h prior to use (Paper I) or for one day prior to
use (Paper II). The fresh urine batches were then allowed to equilibrate to
room temperature (20 £ 2 °C) before the experiment. Synthetic fresh urine
was prepared using a recipe developed by Ray et al. (2018), but without urea
(Paper I). Milli-Q water was used as a control medium in parallel to real urine
(Papers I & II). When used hereafter in this thesis, the term ‘real urine’ refers
to real fresh human urine and the term ‘synthetic urine’ refers to synthetic
fresh urine without urea.

Urine was analysed for pH (Accumet AE150; Fisher Scientific, USA),
electrical conductivity (EC) (Cond 340i multimeter; WTW, Germany), total
solids (TS) (105 °C for 24 h) and volatile solids (VS) (650 °C for 6 h in a
furnace (LH30/12; Nabertherm GmBH, Germany).

Ammonium nitrogen (NHs-N), total nitrogen (Ni) and chemical oxygen
demand (COD) were determined colorimetrically using Spectroquant® test
kits (Merck KGaA, Darmstadt, Germany) in a photometer (NOVA 60 A,
Merck KgaA, Germany). Calcium (Ca), potassium (K), magnesium (Mg)
and phosphorus (P) concentrations in fresh urine were determined by
inductively coupled plasma optical emission spectroscopy (ICP-OES), using
an Avio® 200 spectrophotometer (PerkinElmer, USA).
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Ultraviolet absorbance was measured to determine the light absorbance of
each matrix in the wavelength range between 190 and 400 nm, using a
Lambda 365 UV-vis spectrophotometer, 1 cm path length (Perkin-Elmer,
USA).

4.2. Photoreactor set-up

The photoreactor set-up consisted of a 15 W low-pressure tubular mercury
UV lamp (Heraeus, 2022) emitting light predominantly at 254 nm and 185
nm, a quartz sleeve and a cylindrical chamber (40 cm length, 3.7 cm
diameter). Urine (synthetic or real) or water was circulated using a peristaltic
pump (Masterflex, Fisher Scientific, USA) at a rate of 40 mL min™' (Figure
4).

uv y—b Electrical source

Quartz —» I Tygon
sleeve ! - tube

4______

40 cm - Peristaltic
pump
?3.7cm .

A e

Sampling port

Figure 4. Photoreactor used for ultraviolet (UV) treatment, consisting of a low-
pressure mercury lamp (185 and 254 nm) surrounded by a quartz sleeve, which was
connected to a peristaltic pump to recirculate the sample through the photoreactor.
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4.3. Experimental procedure

4.3.1. UV treatment for inactivation of urease (Paper I)

The photoreactor was used to evaluate photoinactivation of jack bean
(Canavalia ensiformis) urease (activity of >5 U mg™'; Merck, Germany) in
Milli-Q water, synthetic urine (without urea) and real fresh human urine.
Urease was spiked at a concentration of 500 mg L' to each matrix. The
matrices were then subjected to 0.4, 1.3, 3.3, 7.1, 16.5, 35 and 71 min of UV
irradiation, which is equivalent to theoretical UV fluence of 10, 35, 85, 185,
435,935 and 1935 J m™2. These UV irradiation times were determined based
on the time the matrices spent in the photoreactor, excluding the recirculating
pipes. Urea solution (10 g L") was added to the UV-treated samples and EC
value was used to detect and quantify urease activity 0.5, 1, 2, 4, and 8 h after
treatment.

Control experiments were conducted in the absence of UV light, but with all
other experimental conditions identical to those in the main experiments. To
compensate for the temperature difference between the UV and UV-free
control experiments, an empirical relationship was developed in a separate
experiment for conductivity differences caused by temperature rise inside the
photoreactor. A standard curve for the relationship of EC with urea
hydrolysis was developed from UV-free control experiments through
measurement of NH4-N concentrations, and the empirical equation was used
to estimate enzymatic activity for the UV-treated samples.

4.3.2. UV treatment for micropollutant degradation (Paper II)

Micropollutants were added at a concentration of 60 pug L to one-day-old
real urine and water, which were then UV-irradiated in the photoreactor for
a treatment time of 1, 2.5, 5, 10, 20, 40 and 80 min, which is equivalent to
theoretical UV fluence of 26, 65, 130, 260, 520, 1030 and 2060 J m™.

Solid phase extraction (SPE) of micropollutants from samples was
performed using Oasis HLB cartridges (6 mL, 150 mg sorbent, 60 pm). After
loading 5 mL internal standard solution to 5 mL sample, conditioning was
performed using 5 mL methanol and 5 mL MilliQ water. Samples were then
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concentrated using nitrogen gas. Finally, 800 uL Milli-Q water were added
to the concentrated samples to make them up a final volume of 1 mL. The
samples were stored in the freezer (-20 °C) in 7 mL amber vials until further
use. Concentrations of micropollutants in samples were analysed using a
DIONEX UltiMate 3000 ultra-high pressure liquid chromatography
(UHPLC) system (Thermo Scientific, Waltham, MA, USA) coupled to a
triple quadrupole mass spectrometer (MS/MS) (TSQ QUANTIVA; Thermo
Scientific, Waltham, MA, USA).

Linearity of calibration samples was within the range 0.9614-0.9998 and
limit of quantification (LOQ) was within the range 0.01-5.5 pg L. The
average recovery of OMPs in methanol was 90+16%. There were no
contaminants in blank samples and MilliQ water. Concentrations higher than
the spiked amount were detected for sebacic acid, sertraline, caffeine,
sulisobenzone, nicotine, methylparaben and budesonide in fresh urine
samples.

Control experiments were conducted in the same photoreactor, but without
UV irradiation and with samples taken at fewer time points (1, 10 and 80
min). Sample processing and storage followed the same procedure as UV-
treated samples.

4.4. Calculation of photoinactivation and photodegradation

4.4.1. Enzyme inactivation kinetics (Paper I)

According to Ray et al. (2018), hydrolysis of urea in human urine can be
characterised by measurement of EC. Thus, empirical questions were
developed by relating measured EC values to enzymatic activity from UV-
free control experiments. Measured TAN was converted into enzymatic
activity using equation:

C 1
TAN X (1)
MM, ~ Xxt

Enzymatic activity (EA) =
where Crav is concentration of total ammonia nitrogen (TAN, mg L) in
solution, MM, is molar mass of NH4 (mg mmol!), X is concentration of

urease (mg, L") and ¢ is time (min).
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Rate constant for urea hydrolysis were calculated by fitting the plot of
experimentally determined concentration of TAN and time with pseudo-zero
order kinetics, using equation:

Co=Co+kxt )

where Cyp and C; is initial and final concentration, respectively, of TAN
(mmol mg,") at any time ¢ (min) and £ is the rate constant (mmol TAN mg,"
"min") for enzymatic urea hydrolysis.

Relative enzymatic activity (REA, %) was calculated as the ratio of
enzymatic rate constant in presence of UV (kuy, mmol TAN mg,"! min™') to
enzymatic rate constant in absence of UV (kc, mmol TAN mg, 'min") for all
three matrices:

Relative Enzymatic Activity (REA) = kkﬂ x 100 3)
C

where Kyy and Kc is the rate constant for UV-treated samples and UV-free
control samples, respectively.

Since real fresh urine naturally contains urea, enzymatic urea hydrolysis
occurred in the photoreactor during UV treatment. During calculation of
relative enzymatic activity, urea hydrolysis timewas considered, e.g.
enzymatic activity in urine samples receiving 7 min of UV irradiation was
compared with enzymatic activity during 7 min in urine without UV
irradiation, i.e. in the UV-free control experiment.

4.4.2. Micropollutant degradation kinetics (Paper II)

Degradation of spiked OMPs in both water and real urine due to UV
treatment was calculated as:

Degradation(%) = (Co_ct) x 100 4)

Co
where Cy and C; is initial and post-treatment (sampling time) concentration
of OMP (ug L), respectively.

Rate constant of OMP degradation was determined experimentally by
plotting each OMP concentration against UV fluence/irradiation time and
fitting to the pseudo-first order rate equation:
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In (g—;) = —kt, (5)

where 7, (min™) is UV irradiance time and £ is the degradation rate constant
min™).
The amount of electrical energy required to degrade 50% (UVis0) and 90%
(UVi90) of the initial concentration of OMPs was calculated according to Eq.
6 and Eq. 7, respectively:

UVes, == (6)

In(0.1)

: %

Uvego =

4.5. Statistical analysis

Two-way analysis of variance (ANOVA) with 95% confidence interval was
conducted using R statistical software (version 4.1.2) and RStudio version
2022.02.3, to examine the effects of matrix and UV irradiation time on urease
enzymatic activity (Paper I) and degradation of micropollutants (Paper II).
Assumptions in ANOVA were tested using residual analysis. The box plot
method was used to identify outliers, the Shapiro-Wilk test to assess the
normality assumption and Levene’s test to assess homogeneity of variances.
There were no extreme outliers in either the enzyme inactivation or
micropollutant degradation data. Residuals of data points in enzyme
inactivation data were normally distributed, but residuals of data points in
micropollutant degradation data had to be log-transformed to satisfy the
normality assumption. Homogeneity of variances was found for all matrices
in both studies. Pairwise comparisons on group level of main effects were
analysed using Tukey’s post-hoc test.
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5. Results

5.1. Photo-inactivation of urease (Paper [)

The effect of UV treatment on enzymatic activity of urease in fresh urine,
synthetic urine (without urea) and MilliQ water were assessed based on EC
measurements, which were used to track enzymatic activity for 30, 60 and
120 min after UV treatment.

Enzymatic activity was similar in the UV-free control treatment of both
MilliQ water and synthetic urine (3.2x10” and 3.3x10~* mmol TAN mg,"
min’!, respectively) (Figure 5a). However, enzymatic activity was slower in
the UV-free control treatment of fresh human urine (2.0x10° mmol TAN
mg,"! min).

When using UV treatment to inactivate urease, there was an effect of matrix
on enzymatic activity (Figure 5). Synthetic urine and MilliQ water had
highly reduced activity (8.0x10® and 5.0x10° mmol TAN mg,' min’,
respectively) following UV irradiation for 1.3 min. For fresh urine, a longer
UV irradiation time (35 min) was needed to reduce enzymatic activity to
1.0x10"* mmol TAN mg,"! min™! (Table 1).

The fresh urine already contained urea, which was hydrolysed while the
urease-spiked real urine was being UV-treated. Urea hydrolysis was high
until the fresh urine was exposed to UV irradiation time of 71 min, after
which enzyme activity was below the detection limit (Figure 5b). The higher
ammonia formation during UV treatment of urine compared with the UV-
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free control was most likely due to the higher temperature inside the reactor
(35«1 °C) compared with the UV-free control (22+1 °C) (Figure 5b; Paper

I).
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Figure 5. Concentration of total ammonia nitrogen (TAN) in ultraviolet
(UV)-free and UV-irradiated (A) water and synthetic urine (without urea)
exposed to UV irradiation for 0.4 and 1.3 min and (B) real urine exposed to
UV irradiation for 71 min. Black line and orange line represents urea
hydrolysis in real urine during UV treatment and after treatment,

respectively.
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Enzymatic activity was observed to decrease as UV irradiation time
increased for all matrices. However, UV irradiance for only 0.4 min was
required to reduce relative enzymatic activity down to 1% in synthetic urine
and 9% in water, whereas the same duration of irradiance did not affect
enzyme performance at all in real urine (Table 1). With an UV irradiation
time of 3.3 min, enzymatic activity was below the detection limit for water
and synthetic urine, while relative enzymatic activity in real fresh urine was
only reduced by 20%.

