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Figure 4. 
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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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-1 min-1) 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)  
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Figure 6. Electrical energy demand (kWh m-3) 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 μW m-2. For all matrices, the initial concentration 

of urease is 500 mg L-1 (2500 AU L-1). 
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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).  
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Figure 8. 
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A B S T R A C T

In household wastewater, a large proportion of organic micropollutants (OMPs) load is attributed to human 
urine. OMPs could pose a risk to human and environmental health when urine collected in source-separating 
sanitation systems is recycled as crop fertiliser. This study evaluated degradation of 75 OMPs in human urine 
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 m-2, average ΣOMP 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.   

1. Introduction 

Domestic wastewater is a valuable resource since it contains water, 
nutrients and energy that can be recovered (Vinnerås 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 efCciently 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 ΣOMP 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 

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

* Corresponding author. 
E-mail address: natnael.demissie@slu.se (N. Demissie).

Contents lists available at ScienceDirect 

Water Research 
journal homepage: www.elsevier.com/locate/watres 

https://doi.org/10.1016/j.watres.2023.120221 
Received 11 February 2023; Received in revised form 17 May 2023; Accepted 10 June 2023   



Water Research 242 (2023) 120221

2

of the volume but 80% of the N and 50% of the P and potassium (K) load 
to WWTPs (Vinnerås 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 nanoCltration, but 
found that the treatment also removed phosphate and sulphate. Duygan 
et al. (2021) found that two months of storage was insufCcient to 
degrade OMPs in hydrolysed urine, while biological nitriCcation efC
ciently degraded atazanavir, ritonavir and clarithromycin. Köpping 
et al. (2020) demonstrated that >90% of 11 OMPs could be removed 
from biologically nitriCed 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 (H2O2) and perox
ydisulphate (S2O82−), 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) (Krakkó 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 Clls 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. SpeciCc 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 inKuence of the matrix (water 
vs. 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-inKammatory 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 

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 coefCcient (ε), quantum yield (Φ), and 
rate constant of hydroxyl radical (KOH*) is provided in Table S2 in SI. The 
75 OMPs were selected based on environmental relevance (Howard 
et al., 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 Kuence 
rate of 43 µW cm-2 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 Ctted 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 (MasterKex, Fisher ScientiCc, 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-1. 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 
µL of 10 ng µL-1) 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 µg L-1 (i.e. 0.076 to 0.465 µM or 18 µg absolute mass) 
for each OMP, with an estimated total organic carbon (TOC) of 6 mg L-1 

added becasue of spiking which is less than 5% of the TOC concentration 
(4 g L-1) 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 Crst 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 
µm). The cartridges were Crst 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 µL extracts under a stream of nitrogen gas and reconstituted with 
800 µL Milli-Q water to give a Cnal volume of 1 mL. 

Concentration of OMPs (n = 75) was analysed using a DIONEX Ul
tiMate 3000 ultra-high pressure liquid chromatography system (Thermo 
ScientiCc, Waltham, MA, USA) coupled to a triple quadrupole mass 
spectrometer (TSQ QUANTIVA, Thermo ScientiCc, Waltham, MA, USA). 
Eight calibration standards in the range 0–400 ng mL-1 were analysed 
together with the samples. Chromatographic separation of OMPs was 
conducted using a Kinetex® biphenyl analytical column (100 × 2.1 mm, 
2.6 µm) at 40 ◦C with a Kow rate of 0.5 mL min-1 and mobile phases of 
Milli-Q water and methanol, each with 0.1% formic acid. The injection 
volume was 10 µL. 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; Sörengård 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 quantiCcation 
(LOQ) ranged between 0.01 and 5.5 µg L-1 (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 ScientiCc Accumet, 
13–620-AE6, USA) attached to an Accumet AE150 pH metre (Fisher 
ScientiCc, 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-1. 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-1 and Spectroquant® ammonium test 
kit (100,683) in the concentration range 2–150 mg L-1. 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−1 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), 

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 (%) =

(

C0 − Ct

C0

)

× 100 (1)  

where C0 and Ct 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 Ctted to the pseudo Crst-order rate 
equation: 

ln

(

Ct

C0

)

= −kt (2)  

where t(min) is treatment time and k is the degradation rate constant 
(min-1). 

