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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 (l1&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 forsdmrades 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 14gre inaktivering av ureas och lagre 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
i 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 et al., 2018; UN, 2022).
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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 ef
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 (Kopping et al., 2020), electrochemical oxidation (Y Yang et 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 ef 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 (ClauB 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
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ammonia gas (Udert et 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
) L
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 et 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 ef 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, KrCI 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 ez 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

26



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-1s (Wols et al., 2014) and with cysteine with a rate constant of 2.4 x10°
M-!s! (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

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 Cray 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 (<) = —kt, (5)

Co
where 7, (min™) is UV irradiance time and & is the degradation rate constant
min™).
The amount of electrical energy required to degrade 50% (UVs0) and 90%

(UVi90) of the initial concentration of OMPs was calculated according to Eq.
6 and Eq. 7, respectively:

UVes == (6)
UV€90 = ln(]i).l) (7)

4.5. Statistical analysis

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).
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
treatment
Urine Real urine Synthetic Milli-Q
urine water
2.0x1073 3.3x1073 3.2x1073
4.4x1073 2.0x103 2.0x10° 3.0x10*
4.5x1073 1.7x1073 8.0x10°8 5.0x10°
4.6x103 1.6x1073 0.0 5.0x10°¢
7 4.4x103 1.2x1073 0.0 0.0
16.5 3.9x1073 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 ef 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'lecm! at 218 nm.
Although independent UV absorbance measurements of amino acids were
not performed in this thesis, the UV-vis absorption results revealed that
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absorbance of the enzyme as a whole increases as the wavelength decreases
(Figure 9).
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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 ug 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 (ClauB} 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 II 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
(e) (ST 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>¢, PO,>*, wh