Table 1. Enzymatic rate constant k (mmol mg,”" min™) for total ammonia nitrogen
(TAN) formation in water, synthetic urine (without urea) and real urine subjected to

different levels of ultraviolet (UV) irradiation using a low-pressure mercury lamp
(185 and 254 nm)

During UV After UV treatment
UV irradiation treatment
time (min) Urine Real urine Synt.hetic Milli-Q
urine water

0 2.0x1073 3.3x1073 3.2x1073
0.4 4.4x1073 2.0x1073 2.0x1073 3.0x10*
13 4.5%1073 1.7x1073 8.0x10%® 5.0x107
33 4.6x1073 1.6x1073 0.0 5.0x10°
7 4.4x1073 1.2x1073 0.0 0.0
16.5 3.9x107 9.0x10* 0.0 0.0
35 4.1x1073 1.0x10* 0.0 0.0
71 3.0x1073 0.0 0.0 0.0

Urease enzyme activity reached below detection limit in real urine with
irradiation time of 71 min (Table 1). This is equivalent to an electrical energy
demand of = 60 kWh m™ for treating one cubic meter of real urine which is
21 fold and 52 fold higher than water and synthetic urine counter parts
respectively (Figure 6).
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Figure 6. Electrical energy demand (kWh m™) to reduce >99% of urease
activity in real urine, water and synthetic urine (without urea) by UV
photoinactivation using a 15 W low-pressure mercury lamp (185 nm and 254
nm) with a fluence of 0.43 uW m™. For all matrices, the initial concentration
of urease is 500 mg L™ (2500 AU L™).

5.2. Photodegradation of OMPs (Paper Il)

Degradation of 75 OMPs in water and real fresh urine subjected to different
level of UV irradiation was investigated. In UV-free controls of water, nine
compounds (atorvastatin, clopidogrel, encazamene, tamoxifen, simvastatin,
ioperamide, meclofenamic acid, mefenamic acid and valsartan) showed
more than 50% degradation over 80 min (see SI in Paper II). In UV-free
controls of urine, however, only three compounds (clopidogrel, encazamene
and tamoxifen) showed more than 50% degradation with a treatment time of
80 min (SI in Paper II).

During UV treatment of water, more than 99% degradation within 1 min of
treatment was observed for 18 out of 75 target OMPs and half-life of 72 out
of 75 OMPs was reached within 10 min of UV irradiation. The average
degree of degradation of OMPs in water after 1, 2.5 and 5 min of UV
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irradiation was 75% (£30%), 82% (£27%) and 93% (£17%), respectively (SI
in Paper II).

During UV treatment of urine, only 18 out of the 75 OMPs showed a half-
life of less than 20 min and the average degree of OMP degradation with UV
irradiance time of 5, 20 and 80 min was <15% (+15%), <30% (+24%) and
55% (£36%), respectively (SI in Paper II). The target OMPs also showed
different degrees of degradation, even when they belonged to the same
therapeutic class, e.g. diclofenac and tramadol (Figure 7, left-hand axis). Fast
degradation within 1 min of UV irradiation was observed for OMPs such as
diclofenac and sulfamethoxazole, while persistence was observed for
metoprolol and clarithromycin (Figure 7).

When determining the amount of energy required to degrade the OMPs in
both media (water and real urine), only OMPS categorised as contaminants
of emerging concern (Patel ef al., 2019) were considered. The amount of UV
irradiation required to degrade more than 90% of the initial concentration
differed for different OMPs (Figure 7, right-hand axis). For example, in both
real urine and water, diclofenac required less energy than clarithromycin
(Figure 7).

In general, <10 min and >500 min of UV irradiation was required to degrade
>90% of the initial concentration of OMPS in water and real urine,
respectively. The energy requirement for degradation of 14 OMPs, e.g.
trimethoprim, in urine could not be calculated, as their degradation could not
be modelled using pseudo first-order kinetics (Figure 7). It should be noted
that energy losses in the set-up were not considered during estimation of
energy requirement, and therefore actual energy demand may differ in
different settings or set-ups.
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Figure 7. (Left hand axis) Degradation of organic micropollutants (OMPs)
categorised as contaminants of emerging concern when subjected to
ultraviolet (UV) irradiation for 80 min by 15 W low pressure mercury lamp
(185 nm and 254 nm) (represented by green bars) and (right hand axis)
amount of electrical energy required to degrade 90% of the initial
concentration, represented by log scale (hollow bars).

5.2.1. Degradation kinetics of OMPs

Different degradation trends were observed for the target OMPs. Figure 8
shows the response of clopidogrel, memantine, sulfamethoxazole and
venlafaxine (OMPs representing different therapeutic classes) in water and
urine to UV treatment. Clopidogrel showed >90% degradation in UV-free
controls of both urine and water, which was similar to the response of
tamoxifen and encazamene (Figure 8; SI in Paper II). Except for memantine
and two others, the OMPs followed similar degradation trends to
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sulfamethoxazole and clopidogrel during UV treatment of water (Figure 8b).
Memantine and venlafaxine in urine were persistent during UV treatment

(<5% degradation), as seen for degradation of 14 other OMPs in urine
(Figure 7a,7d).
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Figure 8. Degradation kinetics of (a) memantine, (b) sulfamethoxazole, (c)
clopidogrel and (d) venlafaxine in water and fresh urine, with and without ultraviolet
(UV) irradiation using a 15 W low-pressure mercury lamp (185 nm and 254 nm).
The open diamonds in panels b, ¢ and d indicate that these micropollutants were
present in concentrations below the limit of quantification (LOQ).
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6. Discussion

6.1. Photo-induced degradation of OMPs and inactivation of urease

The effect of UV radiation on target compounds obeys the second law of
photochemistry, which states “If a molecule absorbs radiation, then one
molecule is excited for each quantum of radiation absorbed” (Wypych,
2020). This means that for a given compound to absorb a photon, the
following conditions must be satisfied: (i) the compound must contain
chromophores which receive the photon and (ii) the incoming photon energy
must match the energy required by the bonds of chromophores. Dissipation
of the absorbed energy makes a compound degrade or an enzyme deactivate,
i.e. the absorbed energy must be dissipated by rotation or cleavage of bonds,
and/or become activation energy to start a reaction with other molecules
(Wypych, 2020). For compounds exhibiting such characteristics,
degradation can be predicted by two photochemical properties, molar
extinction coefficient (¢) and quantum yield (®) (Yu et al., 2019).

Degradation of OMPs will therefore differ from compound to compound,
depending on the photochemical properties (SI in Paper II). The UV-vis
results for MilliQ water showed that pure water does not absorb light at 254
nm wavelength and that photons emitted at this wavelength are absorbed by
the OMPs (Figure 9; SI in Paper II). Moreover, urease-spiked water and
synthetic urine (without urea) showed very low absorbance at 254 nm
compared with real urine, and therefore the photons at this wavelength are
absorbed by urease (Figure 9). However, due to differences in the
photochemical properties of OMPs (¢ and ®), degradation through direct
photolysis differed (Table 2)(Wols et al., 2014). For example, based on
predicted degradation of diclofenac (97%) and mefenamic acid (73%),
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photolysis was responsible for around 92% and 4% of the degradation,
respectively (Table 2) (Wols et al., 2012).

Micropollutants absorb UV light over a wide range of wavelengths. The
absorbance for the cocktail of OMPs studied in this thesis was within the
wavelength range 190-300 nm, and the absorbance increased drastically
when the wavelength decreased from 250 nm to 190 nm (Figure 9). During
direct photolysis, the absorbed photons forced the OMPs to undergo different
degradation mechanisms. For example, deamination, decarboxylation,
dehalogenation and photo-induced ring cleavage occur due to the presence
of main functional groups like amines, carboxylic acids, halide and benzene
groups that can absorb photons (Ahmad et al., 2016).

Inactivation of enzymes follows somewhat similar degradation routes, where
chromophores or photo-susceptible functional groups absorb photons and
undergo degradation by the above-mentioned routes or by structural changes
(Saha et al., 1995). A difference for enzyme deactivation compared with
OMP degradation is that enzymes tend to have a conformational structure
that changes upon receiving photons, eliminating their activity without
losing a functional group (Luse et al., 1963). The amino acid residues that
make up urease (e.g. histidine, cysteine and tryptophan) contain peptide
bonds with the capability of absorbing light in the range 180-230 nm and at
254 nm (Beaven et al., 1952). When these amino acids absorb light, amine
and carboxyl functional groups are cleaved off, a process commonly known
as deamination and decarboxylation (ClauB3 et al., 2008; Luse et al., 1963).

Previous studies by Landen (1940) and Beaven et al. (1952) showed that
enzyme inactivation depends on € and @, and that UV absorbance increases
with increasing radiation intensity (<254 nm). Quantum yield of 0.0008 and
0.0098 has been reported at wavelength of 313 nm and 186 nm, respectively,
i.e. it is 10-fold higher at lower wavelengths (Landen, 1940). Furthermore,
Beaven et al. (1952) reported a six-fold and two-fold increase in molar
extinction coefficient for cysteine and tryptophan, respectively, where &
increased from 10 M-'cm™ at 260 nm to 60 M-'cm™! at 230 nm for cysteine
and from 1.9x10° M'em™ at 242 nm to 33.5x10° M'cm™! at 218 nm.
Although independent UV absorbance measurements of amino acids were
not performed in this thesis, the UV-vis absorption results revealed that

44



absorbance of the enzyme as a whole increases as the wavelength decreases
(Figure 9).
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UV-treated OMP spiked water

—— UV-free OMP spiked urine

Absorbance
N

———— UV-treated OMP spiked urine
—— UV treated urease spiked water

—— UV-free urease spiked water
0 A

190 290 390
Wavelength (nm)

Figure 9. Ultraviolet (UV) light absorbance curve of UV-free and UV-treated
samples of water and urine spiked with urease (500 mg L!) and a cocktail of organic
micropollutants (OMPs) (each at 60 pg L' or 18 ug absolute mass). UV-treated
samples of urease-spiked and OMP-spiked solutions received 71 min and 80 min of
UV irradiation, respectively, using a 15 W low-pressure mercury lamp (185 nm and
254 nm). Solution of urea with a concentration of 10 g L!. All samples except OMP-
spiked water were diluted (10-fold) with Milli-Q water prior to measurement.

Due to higher molar extinction coefficient of urease enzyme at lower
wavelengths (<200 nm), use of low-pressure mercury lamps that emit light
at 185 nm will inactivate urease faster than inactivation at 254 nm (Landen,
1940). A study which investigated inactivation of urease enzyme in distilled
water using low-pressure mercury lamps emitting light at 254 nm found that
the enzyme retained more than 80% of its activity after UV treatment (4000
J m?) (ClauB et al., 2008). In this thesis, enzymatic activity was below the
detection limit with UV irradiation time of 1.3 and 3.3 min, which is
equivalent to UV fluence of 85 J m? and 35 J m™ in water and synthetic
fresh urine (without urea), respectively. The faster inactivation of urease in
this thesis can be attributed to the use of UV lamps emitting light at lower
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wavelength (185 nm), which enhanced the molar extinction coefficient and
thus resulted in faster inactivation (Claul} ez al., 2008; Landen, 1940).

6.2.Photo-oxidative degradation of OMPs and inactivation of enzyme

As explained in section 6.1, degradation of OMPs by photolysis depends on
their photochemical properties, but overall degradation of OMPs does not
rely solely on photolysis, but also on photooxidation. The low-pressure
mercury lamp used in this thesis emits light at 185 nm and can photolyse
water molecules to generate hydroxyl radicals (OHe) that react with organic
materials instantaneously (Zoschke et al., 2014). Hydroxyl radicals are
known for their non-selective reaction with organic compounds (Wols et al.,
2012; Yu et al., 2019). For a compound with low molar absorption and
quantum yield, the reactivity to OHe will be important for degradation (Wols
etal.,2012).

Yu et al. (2019) divided OMPs into three categories depending on their
photo-reactivity and reactivity to OHe. They classified OMPs such as
diclofenac and sulfamethoxazole as highly photo-reactive; fluoxetine and
HCTZ as moderately photo-reactive; and carbamazepine and trimethoprim
as photo-persistent. Wols et al. (2014) predicted degradation of OMPs in a
typical water matrix (1.78 mg L' DOC and pH 8) by UV treatment (4000 J
m?) using a low-pressure mercury lamp emitting light at 254 nm and
observed actual degradation of those OMPs, supporting findings by Yu et al.
(2019). Comparable results were obtained in Paper II, where diclofenac and
sulfamethoxazole in water were degraded very rapidly (by <l min of
treatment), while carbamazepine and trimethoprim in urine were persistent
to UV treatment (Table 2).