The time required to degrade the OMPs by 50% (t50) (Eq. (3)) and 
90% (t90) (Eq. (4)) of their initial concentration was also calculated. The 
UV dose equivalent to the treatment time was calculated using the lamp 
Kuence rate (Eq. (5)). 

t50 =
ln2

k
(3)  

t90 =
ln(0.1)

k
(4)  

UV dose
(

Jcm−2
)

= fluence rate
(

Jcm−2s−1
)

∗ treatment time (s) (5)  

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% conCdence 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 efC
ciency values were normalised so that the initial concentration differ
ence in OMPs was not reKected 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 artiCcially 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 Cnd signiCcant correla
tion between functional groups and photocehmical properties with 
degradation of OMPs in urine. Linear regression analysis at 95% conC
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). 
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 
<10% degradation. There was <5% degradation of 39 OMPs, including 
atenolol, azithromycin, carbamazepine and metformin. Clopidogrel, 
encazamene and tamoxifen were the only OMPs which exhibited >90% 
degradation (Figure S2B in SI). 

3.2. Degradation of OMPs with UV treatment 

In experiments treating water spiked with OMPs in the photoreactor 
with UV, >90% degradation of almost all OMPs (n = 73 of 75) was 
observed after 80 min of UV treatment (2100 J m-2). The remaining two 
OMPs, memantine and sebacic acid, exhibited 71% and 83% degrada
tion, respectively (Fig. 1). 

Fig. 1. Degradation (%) of 75 target OMPs after 80 min of UV treatment (UV dose 2060 J m-2) of water (blue) and fresh urine (yellow). Average values are shown, 
error bars indicate standard deviation (n = 3). (For interpretation of the references to color in this Cgure legend, the reader is referred to the web version of 
this article.) 
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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%) (niKumic acid) to 97% (±1%) (diclofenac) for NSAIDs, 26% 
(±3%) (primidone) to 59% (±4) (lamotrigine) for antiepileptics, 31% 
(±13%) (propranolol) to 81% (±5%) (sotalol) for β-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, niKumic acid, oKoxacin, sebacic acid, sulisobenzone 
and trimethoprim (Fig. 1). 

The average ΣOMP degradation during UV treatment was 99% 
(±4%, standard deviation) in water, which was signiCcantly higher than 
the average degradation in urine (55% ±36%) (p<0.0001, n = 75). In 
comparison to the dark controls, UV treatment signiCcantly 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 Kuoxetine, 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). 

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-2) in water, with average OMP degradation of 75% (±30%), 
82% (±27%) and 93% (±17%) 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. 

Fig.. 2. Degradation kinetics of (A) memantine, (B) sulfamethoxazole, (C) clopidogrel and (D) venlafaxine in water and fresh urine, with and without UV treatment. 
The open diamonds in B, C and D represent detection of the OMPs below their LOQ. 
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To estimate the amount of energy required to degrade the OMPs by 
more than 90%, t90 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-2 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 Crst- 
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-2 for most OMPs 
(Fig. 3). The exceptions, with even higher UV dose requirement, were 
clarithromycin, metoprolol, methylparaben, niKumic 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-2), 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, Kuoxetine and diclofenac following 
treatment with 5 mg L-1 H2O2 and a UV dose of 2000 J m-2 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 (Gonçalves 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
Ccient (ε) 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-1), iopromide (>7.73 min-1) and 
sulfamethoxazole (> 7.39 min-1), presumably due to their high molar 
absorption coefCcient (ε254 6–23× 103 M-1 cm−1) and high quantum 
yield (Φ254 2.8–22 × 10-2 mol-1 E-1) (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-1), diclofenac (1.8 min-1), metoprolol 
(0.42 min-1) and propranolol (0.3min-1), even though they used an 8 W 
LP monochromatic UV lamp and 6 mg L-1 H2O2. This is because we used 
a UV lamp that emitted light at 185 nm, which allowed fast degradation 
without the addition of H2O2. For example, the degradation rate con
stant of venlafaxine in our study was 1.25 min-1, whereas the degrada
tion rate constant of venlafaxine was only 0.37 min-1 in a study by 
Giannakis et al. (2017) despite the addition of 100 mg L-1 of H2O2 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-1) 
compared to a monochromatic LP UV lamp emitting light only at 254 nm 
(0.0017 min-1). In contrast, caffeine is photoresistant even though it 
absorbs photons (ε254 4.2 × 103 M-1 cm-1), and its quantum yield (Φε254 
0.003 mol-1 E-1) is around 100-fold lower than that of diclofenac (Yu 
et al., 2019). Therefore, the degradation rate constant for caffeine (0.16 
min-1) 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 × 109 M-1 s-1), in 
contrast to that of photo-susceptible OMPs such as iopromide (3 × 109 