High degradation of OMPs in water was achieved in Paper Il compared with
results reported by Wols et al. (2014), indicating that both photolysis and
photo oxidation likely occurred in the system (e.g. for metoprolol, primidone
and trimethoprim) (Table 2). However, in a different matrix (e.g. wastewater
effluent), OMP degradation will be dominated by photo-oxidation as there
will be second-order reactions with radicals other than OHe, HCO3¢ and SO4¢
(Zhang et al., 2015).
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Correlation test was conducted to test for associations between photo-
susceptible functional groups, photochemical properties (¢ and @),
physicochemical properties (Log Kow and pKa) and rate of hydroxyl radical
(Kon.) are related with degradation of OMPs in either matrix (urine or water).
The results revealed that there was no significant correlation (p>0.05)
between presence of photoactive functional group/s, physicochemical and
physicochemical properties of an OMP and degradation of the OMP in either
of the matrices (SI in Paper II). However, correlation tests on a subset of
OMPs (therapeutic groups) to check for associations between degradation
and photochemical properties revealed that only antihypertensive
compounds such as atenelol and metoprolol showed a strong positive
correlation with Kon. and strong negative correlation with molar absorption
(¢) (SI in Paper II). This indicates that these compounds were degraded to a
larger extent by photooxidation rather than photolysis. (Wols et al., 2014)
predicted degradation of metoprolol to be =60%, with photolysis only
contributing to ~4% of total degradation.

Photo-oxidative inactivation of enzymes occurs when an oxidant such as
OHe reacts with the outer part of the enzyme, which is susceptible to
oxidation (Saha et al., 1995). Reaction of hydroxyl radicals with either of the
amino acids of urease will bring about conformational change by adding or
abstracting a hydrogen atom, which leads to chemical modification of the
active site (Buxton et al., 1988; Villamena, 2013). Inactivation by oxidation
is a two-step process, where the first step involves bringing amino acids
residing in the middle of the enzyme to the surface and the second step
involves conformation change due to oxidation of thiol groups, which alter
S-S bridges, RSOH or RSO;H groups of susceptible amino acids
(Krajewska, 2011; Mozhaev et al., 1982). Involvement of inorganic ions like
Na*, K*, Ca*" and Mg*" is not well understood, but it is reported that they
may take part in peptide bond breakage due to oxidation of protein radicals
(Saha et al., 1995). Krajewska (2011) reported that the thiol groups on urease
are prone to oxidative damage.

Addition of salts of metals such as NaCl, NaH,PO4 and Na,SO4 may give
rise to formation of radicals such as Cl», SO4>¢, PO4>*, which contribute to
oxidative damage during UV treatment of synthetic fresh urine (Neta et al.,
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1988). Faster inactivation of urease in synthetic urine than in water might be
attributable to presence of inorganic ions (Figure 5).

6.3.Degradation of OMPs and inactivation of enzyme in real fresh urine

Urine is a very complex solution containing inorganic ions, hundreds of
metabolites and organic substances (Bouatra ef al., 2013). Urea, creatinine,
phenols, hippuric acids and citric acid are among the organic compounds
present in high concentrations (1-23 g L™!) in urine, while chlorides, sodium
potassium and ammonia are among the inorganic compounds found in low
concentration (750-1800 mg L!) (Putnam, 1971). Because of the presence
of both organic (COD >10 g L") and inorganic compounds, inner shielding
occurs all the way from 190 nm to 400 nm (Figure 9), thus reducing the
degradability of OMPs by direct photolysis (Doll et al., 2003). This is
reflected in the lower degradation of OMPs in urine (554+36%) than in water
(9944%) in Paper IL

A study by Zhang et al. (2015) of UV-induced degradation of
pharmaceuticals using a low-pressure UV lamp found that components of
synthetic urine (urea and inorganic salts) do not have a significant effect on
the photolytic degradation of pharmaceuticals, since their absorbance is
minimal at 254 nm. Therefore, organic compounds apparently prevent UV
light from reaching the OMPs. If there were no interference of organics with
UV, >99% inactivation of urease and >95% degradation of OMPs in real
urine would have been achieved with UV irradiance of 3.3 and 10 min,
respectively.

Although high energy was required to treat OMP-spiked urine, a COD
reduction of 19% was observed upon UV irradiance for 80 min (SI in Paper
I). In addition, the concentration of urea and ammonium decreased by 19%
and 20%, respectively, indicating oxidation of urea (SI in Paper II). Another
process that potentially inhibits both OMP degradation and enzyme
inactivation is scavenging of OHe by organic materials (Buxton et al., 1988;
Zhang et al., 2015).
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Since urine contains OHe-scavenging organic matter, the less efficient
oxidisers NO3* and COse are formed by UV treatment and these radicals react
with organic matter, which compensates slightly for the scavenging effect of
urine (Duca et al., 2017; Pignatello et al., 2006). These radicals can also
inactivate urease enzyme by reacting with amino acid residues of cysteine
and tryptophan, with a rate constant of 4.6 x 107 and 7 x 10® L mol™! s,
respectively, at pH 7 (Neta et al., 1988).

6.4. Enhancing degradation of OMPs and inactivation of enzymes

During UV-treatment of OMPs in water, all measured OMPs were degraded
by more than 99%, whereas in real urine some compounds showed
persistence during the treatment. Since the OMPs were degraded in water,
there were obviously some constituents of urine which interfered with OMP
degradation.

According to ClauBl er al. (2008), UV lamps that can emit at lower
wavelength (222 nm) result in faster inactivation of urease. In this thesis, it
was observed that OMPs were degraded with a higher rate constant than in
studies employing a UV lamp emitting only at 254 nm (Wols et al., 2013;
Zhang et al., 2015). Therefore, use of UV lamps which deliver high fluence
may result in high degradation. Degradation of OMPs and inactivation of
urease could be further enhanced by increasing the transmittance of real urine
through addition of oxidisers such as H,O, (Wang ef al., 2018), Na;S0O,0s
(Zhang et al., 2016a), ozone (Epold et al., 2012) and Fenton (Pignatello et
al., 2006), which not only remove organic matter but also enhance formation
of radicals like OHe, thereby increasing total degradation.

6.5. Implementation potential and challenges

6.5.1. Implementation potential

The results in this thesis show that it is possible to inactivate urease enzyme
and remove OMPs present (spiked) in urine using UV treatment.
Degradation of OMPs in urine required >10-fold more energy than
degradation of OMPs in water, whereas inactivation of urease in urine
required >21-fold and 52-fold more energy than inactivation of urease in
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water and synthetic urine (without urea), respectively. Based on the volume
of urine treated in this thesis, around 67 kWh of energy will be required to
treat 1 m® of urine to achieve >50% degradation of OMPs and >99%
inactivation of urease. Kohler ef al. (2012) investigated removal of 14 OMPs
from wastewater using a dichromatic low-pressure mercury UV lamp, and
achieved overall 65% degradation of OMPs with an energy input of 6 kWh
per m® of wastewater treated. Thus, close to 10-fold more energy is required
to remove OMPs in urine. However, it should be noted that the volume of
urine to be treated is much smaller, constituting 1% of total wastewater
volume.

On average, an individual excretes 1.5 L of urine per day (Vinneras et al.,
2006), and the average number of individuals per household is 2.3 in the
European Union and 2.12 in Sweden (Savvidou et al., 2020). Thus, on
average 220 Wh of energy per day is required to treat urine from a single
Swedish household, which is equivalent to using one 15-W lamp for around
14 hours or to 27% of the energy required by a refrigerator (790 Wh d)
(Sidler et al., 2002). In Sweden, on average 9000 kWh y! dw™! was consumed
in 2019 (ODYSSEE-MURE, 2023) and 4400 kWh person™ in 2021
(Eurostat, 2023). Thus UV treatment of urine from one toilet would only add
0.86% to the total electricity demand of a Swedish household.

Furthermore, UV treatment as a pre-treatment to nutrient recovery by
dehydration would only add 4% (234 MJ m™ of urine) to the amount of
energy estimated by Simha et al. (2020a) to be required to evaporate water
from urine (5800 MJ m™). It should be noted that this energy demand could
be reduced further by use of different kinds of UV lamps.

In Sweden, pharmaceutical sales represented an average defined daily dose
of 1962 per 1000 inhabitants in 2022 (Swedish-eHealth-Authority, 2023).
The units of defined daily dose differs from drug to drug and also for the
same drug based on route of administration, e.g. defined daily dose for
ciprofloxacin is 1 g with an oral administration route and 0.8 g with a
parenteral route of administration (WHO, 2023). Diuretics, lipid-lowering
drugs, antibiotics, cardiovascular drugs and sex hormones are among the
most prescribed and purchased drugs (Wettermark et al., 2007). For
cardiovascular drugs, for example, the defined daily dose ranges from 0.8
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mg (salbutamol) to 2 g (metformin) (Naliganti et al., 2019). A report released
by Stockholm City Council classified metformin as a persistent compound
(Council, 2014). Metformin has been detected in 15 wastewater treatment
plants in Sweden, with a mean concentration of 19.6 pug L' in ingoing
wastewater and with 50% of this concentration detected in the effluent
(Golovko et al., 2021).

The main route of elimination for metformin is urine and 90% (equivalent to
1.8 g) may appear in urine (Wishart et al., 2006). In the OMP degradation
study in Paper II, metformin was degraded by 36% = 3% by UV irradiation
for 80 min. Thus, almost three-fold more energy is required to remove
metformin by more than 90%. It should be noted that the spiking
concentration of OMPs used in Paper IT was 60 ug L', which is comparable
to concentrations detected in influent to wastewater treatment plants in
Australia (D Yang et al., 2022). However, higher concentration of OMPs are
expected in urine as it is flushed with less water than faeces. While lower
concentrations of individual OMPs were used in Paper I, the total sum of
concentrations of OMPs used was about 3 mg L. Thus, considering UV
treatment for a single household setting where one member takes a single
drug, e.g. metformin, comparable or better degradation can be expected for
the UV irradiation time (80 min) used in Paper II. However, higher UV
irradiation might be required for households with higher consumption of
drugs, e.g. paracetamol can be present in concentrations of several g L' when
consumed according to recommended doses and elderly people consume on
average more than five different drugs at a time (Wettermark et al., 2007).

In order for the UV system to be effective in stabilisation of urine, the UV
source must be placed as close as possible to the urine diversion system, to
minimise urea hydrolysis in biofilms formed along the urine collection pipe
(Figure 2). In addition, the receiving system (storage or nutrient
concentration system) must be as sterile as possible to inhibit growth of
urease-producing bacteria.

Badeti et al. (2021) studied the impact of source separation of urine and
reported that with 90% urine diversion, 22% of the operating costs (energy
requirement representing 55%) of conventional WWT plants could be saved,
in addition to substantial reductions (98% N>O and 25% CO) in greenhouse
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gas emissions. Thus, use of UV treatment for source-separated urine can add
to the advantages obtained simply by diverting urine.

6.5.2. Implementation challenges

The main challenge in integrating a UV system with a diverted urine
collection tank is cleaning of the UV-reactor, to remove any build-up of thin
layer of film that accumulates in the UV sleeve. This problem generally
occurs during UV treatment for disinfection of wastewater (US-EPA, 1999).
Thus, frequent cleaning is required in between batches of treatment, which
is commonly done by washing with citric acid or with a solution of vinegar
and sodium hydrogen sulphite (US-EPA, 1999).

Another challenge is to eliminate urease-producing microorganisms deriving
from cross-contamination of urine with faeces, since these microorganisms
have the potential to survive UV treatment (Manuscript in preparation) and
achieve regrowth. To overcome this challenge, the system must involve other
stabilisation methods, such as acidification (Ray et al., 2018) or alkalisation
(Randall ef al., 2016; Simha ef al., 2020c). Stabilisation of urea with UV and
dosing with citric acid used for washing could be a win:win solution, but
further research at pilot scale is needed to investigate its effectiveness.

Furthermore, most UV lamps have a lifetime ranging from 8000 to 2000 h,
giving rise to concerns about toxic waste if a mercury lamp is used (Pelayo
et al., 2023). While this thesis investigated degradation of OMPs and
inactivation of urease using low-pressure mercury lamps, the underlying
mechanism for system effectiveness was UV C light and the inherent radicals
formed during treatment, i.e. similar results could be expected with a safer
type of UV lamp with similar photon emission, e.g. UV LED lamp.

The system tested removed more than half of the OMPs spiked in samples
and thus has potential to reduce the micropollutant risk involved in using
urine-derived fertiliser. However, further investigations on the toxicity and
transformation products of OMPs are required to fully quantify the risk
reduction of using UV treatment for degradation of OMPs. The challenge in
removing OMPs using UV is that some OMPs are not degraded in real urine,
e.g. atenelol, azithromycin, bisoprolol, carbamazepine and 10 other OMPs
evaluated in Paper II. However, all of the OMPs investigated in Paper 11
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showed >99% degradation in water, indicating that the persistence of some
in real urine to UV treatment might arise from the interaction of OMPs with
other constituents of urine. For example, photo-susceptible functional groups
of OMPs may attach to colloids or organic matter in urine, resulting in
shielding of functional groups on OMPs. Addition of oxidisers is required to
overcome this, which is easier for centralised systems than for individual
household settings.

54



7. Conclusions

Results of the investigation of the inactivation of urease enzyme and
degradation of OMPs by UV treatment of real fresh human urine witha 15W
low-pressure mercury lamp (185 nm and 254 nm) led to the following
conclusions:

>

Inactivation and degradation rate constants for urease and for 75
OMPs in water and in synthetic and real urine were determined
following UV treatment.

Inactivation of urease (> 99%) and degradation of OMPs (55436 %)
in real urine was achieved with UV irradiation time of 71 min and
80 min, respectively.

Inactivation of urease and degradation of OMPs in all experimental
matrices (water, synthetic and real urine) likely occurred due to a
combination of direct and indirect photolysis.

A few compounds in real urine (16 out of 75 OMPs spiked in
samples) showed persistence toward UV treatment. Photochemical
and physicochemical properties could not explain the observed
degradation of OMPS in urine.

To reduce enzyme activity in real urine to below the detection limit,
>52-fold more electrical energy is required compared with
inactivation in synthetic urine (without urea), while 10-fold more
energy is required to degrade 90% of OMPs spiked in real urine
compared with water.

The energy demand for degrading OMPs in urine is considerably
higher than that for degrading OMPs in wastewater when calculated
per volume treated. However, total energy demand is less, as urine
represents less than 1% of wastewater volume.
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» Inner shielding effects and scavenging of free radicals by urea and
other organic compounds in urine are the likely reasons for retarded
enzyme inactivation and slow degradation of OMPs in urine
compared with water and synthetic urine.

» Overall, UV treatment shows promise as a urine-stabilising and
OMP-degrading approach that can be integrated as a pre-treatment
step in urine-concentrating technologies.



8. Future research

It is of interest to address the following research topics in order to obtain a
holistic understanding of UV treatment as an alternative technology for urine
stabilisation and OMP reduction:

» Degradation by products and toxicity of OMPs after UV treatment
of urine. Previous studies have shown that formation of degradation
by-products with higher toxicity than the parent compounds is
possible in such systems.

» Potential of UV treatment in killing off antimicrobial-resistant
bacteria and removing antimicrobial resistance genes in urine.

» Organic matter (COD) reduction technologies for efficient OMP
reduction and enzyme inactivation.

» Influence of fluid dynamics on both photoinactivation and
photodegradation of OMPs during large-scale UV treatment of
urine.
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Popular science summary

Sanitation, i.e. management of human excreta, is one of the societal
challenges which was included in millennium development agenda (1990-
2015) and continued to sustainable development agenda (2015-2030).
Though advancements were made in achieving SDG-6 goals, there is still a
very large gap in the provision of adequate sanitation services especially in
developing countries. At the same time, global food demand is increasing as
a result of population increase, requiring increased food production with
limited arable land necessitating use of fertilisers to increase crop yield.
Human excreta, on the other hand, contains valuable nutrients that can be
used as a fertilizer to plants (N, P and K). Furthermore, the removal of
nutrients, particularly nitrogen, in wastewater treatment plants is costly and
can cause harmful effects on receiving water bodies (e.g. eutrophication) if
these nutrients are released without proper treatment.

In human excreta, most of N, P and K are found in urine. Thus source
separation of urine and recovery of nutrients is among the sustainable
approaches of excreta management. However, source-separation of urine in
urban setting and its consequent application in agricultural land is hindered
by the logistic challenge of transporting the urine. Therefore, concentrating
the nutrients in urine is a must. Different technologies have been developed
over the years to recover the nutrients from urine, and there are reports about
success, which showcased the possibility of recovering the nutrients from
urine in Sweden and Switzerland.

In an effort to implement the nutrients as a dry fertiliser, maximizing the
nitrogen recovery in the form of urea-N is challenged by the presence of
urease enzyme and/or urease-producing bacteria in source separation
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systems. Currently, chemical addition (acid/base) is the common working
mechanism to stabilise urea-N in urine. Parallelly, because of the presence
of micropollutants such as pharmaceuticals in urine presents another
challenge from the consumer perspective that might hinder the applicability
of urine-derived fertiliser.

Therefore, this thesis presents UV treatment as an alternative nutrient
stabilisation (urease inactivation) and pharmaceutical degradation
technology from source-separated human urine. Based on the experimental
protocols followed, it was possible to inactivate urease enzyme by >99% and
remove >50% of pharmaceuticals from source-separated urine. Therefore
UV treatment can be a solution to stabilize urea-N and reduce
pharmaceuticals in source separated urine thereby minimizing the risk of
using urine-derived fertiliser.

On average a single person excretes an average 1.5 L of urine per day and a
single dwelling in Europe is inhabited by 2.3 person. Therefore, an average
1.3 m® of urine is produced per dwelling in a year. Thus implementation of
such technology in single household toilet would require 67 kWh m~ of
electrical energy which is equivalent to 27% of the electrical demand for a
refrigerator or 9% of the total electricity demand of a single dwelling.
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Popularvetenskaplig sammanfattning

Sanitet dr en av samhillets utmaningar som ingick i millenniemélen (1990-
2015) och fortsatte pa agendan for SDG (héllbara utvecklingsmalen) (2015-
2030). Aven om framsteg gjordes for att uppnd SDG mal 6, finns det
fortfarande ett mycket stort glapp i tillgingligheten for sanitet, sarskilt i
utvecklingsldnder. Parallellt 6kar den globala efterfrdgan pa mat som ett
resultat av befolkningsdkningen, vilket kraver okad livsmedelsproduktion
med begransad dkermark vilket krdver anvéindning av konstgddsel for att 6ka
skorden. Manniskans avforing, & andra sidan, innehaller vérdefulla
ndringsdmnen som kan anvéndas som gddsel (N, P och K). Att inte hantera
dessa naringsdmnen belastar idag reningsverken och/eller de vattendrag som
avloppet hamnar i. Darfor dr korrekt hantering av ménskligt avforing och
atervinning av niringsdmnen som att hoppa tva hinder med ett hopp.

I ménsklig avforing finns huvuddelen av urinens N, P och K. Kéllsortering
av urin och atervinning av niringsdmnen ar déarfor bland de hallbara
metoderna for hantering av avforing. Emellertid hindras kéllsortering av urin
i stadsmiljo och sedan anvdndning pa jordbruksmark av den logistiska
utmaningen att transportera urinen. Darfor ar det ett maste att koncentrera
ndringsdmnena i urinen. Olika tekniker har utvecklats under &ren for att
atervinna ndringsdmnena fran urin, och det finns tekniker som utvecklats
med mojligheten att atervinna néringsdémnena frén urin i Sverige och
Schweiz.

I ett forsok att kommersialisera naringsdimnena som ett torrt gddningsmedel,
utmanas kvdvedtervinningen som urea-N av ureasenzym och/eller
ureasproducerande bakterier som kan hittas i de kéllsorterande systemen. For
nirvarande ar kemisk tillsats (syra/bas) den vanliga arbetsmekanismen for
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att stabilisera urea-N i urin. Samtidigt utgér forekomsten av
mikrofororeningar som ldkemedel i1 urinen en annan utmaning ur
konsumentperspektivet som kan hindra anvdndbarheten av gdodselmedel fran
urin.

Darfor presenterar denna avhandling UV-behandling som en alternativ
ndringsstabilisering (ureasinaktivering) och nedbrytningsteknologi for
orginaska mikrofororeningar i kéllsorterad humanurin. Baserat pa de
genomforda experimenten, var det mdjligt att inaktivera ureasenzym med
>99 % och avldgsna >50 % av likemedlen fran kéllsorterad urin. Darfor kan
UV-behandling vara en 16sning for att stabilisera ureakvéve och reducera
lakemedel i kéllurin och didrigenom minimera risken med att anvénda godsel
frén urin.

I genomsnitt utsondrar en person 1,5 liter urin per dag, i medelbostaden i
Europa bor 2,3 personer. D4 kan en produktion av 1,3 m? urin per bostad och
ar forvintas. Implementering av tekniken i1 hushallets toalett skulle kréva 67
kWh m? elektrisk energi, vilket motsvarar 27 % av elbehovet for ett kylskép
eller 9 % av det totala elbehovet for en enskild bostad.
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ARTICLE INFO ABSTRACT

Keywords: In household wastewater, a large proportion of organic micropollutants (OMPs) load is attributed to human
Circular sanitation urine. OMPs could pose a risk to human and environmental health when urine collected in source-separating
Ferli?iser . sanitation systems is recycled as crop fertiliser. This study evaluated degradation of 75 OMPs in human urine
E:;:::i;ﬁlf:g treated by a UV-based advanced oxidation process. Fresh urine and water samples were spiked with a broad

range of OMPs and fed into a photoreactor equipped with a UV lamp (185 and 254 nm) that generated free
radicals in situ. Degradation rate constant and the energy required to degrade 90% of all the OMPs in both
matrices were determined. At a UV dose of 2060 J m2, average TOMP degradation of 99% (+4%) in water and
55% (+36%) in fresh urine was achieved. The energy demand for removal of OMPs in water was <1500 J m’2,
but for removal of OMPs in urine at least 10-fold more energy was needed. A combination of photolysis and
photo-oxidation can explain the degradation of OMPs during UV treatment. Organic substances (e.g. urea,
creatinine) likely inhibited degradation of OMPs in urine by competitively absorbing UV-light and scavenging
free radicals. There was no reduction in the nitrogen content of urine during treatment. In summary, UV
treatment can reduce the load of OMPs to urine recycling sanitation systems.

Urine diversion
Wastewater treatment

treatment. Around 103 OMPs were detected in sewage sludge and 122
OMPs were detected in recipient waters in that study, with the con-

1. Introduction

Domestic wastewater is a valuable resource since it contains water,
nutrients and energy that can be recovered (Vinnerds et al., 2006), but it
also contains organic micropollutants (OMPs) such as pharmaceuticals,
personal care products and hormones. These pollutants are potentially
(semi-)persistent, bioaccumulative and toxic to aquatic organisms
(Zenker et al., 2014).

Around 80% of the wastewater produced worldwide is discharged
directly to the environment without any treatment (Connor et al., 2017).
Even when wastewater is processed by a municipal treatment plant
(WWTP), OMPs are typically not efficiently removed by conventional
treatment processes. For instance, Golovko et al. (2021) analysed the
fate of 164 OMPs at 15 WWTPs in Sweden and found that SOMP con-
centration declined on average by only 60% during wastewater treat-
ment, while several OMPs, including metoprolol, carbamazepine,
diclofenac and most antibiotics, were not removed at all during WWTP

* Corresponding author.
E-mail address: natnael.demissie@slu.se (N. Demissie).
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centrations of OMPs being 50% higher in samples taken downstream
compared with upstream of the WWTPs (Golovko et al. (2021).
Following subsequent transport, OMPs end up in reservoirs where
drinking water is sourced. In a study by Malnes et al. (2022), OMPs were
detected in more than half of river water samples (n = 60) and lake
water (n = 33) samples from three of Sweden’s largest lakes, which are
used as a drinking water source. That study estimated that several tons
of OMPs are released to the lakes every year (Malnes et al. (2022).
Troger et al. (2021) found average removal of OMPs of around 65% for
drinking water treatment plants in Europe and Asia.