M-1 s-1) (Yu et al., 2019). Degradation of the photo-resistant OMPs 
(caffeine, carbamazepine, atenolol, propranolol, primidone and 

Fig. 3. Ultraviolet (UV) dose required to degrade 90% (UVe90, J m-2) of the 75 target OMPs in (A) water and (B) fresh urine. The y-axis shows UVe90 on a log10 scale 
and the x-axis a list of OMPs, arranged alphabetically. OMPs below the red dotted line have conservative E90 values as the concentration fell below LOQ within 1 min 
of UV treatment (at 26 J m-2). (For interpretation of the references to color in this Cgure legend, the reader is referred to the web version of this article.) 
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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-1 (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-1, which is 750-fold higher than the concentration of ΣOMP added to 
the urine at the start of the treatment (Table S4 in SI). 

Organic and inorganic substances in urine can inKuence UV oxida
tion of OMPs in several ways. First, they can competitively absorb 
incident photon Kux (inner Clter 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 O3, 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-1 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 ΣOMP 
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 ΣOMP, 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 H2O2 (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 inKuence 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 signiCcant 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 

absorption coefCcient (ε), quantum yield (Φ) and rate constant for hy
droxyl radical (KOH*), but no signiCcant 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 KOH*, ε and Φ, 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 Φ of beta- 
blockers and a negative correlation with KOH* points out that this 
group of OMPs are degraded by photolysis rather than photo-oxidation 
(Table S12-B). 

Although no signiCcant 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, (v) 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), 
norKoxacin (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, Kuoxetine, 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 ΣOMP degradation of 75% in water 
and 11% in urine. Increasing the UV treatment time to 80 min (2100 J m- 
2) increased ΣOMP 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-1 in water, whereas the maximum value observed in fresh urine was 
0.13 min-1 (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-1), 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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Table S1. Composition of synthetic urine (based on a recipe taken from Ray et al. (2018)) 

Compound Concentration (g L-1) 

NaCl 2.5715 

Na2SO4 2.1305 

KCl 2.982 

MgCl2.6H2O 0.813 

NaH2PO4 2.3995 

CaCl2.2H2O 0.588 

Urea 10 

pH 6 

Table S2. Physicochemical properties and composition of real fresh urine 

pH 6.94 

EC 7.98 mS cm-1 

Total solids 0.58 g L-1 

Volatile solids 0.27 g L-1 

Total nitrogen 5.06 g L-1 

Total ammonia nitrogen, TAN 180 mg L-1 

Ca 0.03 g L-1 

K 0.87 g L-1 

Mg 0.03 g L-1 

Na 0.28 g L-1 

P 0.24 g L-1 

S 0.56 g L-1 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S1. Concentration of total ammonia nitrogen (TAN, mg L-1) versus electrical conductivity (mS cm-

1) 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 log10-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. 

 

 

  



 

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 Iopromide   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 



Table S2-A. Physico-chemical properties of the 75 OMPs investigated in this study 

Category Compound CAS number Molecular 

formula 

MW        

(g mol-1) 

Log 

Kow
a 

Water 

solubility 

at 25 OC 

(mg L-1)b 

pKa
c Main 

elimination 

routed 

% excretione 

Beta blocker Albuterol 

(Salbutamol) 

18559-94-9 C13H21NO3 428 5 0 4 Urine 58-78% (60% 

unchanged) 

Antidepressant Amitriptyline 50-48-6 C20H23N 256 3 140 6 Urine 25-50% (2% unchanged) 

Antihypertensive Amlodipine besylate 88150-42-9 C20H25ClN2O5 ·  

C6H5SO3H 

234 2 4100 8 Urine 10% unchanged 

Antibiotic Amoxicillin 1026787-78-0 C16H19N3O5S 477 5 0 14 Urine 70-80% 

Antihypertensive Atenolol 29122-68-7 C14H22N2O3 422 4 0 4 Urine 85% 

Antilipidemic agents Atorvastatin (Lipitor) 134523-00-5 C33H35FN2O5 295 6 30 4 Urine 1% 

Antibiotic Azithromycin 83905-01-5 C38H72N2O12 241 5 20 4 Urine 6% unchanged 

Antineoplastic agent Bicalutamide 90357-06-5 C18H14F4N2O4S 179 3 8 10 N/A N/A 

Antihypertensive Bisoprolol 66722-44-9 C18H31NO4 129 -3 1000000 3 Urine 50% 

Corticosteroid drug Budesonide 51333-22-3 C25H34O6 152 2 2500 8 Urine 60% (all in metabolite 

form) 