An alternative approach to manage nutrients (nitrogen (N) and
phosphorus (P)) and OMPs in wastewater is to target the upstream
source, by source-separating wastewater into different fractions (urine,
faeces, greywater) (Simha et al., 2020). One fraction that has received
much research attention is human urine, because it contributes just 1%
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of the volume but 80% of the N and 50% of the P and potassium (K) load
to WWTPs (Vinneras et al., 2006). Human urine can be recycled back to
farmland and used as a crop fertiliser (Heinonen-Tanski et al., 2007), but
there are concerns about this practice since it is estimated that urine
contributes ~64% (+27%) of the pharmaceuticals in wastewater (Lie-
nert et al., 2007). Thus closing the loop by using urine as a fertiliser may
introduce a new pathway for OMPs to circulate, posing a risk to human
health and the environment (Larsen et al., 2021; Simha et al., 2018).
Several attempts have been made to develop treatment techniques for
removing or degrading OMPs in urine. For example, Pronk et al. (2006)
achieved 92% removal of propranolol, ethinylestradiol, ibuprofen,
diclofenac and carbamazepine from fresh urine by nanofiltration, but
found that the treatment also removed phosphate and sulphate. Duygan
et al. (2021) found that two months of storage was insufficient to
degrade OMPs in hydrolysed urine, while biological nitrification effi-
ciently degraded atazanavir, ritonavir and clarithromycin. Kopping
et al. (2020) demonstrated that >90% of 11 OMPs could be removed
from biologically nitrified and stored urine by adsorption onto activated
carbon. Few other techniques to degrade pharmaceuticals in fresh
human urine at source and at bathroom scale have been researched, but
use of the ultraviolet (UV) radiation could be promising.

Treatment with UV radiation is widely applied for disinfection pur-
poses in many drinking water treatment plants, but in advanced form it
can also be used to degrade micropollutants through photolysis and
photo-oxidation (Wols et al., 2013). Compared with conventional UV
treatment, UV-based advanced oxidation involves addition of photo-
catalysts such as ozone, hydrogen peroxide (Hz02) and perox-
ydisulphate (S,03), which propagate a chain reaction involving free
radicals and enhance the degradation of OMPs (Zhang et al., 2015). Free
hydroxyl radicals can also be generated in situ during vacuum UV irra-
diation (VUV) (light wavelength <190 nm) (Krakko et al., 2022; Zhang
et al., 2015; Zoschke et al., 2014). Although many studies have evalu-
ated use of UV-based advanced oxidation processes to degrade OMPs,
they have limited the evaluation to treated water or mixed wastewater
samples (Giri et al., 2015). Therefore, this study fills this gap by evalu-
ating the degradation of OMPs in freshly excreted urine. Furthermore,
our study provides knowledge on the degradation of micropollutants
that was not reported previously (e.g. carazolol, budenoside, cetirizine,
fexofenadine, encazamene, mirtazapine, oxycodone, pyrimethamine,
simvastatin and sulindac).

The aim of this study was to evaluate degradation of OMPs in fresh
source-separated human urine during UV treatment. Specific objectives
were to: (i) determine the degradation behaviour and degradation rate
constants for 75 OMPs in batch UV treatments of water and fresh human
urine; (ii) estimate the UV dose required to degrade 90% of each OMP in
water and fresh urine; and (iii) analyse the influence of the matrix (water
ys. fresh urine) and the photochemical properties of the OMPs on their
degradation during UV treatment.

2. Materials and method
2.1. Urine collection

Fresh urine donations (n = 27) were collected from volunteers (male
and female, aged 20-65 years) one day before the experiment, using
high-density polyethylene (HDPE) bottles with plug cap and lid, and
refrigerated at 4 °C. Prior to use, the urine donations were pooled, mixed
and allowed to reach room temperature (20 + 2 °C).

2.2. Organic micropollutants

A total of 75 OMPs were analysed, including antibiotics, antide-
pressants, antihypertensives, non-steroidal anti-inflammatory drugs
(NSAIDs), beta-blockers, anti-epileptics, antifungals, antihistamines,
opioids and opiates, anthelminthics, anaesthetics, antidiabetics, seda-
tives, medications for treating cancer and Alzheimer’s disease, an
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antilipidaemic, an antiplatelet, an antineoplastic and an antipsychotic,
and personal care products, stimulants, vitamins, X-ray contrast agents,
diuretics, a laxative, a diagnostic agent and an insect repellent (see
Table S1 in Supplementary Information (SI)). A full list of the OMPs
analysed, including their CAS registry number and photochemical
properties (i.e. molar absorption coefficient (¢), quantum yield (®), and
rate constant of hydroxyl radical (Koy+) is provided in Table S2 in SI. The
75 OMPs were selected based on environmental relevance (Howard
etal., 2011), previous studies (Lienert et al., 2007; Wols et al., 2013; Yu
et al., 2019) availability of analytical standards and analytical perfor-
mance of the substances.

2.3. Photoreactor set-up

The study was carried out in a cylindrical photoreactor that consisted
of the UV lamp surrounded by a quartz sleeve. A 15 W tubular low
pressure (LP) mercury lamp (Heraeus, Hanau, Germany) with a fluence
rate of 43 yW em™ as the UV light source was used in the experiments.
According to the manufacturer (Heraeus, 2022), emission of light by the
lamp at a relative output at 185 nm is an estimated 8% of the output at
254 nm. The lamp was fitted with a quartz sleeve and placed in a cy-
lindrical reactor chamber with dimensions, 40 cm length and 3.7 cm
diameter with a total volume of 430 mL. The reactor was connected to a
peristaltic pump (Masterflex, Fisher Scientific, USA) using UV-resistant
Tygon® tubing (internal diameter 4.8 mm). The pump circulated
urine within the photoreactor at a rate of 40 mL min'!. Samples of the
treated urine were collected via a shut-off valve at the bottom of the
column.

2.4. Degradation experiments

Two sets of experiments were performed, in which degradation of
OMPs was evaluated in triplicate in spiked fresh human urine and Milli-
Q water. Before each experiment, the UV lamp was switched on and
operated for 10 min to ensure constant light emission. Then 300 mL of
fresh urine or Milli-Q water were spiked with a standard solution (1800
uL of 10 ng uL!) containing a mixture of 75 OMPs (see Section 2.2), and
thoroughly mixed over a magnetic stirrer for 5 min. This represented a
concentration of 60 ug L1 (i.e. 0.076 to 0.465 uM or 18 ug absolute mass)
for each OMP, with an estimated total organic carbon (TOC) of 6 mg Lt
added becasue of spiking which is less than 5% of the TOC concentration
(4 g LY in fresh urine. A 15 mL sample of the spiked solution (time zero
min) was sampled, while the rest was added to the photoreactor and the
peristaltic pump was switched on. The photoreactor was operated for 80
min and 15 mL samples were collected after 1, 2.5, 5, 10, 20, 40 and 80
min of operation. When sampling, the first 2 mL were discarded as they
were estimated to represent dead volume trapped in the valve. The 15
mL samples were divided into three equal portions by volume and
transferred to 7 mL amber vials, among the three, 2 vials were used for
analysis while the rest is kept as a backup. A mixture of mass-labelled
chemicals (each 10 ng absolute mass; Table S3 in SI) as internal stan-
dards was added to two vials (each 5 mL). These samples were subjected
to analyses of OMPs (Section 2.5) and other standard parameters
(UV-vis, ammonium, chemical oxygen demand) (Section 2.6) (Figure S1
and Table S4 in SI).

Two control experiments were conducted in duplicate in dark con-
ditions, where fresh urine and Milli-Q water spiked with OMPs were
added to the photoreactor, but the UV lamp was not switched on. To
block light irradiation, the reactor and the tubing were covered with
aluminium foil. Samples were collected after 1, 10 and 80 min of resi-
dence time inside the reactor. As blank controls, in two duplicate ex-
periments fresh urine and Milli-Q water without spiking with OMPs
were added to the reactor and sampled only once, after 80 min of
operation.
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2.5. Extraction and analysis of OMPs

All urine and water samples were extracted using solid phase
extraction (SPE) with Oasis HLB cartridges (6 mL, 150 mg sorbent, 60
um). The cartridges were first conditioned with 5 mL methanol and 5 mL
Milli-Q water, after which the samples (5 mL with internal standard
chemicals, see Section 2.4) were loaded. The cartridges were then
washed with 5 mL Milli-Q water, dried under vacuum for 30 min and
eluted with 4 mL methanol. The eluted samples were concentrated to
200 pL extracts under a stream of nitrogen gas and reconstituted with
800 pL Milli-Q water to give a final volume of 1 mL.

Concentration of OMPs (n = 75) was analysed using a DIONEX Ul-
tiMate 3000 ultra-high pressure liquid chromatography system (Thermo
Scientific, Waltham, MA, USA) coupled to a triple quadrupole mass
spectrometer (TSQ QUANTIVA, Thermo Scientific, Waltham, MA, USA).
Eight calibration standards in the range 0-400 ng mL™ were analysed
together with the samples. Chromatographic separation of OMPs was
conducted using a Kinetex® biphenyl analytical column (100 x 2.1 mm,
2.6 um) at 40 °C with a flow rate of 0.5 mL min"' and mobile phases of
Milli-Q water and methanol, each with 0.1% formic acid. The injection
volume was 10 pL. Multiple reaction monitoring with two transitions for
each chemical was used for data acquisition. This extraction and
analytical methodology was also applied in previous studies by our
research group (Golovko et al., 2021; Sorengérd et al., 2019).

Over the eight-point calibration range, linearity of 0.9614-0.9998
was observed for the OMPs (Table S5 in SI). Limit of quantification
(LOQ) ranged between 0.01 and 5.5 pg Lt (0.03 to 40 nM) (Table S6 in
SI). No contamination was observed during analysis of blanks with Milli-
Q water in the same extraction batches, but sebacic acid, sertraline,
caffeine, sulisobenzone, nicotine, methylparaben and budesonide were
present in the fresh urine samples (Table S7 in SI). The initial concen-
tration of sebacic acid and caffeine in urine was about 3-fold and 37-fold
higher, respectively, than the concentration spiked in the sample.
Average recovery of OMPs was 90+16% (Table S8 in SI).

2.6. Analysis of standard parameters

The pH was measured using an electrode (Fisher Scientific Accumet,
13-620-AE6, USA) attached to an Accumet AE150 pH metre (Fisher
Scientific, USA). Electrical conductivity (EC) was measured using a
probe (TetraCon 325, WTW, Germany) connected to a handheld EC
metre (Cond 340i, WTW, Germany). UV absorbence measurements were
made using a Lambda 365 UV-vis spectrophotometer (Perkin-Elmer,
USA) within a scan window of 190-400 nm and a scanning rate of 480
nm min’!. Urine samples were diluted 10-fold before the measurements,
but Milli-Q water samples were not diluted.

To determine total solids (TS) content, 100 mL of fresh urine were
dried in an oven at 105 °C for 24 h. To determine volatile solids (VS)
content, the dried urine was combusted in a furnace (LH30/12, Naber-
therm GmBH, Germany) at 650 °C for 6 h. A balance (Kern KB
2000-2NM, Germany; 0.01 g precision) was used to monitor the change
in weight.

Concentrations of total nitrogen, total ammonium-nitrogen and
chemical oxygen demand (COD) were analysed colorimetrically using
Spectroquant® test kits (Merck KGaA, Darmstadt, Germany) and a
photometer (NOVA 60 A, Merck KgaA, Germany). For measurements of
COD and ammonium-nitrogen, urine was diluted 100-fold and analysed
using, respectively, a Spectroquant® COD test kit (109,772) in the
concentration range 10-150 mg L and Spectroquant® ammonium test
kit (100,683) in the concentration range 2-150 mg L. For total nitrogen
analysis, urine was diluted 1000-fold, digested using a Spectroquant®
Crack-Set 20 test kit (114,963) and analysed for concentration of nitrate
in the range 1-25 mg L! using a Spectroquant® nitrate test kit
(109,713). The initial concentration of P, K, calcium (Ca) and magne-
sium (Mg) in fresh urine was determined by inductively coupled plasma-
optical emission spectroscopy (Optima Avio 200, PerkinElmer, USA),
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prior to which samples were digested with 65% HNO3 and diluted with
Milli-Q water.

2.7. Kinetic modelling
Degradation (%) of OMPs was calculated as:

Degradation (%) = (%) x 100 @
0

where Cj and C; represent the concentration of OMPs initially (time zero
min) and at the time of sampling, respectively.

The experimentally determined degradation of each OMP was
plotted against treatment time and fitted to the pseudo first-order rate
equation:

Ct
In (a ) = —kt 2)

where t(min) is treatment time and k is the degradation rate constant
(min™).

The time required to degrade the OMPs by 50% (tso) (Eq. (3)) and
90% (tgo) (Eq. (4)) of their initial concentration was also calculated. The
UV dose equivalent to the treatment time was calculated using the lamp
fluence rate (Eq. (5)).

In2
fso = * 3)
In(0.1
too = ( P ) “@
UV dose (Jem™2) = fluence rate (Jem >s™") * treatment time (s) ®)

2.8. Statistical analysis

For the OMPs with concentrations below LOQ, half the LOQ value
was used in statistical analysis of the data. The data on degradation of
OMPs were tested for normality and homogeneity of variance. Analysis
of variance (ANOVA) at 95% confidence interval was performed to
compare degradation of the OMPs in water and in urine at different
treatment times, with and without UV treatment. The degradation effi-
ciency values were normalised so that the initial concentration differ-
ence in OMPs was not reflected in the variance. Major functional groups
for OMPs studied were compiled using an online platform and the
presence and absence of these functional groups were artificially coded
to a dichotomous variables (zero and one) during analysis (Kentucky,
2023). Principal component analysis (PCA) was conducted using R
software to evaluate whether predictor variables (functional groups
properties of OMPs) could explain the variance in degradation of the
OMPs in fresh urine due to UV treatment. Additionally, Point-biserial
correlation was conducted using R software find significant correla-
tion between functional groups and photocehmical properties with
degradation of OMPs in urine. Linear regression analysis at 95% confi-
dence interval was performed on the variables of interest. In the PCA and
correlation analysis, the data for all OMPs were analysed together and as
subsets for different therapeutic groups.

3. Results
3.1. Degradation of OMPs without UV treatment

In the dark controls (i.e. no UV irradiation) for water, after 80 min of
treatment there was <20% degradation for 56 out of 75 OMPs, of which
47 OMPs exhibited <10% degradation, while there was <5% degrada-
tion for 39 OMPs. There was >90% degradation for atorvastatin, clo-
pidogrel, encazamene, tamoxifen and simvastatin, while the
degradation for ioperamide, meclofenamic acid, mefenamic acid and
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valsartan varied between 50 and 70% (Figure S2A in SI). 3.2. Degradation of OMPs with UV treatment
In the dark controls for urine, after 80 min of treatment there was
<20% degradation for 63 out of 75 OMPs, of which 52 OMPs exhibited In experiments treating water spiked with OMPs in the photoreactor
<10% degradation. There was <5% degradation of 39 OMPs, including with UV, >90% degradation of almost all OMPs (n = 73 of 75) was
atenolol, azithromycin, carbamazepine and metformin. Clopidogrel, observed after 80 min of UV treatment (2100 J m'2). The remaining two
encazamene and tamoxifen were the only OMPs which exhibited >90% OMPs, memantine and sebacic acid, exhibited 71% and 83% degrada-
degradation (Figure S2B in SI). tion, respectively (Fig. 1).
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When fresh urine spiked with OMPs was treated with UV, >90%
degradation was observed for 19 out of 75 OMPs after 80 min of treat-
ment. The degradation varied from <1% (+0%) (azithromycin) to
>99% (+1.0%) (chloramphenicol) for antibiotics, <1% (+0%) (ateno-
lol) to 97% (+1.0%) (diltiazem) for antihypertensives, <13% (+£4%)
(venlafaxine) to 99% (+1%) (mirtazapine) for antidepressants, <1%
(£0%) (niflumic acid) to 97% (+1%) (diclofenac) for NSAIDs, 26%
(+£3%) (primidone) to 59% (+4) (lamotrigine) for antiepileptics, 31%
(£13%) (propranolol) to 81% (+5%) (sotalol) for p-blockers, and 1%
(+£0%) (sebacic acid) to 99% (+5%) (encazamene) for personal care
products (Fig. 1). There was <1% degradation of atenolol, azithromycin,
bisoprolol, caffeine, clozapine, ifosfamide, lidocaine, memantine,
mefenamic acid, niflumic acid, ofloxacin, sebacic acid, sulisobenzone
and trimethoprim (Fig. 1).

The average OMP degradation during UV treatment was 99%
(+4%, standard deviation) in water, which was significantly higher than
the average degradation in urine (55% +36%) (p<0.0001, n = 75). In
comparison to the dark controls, UV treatment significantly enhanced
the degradation of OMPs in both water and urine (p<0.0001, n = 75).

For some OMPs, degradation was highly variable (standard deviation
>20%). These OMPs included metformin and cetirizine in the dark
control for water, metformin and diclofenac in the dark control for
urine, and fluoxetine, amitriptyline, albuterol, ranitidine and propran-
olol in UV-treated urine. Thus the results on degradation of these OMPs
should be interpreted with caution. Apart from these compounds, the
variability in degradation of OMPs during UV treatment was low
(average standard deviation 6% in water and <5% in urine).
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3.3. Degradation trends and kinetics

To illustrate the major trends observed in the experiments, degra-
dation of four representative OMPs (clopidogrel, memantine, sulpha-
methoxazole, venlafaxine) was plotted against time for water and urine,
with and without UV treatment (Fig. 2).

Clopidogrel was among the OMPs that was degraded in the dark
controls. Tamoxifen and encazamene showed similar degradation
behaviour to clopidogrel, with >90% degradation after 80 min in the
dark control of both water and urine (Figures S1A and S1B in SI).
Degradation of memantine in the dark controls (<5% after 80 min) was
similar to that of 47 OMPs in water and 52 OMPs in urine (Figures S2A
and S2B in SI).

During UV treatment of water, 18 OMPs showed >99% degradation
after 1 min of treatment, which was similar to degradation of sulpha-
methoxazole (Fig. 3B). The half-life of 73 OMPs was less than 20 min (at
~500 J m™) in water, with average OMP degradation of 75% (£30%),
82% (£27%) and 93% (417%) after 1, 2.5 and 5 min of UV treatment,
respectively (Table S9 in SI).

During UV treatment of urine, most OMPs showed degradation
behaviour in between that of clopidogrel and venlafaxine (Figs. 2C and
2D). Of the 75 OMPs analysed, 18 OMPs had half-life of <20 min (=500
mJ m™2). The average degradation of OMPs was <15% (£+15%), <30%
(+£24%) and 55% (+36%) after 5, 20 and 80 min of UV treatment,
respectively (Table S9). The different starting concentrations for sulfa-
methoxazole and clopidogrel can be explained by degradation of the
compounds and sorption effects before starting the experiment.

100 100
(A)
o8] -
L (P 0
[=2 - 4 [=2]
% 60t B — %1 %
S S
g B
*g 40 ;E,
o o
f=4 =
o o
© 20 ©
0
0 10 20 30 40 50 60 70 80
Time [min] Time (min)
100 100
(©) (D)

80 _ 80
T 2
= | R — T
Ea PR = = %
E E —
g £
E § 40
Q c
c <]
S o
© 20

g -
0 - — — = == 0 ¢ ———— e -
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time [min] Time [min)]

—o—UV-Water =#—UV-Urine —0—Water ~*—Urine —6—UV-Water —#—UV-Urine —@—Water —<—Urine
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To estimate the amount of energy required to degrade the OMPs by
more than 90%, tgg for each compound was calculated according to Eq.
(4) and the value was used to calculate the equivalent energy according
to Eq. (5). To degrade the OMPs to more than 90% of their initial con-
centration in water, a UV dose of <1000 J m™ was required, except for
memantine and sebacic acid. Hydrochlorothiazide, a diuretic pharma-
ceutical, was not included in the energy demand calculations, as its
degradation in UV-treated water could not be explained by pseudo first-
order kinetics. In comparison, the UV dose required to degrade the
OMPs to 90% of their initial concentration in urine was at least 10-fold
higher and varied between 1000 and 20,000 J m™ for most OMPs
(Fig. 3). The exceptions, with even higher UV dose requirement, were
clarithromycin, metoprolol, methylparaben, niflumic acid, O-desme-
thylvenlafaxine and venlafaxine (Table S9). The UV dose required for
degrading 14 other OMPs in urine could not be estimated, as they were
not degraded (highly persistent) during the treatment (Table S10 in SI).
Since any loss of energy in the system was not considered, the energy
requirement shown is an estimate based on the treatment time to
degrade the OMPs, and actual energy requirement might differ in other
set-ups or settings.

4. Discussion

This study evaluated degradation of 75 OMPs in water and fresh
human urine during UV treatment. With UV treatment for up to 80 min
(at 2100 J m'z), more than 99% and 55% degradation of OMPs was
observed in water and urine, respectively. However, degradation of
OMPs in urine required 10-fold higher treatment time/energy input than
degradation in water. In a previous study, Wols et al. (2013) reported
>90% degradation of atenelol, proranolol, carbamazepine, sulfameth-
oxazole, venlafaxine, sotalol, fluoxetine and diclofenac following
treatment with 5 mg L! Hy0, and a UV dose of 2000 J m generated
with a 60 W monochromatic (254 nm) LP lamp.

During UV treatment, OMPs can be degraded due to photolysis,
photo-oxidation or a combination of both (Zhang et al., 2016). The type
of UV lamp (185 nm and 254 nm) used in this study could generate
hydroxyl free radicals in the treatment solution (Goncalves et al., 2021).
Therefore, degradation of OMPs during UV treatment was due to a
combination of photolysis and photo-oxidation occurring simulta-
neously in the photoreactor.

The OMPs evaluated in this study absorbed light predominantly
within the range 190-300 nm (Figure S1A in SI). According to Hokan-
son et al. (2016), OMPs with larger photolysis/molar absorption coef-
ficient (¢) are more susceptible to UV photolysis. Since UV radiation at
185 nm and 254 nm was used in the present study, photodegradation of
OMPs by direct photolysis likely occurred. For instance, high overall
degradation rate constants in water were observed for photo-susceptible
OMPs such as diclofenac (>5.9 min'l), iopromide (>7.73 min™!) and
sulfamethoxazole (> 7.39 min'l), presumably due to their high molar
absorption coefficient (e254 6-23x 10° M'! em™!) and high quantum
yield (@254 2.8-22 x 102 mol™ E™) (Yu et al., 2019). Our results for the
degradation rate constants are comparable to that of Kim et al. (2009)
for carbamazepine (0.36 min'l), diclofenac (1.8 min’l), metoprolol
(0.42 min™") and propranolol (0.3min'1), even though they used an 8 W
LP monochromatic UV lamp and 6 mg L Hy0,. This is because we used
a UV lamp that emitted light at 185 nm, which allowed fast degradation
without the addition of HyO. For example, the degradation rate con-
stant of venlafaxine in our study was 1.25 min'!, whereas the degrada-
tion rate constant of venlafaxine was only 0.37 min™ in a study by
Giannakis et al. (2017) despite the addition of 100 mg L'! of HyO, during
UV treatment using a 11 W LP lamp. Kim et al. (2015) have also
observed a higher degradation rate constant for trimethoprim when
using a UV lamp emitting at 185 nm and 254 nm (0.013 min?)
compared to a monochromatic LP UV lamp emitting light only at 254 nm
(0.0017 min'l)‘ In contrast, caffeine is photoresistant even though it
absorbs photons (e254 4.2 x 10°m?! cm’l), and its quantum yield (Peas4
0.003 mol! E'l) is around 100-fold lower than that of diclofenac (Yu
etal., 2019). Therefore, the degradation rate constant for caffeine (0.16
rnin'l) was among the lowest observed in our study (Table S10 in SI).