Stimulant Caffeine 58-08-02 C8H10N4O2 267 2 16900 10 Urine N/A 

Beta blocker Carazolol 57775-29-8 C18H22N2O2 171 0 9500 3 N/A N/A 

Antiepileptic Carbamazepine 298-46-4 C15H12N2O 187 -1 166700 
 

Urine N/A 

Antihistamine Cetirizine 83881-51-0 C21H25ClN2O3 265 3 39 7 Urine 70-85% 

Antibiotic Chloramphenicol 56-75-7 C11H12Cl2N2O5 162 1 1000000 9 N/A N/A 

Antibiotic Ciprofloxacin 85721-33-1 C17H18FN3O3 282 4 19 2 Faeces/urine 62% / 45% (27% 

unchanged) 

Antidepressant Citalopram 59729-33-8 C20H21FN2O 295 4 36 10 Urine 12-23% unchanged 

Antibiotic Clarithromycin 81103-11-9 C38H69NO13 263 3 3670 10 Urine 20-30% 

Antiplatelet drug Clopidogrel 113665-84-2 C16H16ClNO2S 361 0 10810 8 Urine 50% 

Antipsychotic Clozapine 5786-21-0 C18H19ClN4 287 2 20 2 Urine 50% 



Category Compound CAS number Molecular 

formula 

MW        

(g mol-1) 

Log 

Kow
a 

Water 

solubility 

at 25 OC 

(mg L-1)b 

pKa
c Main 

elimination 

routed 

% excretione 

Opiates, opioids and 

metabolites 

Codeine 76-57-3 C18H21NO3 315 1 4250 9 Urine 90% (10% unchanged) 

Insect repellents DEET 134-62-3 C12H17NO 329 4 35 10 Urine 50% 

Sedative Diazepam 439-14-5 C16H13ClN2O 188 0 100000 1 Urine N/A 

NSAID Diclofenac 15307-86-5 C14H11Cl2NO2 218 1 500 12 Urine 70% 

Antihypertensive Diltiazem 42399-41-7 C22H26N2O4S 259 3 62 10 Urine 2-4% unchanged 

Personal care product Enzacamene 36861-47-9 C18H22O 169 1 78800 9 Faeces/urine N/A 

Antihistamine Fexofenadine 83799-24-0 C32H39NO4 249 3 10 7 Faeces/urine 80% / 11 % 

Antifungal Fluconazole 86386-73-4 C13H12F2N6O 314 0 74530 8 Urine 80% unchanged & 11% 

as metabolites 

Antidepressant Fluoxetine 54910-89-3 C17H18F3NO 138 2 2240 3 Urine N/A 

Diuretic Hydrochlorothiazide 58-93-5 C7H8ClN3O4S2 202 2 1000 5 Urine N/A 

Anticancer Ifosfamide 3778-73-2 C7H15Cl2N2O2P 305 5 4 10 Urine 70-86% (61% 

unchanged) 

Contrast agent Iopromide 73334-07-3 C18H24I3N3O8 418 5 0 4 Urine 97% 

Antihypertensive Irbesartan 138402-11-6 C25H28N6O 272 0 16250 8 Faeces/urine 80% / 20% 

Antiepileptic Lamotrigine 84057-84-1 C9H7Cl2N5 392 0 8812 6 Urine 94% (46-87 % as 

metabolites) 

Anesthetic Lidocaine 137-58-6 C14H22N2O 253 1 379 2 Urine 5 % unchanged 

Contrast agent Loperamide 53179-11-6 C29H33ClN2O2 356 3 3000 4 Faeces N/A 

Antihypertensive Losartan 114798-26-4 C22H23ClN6O 308 0 250000 -2 Faeces/urine 65% / 35% (6% 

unchanged) 

NSAID Meclofenamic acid 644-62-2 C14H11Cl2NO2 372 6 0 9 Urine/faeces 35% / 62% 

NSAID Mefenamic acid 61-68-7 C15H15NO2 201 2 50 10 Urine/faeces 20% 

Alzheimer Memantine 19982-08-2 C21H21N 263 3 1151 9 Urine 48% unchanged 

Antidiabetic Metformin 657-24-9 C4H11N5 290 1 400 7 Urine 90% 



Category Compound CAS number Molecular 

formula 

MW        

(g mol-1) 