In addition to photolysis, OMPs can be degraded by photo-oxidation
by free radicals (Vogna et al., 2004). During vacuum UV irradiation,
hydroxyl radicals (OH*) can be generated due to: i) homolysis and
photochemical ionisation of water and ii) decomposition of ozone
generated photochemically from oxygen in the gas phase (Zoschke et al.,
2014). The reaction rate constants for photo-resistant OMPs such as
caffeine, carbamazepine, atenolol, propranolol, primidone and
trimethoprim with hydroxyl radicals are high (10-28 x 10° M'! s1), in
contrast to that of photo-susceptible OMPs such as iopromide (3 x 10°
Mt s (Yu et al., 2019). Degradation of the photo-resistant OMPs
(caffeine, carbamazepine, atenolol, propranolol, primidone and
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trimethoprim) in water (>99%) during UV treatment was dominated by
photo-oxidation, since their reaction rate constant with OH* was high.
Kim et al. (2009) investigated the contribution of direct and indirect
oxidation to degradation of pharmaceuticals during UV treatment and
found that indirect oxidation was responsible for up to 90% of the
degradation for photoresistant compounds such as DEET, carbamaze-
pine and metoprolol.

Unlike water, fresh urine is a complex solution. The urine used in the
present study had an organic matter content of 10 g COD L (Table S4 in
SI). Urine can contain hundreds of organic substances and metabolic
breakdown products (Bouatra et al. (2013) and some of these organic
substances, such as creatinine and amino acids, have high UV absorb-
ence (Yokoyama et al., 2005). The major organic compound in urine is
urea, which absorbs UV light between 190 nm and 220 nm. The con-
centration of urea measured in the fresh urine used in this study was 4.5
g L'}, which is 750-fold higher than the concentration of SOMP added to
the urine at the start of the treatment (Table S4 in SI).

Organic and inorganic substances in urine can influence UV oxida-
tion of OMPs in several ways. First, they can competitively absorb
incident photon flux (inner filter effect) (Doll et al., 2003) and reduce
the degradation of OMPs due to direct photolysis (e.g. urea and creati-
nine) (Figure S1B in SI). Second, they can scavenge reactive species and
free radicals like OH* and Os, and thus reduce the photo-oxidative
degradation rate of OMPs. Third, hydroxyl radicals can react with
organic compounds in urine to form intermediate radicals that propa-
gate the advanced oxidation process (Pignatello et al., 2006).

Two of the major scavengers in fresh urine are urea and ammonia
(Giannakis et al., 2018; Zhang et al., 2015). After 80 min of UV treat-
ment, there was no change in total nitrogen concentration in the urine
samples in this study, but the concentration of urea decreased by 18%
and the concentration of ammonium decreased by 20% (Table S4 in SI).
Long et al. (2019) reported comparable urea photooxidation (22%)
during 2 h treatment in swimming pool water using a low pressure UV
lamp emiting at both 185 and 254 nm. Furthermore, Yang et al. (Yang,
1998) reported photooxidation of ammonia to nitrate and nitrite. In the
present study, we observed a 46% increase in nitrate-nitrogen, but this
increase did not correspond directly to the decrease in both
ammonia-nitrogen or urea-nitrogen (Table S4).

After 80 min of UV treatment, the concentration of COD in urine
decreased from 10 g L' to 8.2 g L'1(19%), which is in line with the
decrease in light absorbence at 254 nm (Figure S1B). COD is used as a
surrogate for removal of organic pollutants in wastewater treatment
(Altmann et al., 2014). A 20% reduction in COD was observed by
Giannakis et al. (2017) after 4 h of UV treatment of real urine using a 35
W monochromatic (254 nm) UV lamp. In our study, average SOMP
degradation in urine was only 55% (+36%) and some UV-resistant
OMPs such as atenolol and caffeine could not be degraded by UV
treatment (Table S9 in SI). For further degradation of SOMP, consider-
ably higher energy input is required (Table S10 in SI), and could be
supplied either by increasing the treatment time or by using higher
wattage UV lamps (Wols et al., 2013). In addition, improved degrada-
tion of the OMPs in fresh urine could be achieved by supplementing the
UV treatment with photocatalysts such as HyOy (Wols et al., 2013),
peroxydisulphate (Wang et al., 2020), titanium oxide and ozone (Vogna
et al., 2004).

To predict the degradation of OMPs, principal component analyses
were done to test the influence of presence or absence of major func-
tional groups (arene, amine, benzene, etc.) of OMPs on their degradation
in fresh urine. However, the presence or absence of these functional
groups could only explain 14.19% (PC1) and 14.92% (PC2) of the
degradation. Additionally, a significant correlation between functional
groups of OMPs and their degradation could not be found, irrespective of
whether the original dataset including all 75 OMPs was used or a subset
of the data dividing the OMPs into different therapeutic groups was used
(Table S11 and Table S12-A). Furthermore, OMPs degradation in urine
was correlated against OMPs photochemical properties (molar
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absorption coefficient (¢), quantum yield (®) and rate constant for hy-
droxyl radical (Kog+), but no significant correlation could be found with
either of the photochemical properties (Table S2 and Table S12-B).
However, when we use the subset of OMPs (therapeutic groups), a
strong positive correlation was observed between degradation of anti-
hypertensives in urine with Koy+, € and ®, which suggests that these
groups of OMPs can be degraded by both photolysis and photo-oxidation
(Table S12-B). However, a strong positive correlation with ® of beta-
blockers and a negative correlation with Kop+ points out that this
group of OMPs are degraded by photolysis rather than photo-oxidation
(Table S12-B).

Although no significant correlation (p > 0.05) could be found for all
of the OMPs degradation with either of the photochemical properties or
major functional groups, the OMPs could be degraded through the
following major photodegradation routes suggested by Ahmad et al.
(2016): (i) Photoaddition, (ii) Photoaquation, (iii) Photocyclization, (iv)
Photodealkylation, W) Photodecarboxylation, (vi) Photo-
dehalogenation, (vii) Photodehydrogenation, (viii) Photodimerization,
(ix) Photoelimination, (x) Photoinduced hydrolysis, (xi) Photo-
isomerization, (xii) Photooxidation, (xiii) Photoinduced rearrangement,
(xiv) Photoreduction, and, (xv) Photoinduced ring cleavage.

Among the 75 OMPs evaluated in this study, information on degra-
dation pathways is available for meclofenamic acid (photocyclisation),
norfloxacin (photodehalogenation), (Ahmad et al., 2016), diclofenac
(decarboxyllation), atenelol (hydroxylation) (Salgado et al., 2013),
sulphamethoxazole (desulphonamidation, photoelimination, hydroxyl-
ation), amitryptiline (photohydration) (Nassar et al., 2017), tamoxifen
(hydroxylation) (Ferrando-Climent et al., 2017), sertraline (dechlori-
nation and dehydration) (Calza et al., 2021), salicyclic acid (hydroxyl-
ation) (Milovac et al., 2014), rantidine (denitration) (Dong et al., 2017),
oxazepam (hydroxylation) (Kosjek et al., 2012), diazepam (hydroxyl-
ation and demethylation) (Mitsika et al., 2021), cetirizine (dechlorina-
tion and dehydroxylation) and fexofenadine (deamination and
dehydroxylation) (Liu et al., 2022). Additionally, Lin et al. (2022) re-
ported transformation pathways for antidepressants including cit-
alopram, fluoxetine, sertraline and venlafaxine. For a full understanding
of the effects of UV treatment prior to implementation, further evalua-
tion of the photodegradation products and their degradation rate is
required, since photodegradation products can have longer half-lives
and can potentially be more toxic than the parent compounds (Voigt
et al., 2017; Zhang et al., 2016).

5. Conclusions

Degradation behaviour and degradation rate constants were deter-
mined for 75 OMPs in water and fresh human urine during UV treatment
using a dichromatic lamp (185 nm and 254 nm). A UV treatment
duration of 1 min (26 J m™2) gave LOMP degradation of 75% in water
and 11% in urine. Increasing the UV treatment time to 80 min (2100 J m
2) increased SOMP degradation to 99% in water and 55% in urine. The
degradation rate constant of the OMPs ranged in value from 0.01 to 7.7
min’! in water, whereas the maximum value observed in fresh urine was
0.13 min™! (for tamoxifen). Compared with degradation of OMPs in
water, the energy demand for degrading OMPs to <10% of their initial
concentration in fresh urine was at least 10-fold higher. Of the 75 OMPs
analysed, 16 OMPs were not degraded in urine by UV treatment. Scav-
enging of free radicals by urea and ammonia, combined with high initial
organic matter content of urine (10 g COD L'l), might be responsible for
the slow degradation kinetics of OMPs in urine. However, the UV
treatment resulted in no notable change in total nitrogen concentration,
which is an advantage in the case of fresh urine intended for use as
concentrated fertiliser. Overall, the results show that UV treatment can
be a promising on-site process to reduce the load of OMPs to urine
recycling sanitation systems.
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Photoinactivation of jack bean (Canavalia ensiformis) urease in fresh human urine using
dichromatic low-pressure UV irradiation

Table S1. Composition of synthetic urine (based on a recipe taken from Ray et al. (2018))

Compound Concentration (g L)
NaCl 2.5715

NaSO,4 2.1305

KCI 2.982

MgCl..6H.0 0.813

NaH>PO,4 2.3995

CaCl,.2H,0 0.588

Urea 10

pH 6

Table S2. Physicochemical properties and composition of real fresh urine

pH 6.94
EC 7.98 mS cm!
Total solids 0.58¢gL*?
Volatile solids 0.27gL?
Total nitrogen 5.06gL?
Total ammonia nitrogen, TAN 180 mg L*?
Ca 0.03gL?
K 0.87gL™
Mg 003gL?
Na 0.28¢gL*?
P 0.24g L™

S 0569 Lt
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Fig. S1. Concentration of total ammonia nitrogen (TAN, mg L) versus electrical conductivity (mS cm-
1y for urease-spiked (A) water containing urea, (B) synthetic fresh urine and (C) real fresh urine in
absence of UV. TAN concentration and conductivity values are both logie-transformed for regression
analysis. Filled blue circles represent measured values and dashed line shows linear fit to experimental

data.
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Fig. S2. Average temperature recorded for samples taken after exposure to different level of UV
irradiance time for water, synthetic urine and real urine matrix.
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Degradation of 75 organic micropollutants in fresh human urine and water by UV

advanced oxidation process

Table S1. Target analytes (OMPS) in this study

1 Albuterol (Salbutamol) 26 Enzacamene 51 Ofloxacin

2 Amitriptyline 27 Fexofenadine 52 Oxazepam

3 Amlodipine besylate 28 Fluconazole 53 Oxycodone

4 Amoxicillin 29 Fluoxetine 54  Paroxetine

5 Atenolol 30 Hydrochlorothiazide 55 Phenazone

6 Atovastatin (Lipitor) 31 Ifosfamide 56 Primidone

7 Azithromycin 32 lopromide 57 Propranolol

8 Bicalutamide 33 Irbesartan 58 Pyridoxine (Vitamin B6)

9 Bisoprolol 34 Lamotrigine 59 Pyrimethamine
10 Budesonide 35 Lidocaine 60 Ranitidine
11 Caffeine 36 Loperamide 61 Salicylic acid
12 Carazolol 37 Losartan 62 Sebacic acid
13 Carbamazepine 38 Meclofenamic acid 63 Sertraline
14 Cetirizine 39 Mefenamic acid 64 Simvastatin
15 Chloramphenicol 40 Memantine 65 Sotalol
16 Ciprofloxacin 41 Metformin 66 Sparfloxacin
17 Citalopram 42 Methylparaben 67 Sulfamethoxazole
18 Clarithromycin 43 Metoprolol 68 Sulindac
19 Clopidogrel 44 Metronidazole 69 Sulisobenzone
20 Clozapine 45 Metronidazole-OH 70 Tamoxifen
21 Codeine 46 Mirtazapine 71 Thiabendazole
22 DEET 47 Nicotine 72 Tramadol
23 Diazepam 48 Niflumic acid 73  Trimethoprim
24 Diclofenac 49 Norfluoxetine 74 Valsartan
25 Diltiazem 50 O-Desmethylvenlafaxine 75 Venlafaxine
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Table S4. Characteristics of the urine used in experiments

Analysis type Value

Total solids 0.213gL?
Volatile solids 0.135gL?
pH 6.2 @ 20.8°C
Conductivity 11.09mS @ 20.8 °C
Total P 0.308gL*
Total Ca 0.06gL*
Total K 1.061¢gL*
Total Na 1.361¢gL*
Total S 0.287 mg L!
Total Mg 0.052gL*
CoD 10.1gL™
COD after 80 minute UV irradiation 8.2¢gL?
Urea-N control urine 450gL?
Urea-N after 80 minute UV irradiation 36¢gL?
NH4-N control urine 281 mgL*
NH4-N after 80 minute UV irradiation 223 mg L*
Tot-N 6.12mgL*
Tot-N after 80 minute UV irradiation 6.10 mg L?
NOs-N control urine 7.40mg L?

NOs-N after 80 minute UV irradiation

13.90 mg L?
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Table S7 Target OMP concentration in Blank controls and control urine samples

Compounds LOQ Untreated Blank milliQ Lab Blank Untreated
(ug L) water water (ng L) Urine
(hg L) (ng L) (hg L")
Albuterol (Salbutamol) 0.03 <LOQ <LOQ <LOQ 0.20
Amitriptyline 0.32 <LOQ <LOQ <LOQ <LOQ
Amlodipine besylate 0.10 <LOQ <LOQ <LOQ <LOQ
Amoxicillin 0.09 <LOQ <LOQ <LOQ 1.28
Atenolol 0.13 <LOQ <LOQ <LOQ <LOQ
Atovastatin (Lipitor) 0.21 <LOQ <LOQ <LOQ <LOQ
Azithromycin 2.60 <LOQ <LOQ <LOQ <LOQ
Bicalutamide 0.08 0.19 0.40 0.12 <LOQ
Bisoprolol 0.14 <LOQ <LOQ <LOQ <LOQ
Budesonide 0.46 <LOQ 0.62 <LOQ 19.57
Caffeine 0.03 0.03 0.05 <LOQ 2246.32
Carazolol 1.00 <LOQ <LOQ <LOQ <LOQ
Carbamazepine 0.11 <LOQ <LOQ <LOQ <LOQ
Cetirizine 0.02 1.50 1.30 0.34 <LOQ
Chloramphenicol 0.55 <LOQ <LOQ <LOQ <LOQ
Ciprofloxacin 0.11 1.95 0.37 1.07 1.92
Citalopram 0.12 <LOQ <LOQ 0.13 <LOQ
Clarithromycin 0.05 <LOQ <LOQ <LOQ <LOQ
Clopidogrel 0.07 <LOQ <LOQ <LOQ <LOQ
Clozapine 0.01 0.99 1.83 1.16 0.16
Codeine 0.89 <LOQ <LOQ <LOQ <LOQ
DEET 0.16 0.35 0.28 0.15 1.10
Diazepam 0.12 <LOQ <LOQ <LOQ <LOQ
Diclofenac 0.57 <LOQ <LOQ <LOQ <LOQ
Diltiazem 0.03 0.04 0.07 0.12 <LOQ
Enzacamene 0.15 <LOQ <LOQ <LOQ <LOQ
Fexofenadine 0.14 <LOQ <LOQ <LOQ <LOQ
Fluconazole 0.25 <LOQ <LOQ <LOQ <LOQ
Fluoxetine 0.74 <LOQ <LOQ <LOQ <LOQ
Hydrochlorothiazide 0.05 0.11 0.09 0.09 0.08
Ifosfamide 1.20 <LOQ <LOQ <LOQ <LOQ
lopromide 0.07 <LOQ <LOQ <LOQ <LOQ
Irbesartan 0.25 <LOQ <LOQ <LOQ <LOQ
Lamotrigine 0.11 <LOQ <LOQ <LOQ 0.35
Lidocaine 0.19 <LOQ <LOQ <LOQ <LOQ
Loperamide 0.85 <LOQ <LOQ <LOQ <LOQ
Losartan 0.06 <LOQ <LOQ <LOQ <LOQ
Meclofenamic acid 3.40 <LOQ <LOQ <LOQ <LOQ
Mefenamic acid 0.26 <LOQ <LOQ <LOQ <LOQ
Memantine 0.25 <LOQ <LOQ <LOQ <LOQ
Metformin 0.07 <LOQ <LOQ <LOQ 0.60

Methylparaben 1.80 <LOQ <LOQ <LOQ 10.35




Compounds LOQ Untreated Blank milliQ Lab Blank Untreated
(ug L) water water (ng L) Urine
(hgL*) (ng L) (hg L")
Metoprolol 0.02 0.04 <LOQ <LOQ <LOQ
Metronidazole 0.87 <LOQ <LOQ <LOQ <LOQ
Metronidazole-OH 0.17 <LOQ <LOQ <LOQ 0.39
Mirtazapine 0.04 0.76 1.04 0.72 0.07
Nicotine 0.16 0.19 <LOQ <LOQ 49.44
Niflumic acid 0.13 <LOQ <LOQ <LOQ <LOQ
Norfluoxetine 0.16 0.70 <LOQ <LOQ 1.39
O-Desmethylvenlafaxine 0.13 <LOQ <LOQ <LOQ <LOQ
Ofloxacin 0.25 3.84 0.60 1.11 <LOQ
Oxazepam 0.05 <LOQ <LOQ <LOQ 0.39
Oxycodone 0.87 <LOQ <LOQ <LOQ <LOQ
Paroxetine 0.25 <LOQ <LOQ <LOQ <LOQ
Phenazone 0.10 <LOQ <LOQ <LOQ 3.09
Primidone 4.40 <LOQ <LOQ <LOQ <LOQ
Propranolol 0.11 0.35 0.21 0.24 <LOQ
Pyridoxine (Vitamin B6) 0.12 <LOQ <LOQ <LOQ 1.09
Pyrimethamine 0.95 <LOQ <LOQ <LOQ <LOQ
Ranitidine 2.70 <LOQ <LOQ <LOQ <LOQ
Salicylic acid 5.50 <LOQ <LOQ <LOQ 11.64
Sebacic acid 0.16 19.16 6.50 1.32 197.62
Sertraline 1.60 1.96 <LOQ <LOQ <LOQ
Simvastatin 0.06 <LOQ <LOQ <LOQ 0.23
Sotalol 0.02 <LOQ <LOQ <LOQ 0.11
Sparfloxacin 0.07 0.15 0.14 0.12 <LOQ
Sulfamethoxazole 1.80 <LOQ <LOQ <LOQ <LOQ
Sulindac 0.14 <LOQ <LOQ <LOQ <LOQ
Sulisobenzone 0.43 <LOQ <LOQ <LOQ <LOQ
Tamoxifen 0.15 <LOQ <LOQ <LOQ <LOQ
Thiabendazole 0.18 <LOQ <LOQ <LOQ <LOQ
Tramadol 0.13 <LOQ <LOQ <LOQ <LOQ
Trimethoprim 0.24 <LOQ <LOQ <LOQ <LOQ
Valsartan 1.20 <LOQ <LOQ <LOQ <LOQ
Venlafaxine 0.98 <LOQ <LOQ <LOQ <LOQ




Table S8. Internal standard and Target OMP recovery in methanol

Internal standard compounds Recovery Target compound Recovery
% %
1H-Benzotriazole-4,5.6,7-d4 94% Albuterol (Salbutamol) 101%
2-ethyl-hexyl-methoxycinnamate, D15 46% Amitriptyline 82%
Acetaminophen-d4 95% Amlodipine besylate 71%
Atenolol, D7 101% Amoxicillin 104%
Atorvastatin, D5 93% Atenolol 103%
Azithromycin, D3 157% Atovastatin (Lipitor) 71%
Bis (2-ethylhexyl) phthalate 3,4,5,6-d4 25% Azithromycin 100%
Bezafibrate, D4 101% Bicalutamide 93%
Bis (2-ethylhexyl) phthalate 3,4,5,6-d4 25% Bisoprolol 100%
Caffeine_13C3 97% Budesonide 100%
Carbamazepine-D10 99% Caffeine 104%
Ciprofloxacin, D8 53% Carazolol 95%
Cis-Sertraline, D3 88% Carbamazepine 90%
Codeine_D3 112% Cetirizine 92%
DEET, D10 99% Chloramphenicol 100%
Diazepam_D5 91% Ciprofloxacin 90%
Dibutyl phthalate-d4 99% Citalopram 92%
Diclofenac, 13C6 110% Clarithromycin 88%
Diethyl phthalate-3,4,5,6-d4 94% Clopidogrel 76%
Diltiazem, D4 101% Clozapine 84%
Dimethyl phthalate-3,4,5,6-d4 116% Codeine 104%
Erythromycin-d3-13C 82% DEET 84%
Fluoxetine, D5 156% Diazepam 93%
Furosemide, D5 86% Diclofenac 83%
Heroine-d9 100% Diltiazem 88%
Irbesartan, D7 91% Enzacamene 26%
Isoproturon, D3 97% Fexofenadine 84%
Lidocaine-(diethyl), D10 102% Fluconazole 97%
Losartan, D4 90% Fluoxetine 75%
Mefenamic Acid, 13C6 60% Hydrochlorothiazide 103%
Methadone-D3 103% Ifosfamide 95%
Metronidazole-(ethylene)-d4 105% lopromide 103%
Metronidazole, D4 104% Irbesartan 95%
Morphine-d3 114% Lamotrigine 98%
Nicotine-d4 101% Lidocaine 103%
Octocrylene, D15 72% Loperamide 85%
Ofloxacine, D3 93% Losartan 89%
Oxazepam, D5 98% Meclofenamic acid 65%
Oxybenzone-(phenyl)-d5 16% Mefenamic acid 60%
Propylparaben, D7 96% Memantine 97%
Ranitidine, D6 104% Metformin 35%
Sucralose-d6 111% Methylparaben 87%




Internal standard compounds Recovery Target compound Recovery
% %
Sulfamethoxazole, D4 104% Metoprolol 99%
Tramadol, 13C,D3 105% Metronidazole 96%
Trimethoprim, D9 104% Metronidazole-OH 102%
Trimethoprim, D9_2 102% Mirtazapine 98%
Triphenyl phosphate-d15 (TPHP-d15) 68% Nicotine 114%
Tris-2-chlorocetyl phosphate-d12 109% Niflumic acid 88%
(TCEP-d12)
Venlafaxine, D6 100% Norfluoxetine 72%
Average recovery 93% O- 97%
Desmethylvenlafaxine
Standard deviation 26% Ofloxacin 97%
Oxazepam 97%
Oxycodone 101%
Paroxetine 67%
Phenazone 100%
Primidone 100%
Propranolol 98%
Pyridoxine (Vitamin 78%
B6)
Pyrimethamine 93%
Ranitidine 97%
Salicylic acid 99%
Sebacic acid 102%
Sertraline 73%
Simvastatin 66%
Sotalol 102%
Sparfloxacin 90%
Sulfamethoxazole 90%
Sulindac 96%
Sulisobenzone 87%
Tamoxifen 41%
Thiabendazole 98%
Tramadol 99%
Trimethoprim 99%
Valsartan 97%
Venlafaxine 102%
Average recovery 90%
Standard deviation 16%
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Figure S1. The absorbance of UV-treated samples (A) Urine and (B) water at different UV dose.
The number in legend refers to UV dose (] m-2). The absorbance of Urea in MilliQ water with a

concentration of 10 g L-1.
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Figure S2. The degradation (%) of 75 OMPs after 80 min Control treatment of water (A)
and fresh urine (B). Average values are plotted, and error bars depict the standard
deviation (n=3)
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Maximizing the nitrogen recovery during concentrating nutrients in urine by
drying is challenged by presence urease enzyme in source separation systems.
Furthermore, the presence of micropollutants like pharmaceuticals in urine
raises consumer concerns about the acceptability of urine-derived fertilizer.
This thesis investigated UV treatment as an alternative nutrient stabilisation
and pharmaceutical removal technology from source separated human urine.
UV treatment effectively inactivates urease enzyme in urine and reduce
pharmaceuticals, demonstrating potential integration in source separation

systems for nutrient stabilization and pharmaceutical removal.
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