Log 

Kow
a 

Water 

solubility 

at 25 OC 

(mg L-1)b 

pKa
c Main 

elimination 

routed 

% excretione 

Antifungal 

preservative 

Methylparaben 99-76-3 C8H8O3 435 4 1 4 N/A N/A 

Antihypertensive Metoprolol 37350-58-6 C15H25NO3 277 3 312 9 Urine 5% unchanged 

Antibiotic Metronidazole 443-48-1 C6H9N3O3 428 5 0 4 Urine 60-80% 

Metabolite of 

antibiotic 

Metronidazole-OH 4812-40-2 C6H9N3O4 256 3 140 6 N/A N/A 

Antidepressant Mirtazapine 85650-52-8 C17H19N3 234 2 4100 8 Urine/Faeces 75% /15% 

Stimulant Nicotine 54-11-5 C10H14N2 477 5 0 14 Urine 10% unchanged 

NSAID Niflumic acid 4394-00-7 C13H9F3N2O2 422 4 0 4 N/A N/A 

Antidepressant Norfluoxetine 56161-73-0 C16H16F3NO 295 6 30 4 N/A N/A 

Antidepressant O-

Desmethylvenlafaxine 

93413-62-8 C16H25NO2 241 5 20 4 Urine 45% unchanged 

Antibiotic Ofloxacin 82419-36-1 C18H20FN3O4 179 3 8 10 Urine 65-80% unchanged 

Sedative Oxazepam 604-75-1 C15H11ClN2O2 129 -3 1000000 3 Urine 21% unchanged 

Opiates, opioids and 

metabolites 

Oxycodone 76-42-6 C18H21NO4 152 2 2500 8 Urine 74% (9% unchanged) 

Antidepressant Paroxetine 61869-08-7 C19H20FNO3 267 2 16900 10 Urine 64% (2% unchanged) 

NSAID Phenazone 60-80-0 C11H12N2O 171 0 9500 3 N/A N/A 

Antiepileptic Primidone 125-33-7 C12H14N2O2 187 -1 166700 
 

Urine 73-81 % 

Beta blocker Propranolol 525-66-6 C16H21NO2 265 3 39 7 Urine 91% (as metabolite form) 

Vitamin Pyridoxine (Vitamin 

B6) 

65-23-6 C8H11NO3 162 1 1000000 9 Urine N/A 

Taxoplasmosis 

treatment 

Pyrimethamine 58-14-0 C12H13ClN4  282 4 19 2 N/A N/A 

Antisecretory agent Ranitidine 66357-35-5 C13H22N4O3S 295 4 36 10 Urine 30% unchanged 

NSAID Salicylic acid 69-72-7 C7H6O3 263 3 3670 10 N/A N/A 

Personal care product Sebacic acid 111-20-6 C10H18O4 361 0 10810 8 N/A N/A 



Category Compound CAS number Molecular 

formula 

MW        

(g mol-1) 

Log 

Kow
a 

Water 

solubility 

at 25 OC 

(mg L-1)b 

pKa
c Main 

elimination 

routed 

% excretione 

Antidepressant Sertraline 79617-96-2 C17H17Cl2N 287 2 20 2 Urine mostly metabolite 

Statins Simvastatin 79902-63-9 C25H38O5 315 1 4250 9 Faeces/urine 60% / 13% 

Beta blocker Sotalol 3930-20-9 C12H20N2O3S 329 4 35 10 Urine 80-90% unchanged 

Antibiotic Sparfloxacin 110871-86-8 C19H22F2N4O3 188 0 100000 1 N/A N/A 

Antibiotic Sulfamethoxazole 723-46-6 C10H11N3O3S 218 1 500 12 Urine 85% (30% unchanged) 

NSAID Sulindac 38194-50-2 C20H17FO3S 259 3 62 10 Urine N/A 

Personal care product Sulisobenzone 4065-45-6 C14H12O6S 169 1 78800 9 N/A N/A 

NSAID Tamoxifen 10540-29-1 C26H29NO 249 3 10 7 Faeces/urine 27% / 25% 

Antihelminthic Thiabendazole 148-79-8 C10H7N3S 314 0 74530 8 Almost completely metabolised 

NSAID Tramadol 27203-92-5 C16H25NO2 138 2 2240 3 Urine 90% (30% unchanged) 

Antibiotic Trimethoprim 738-70-5 C14H18N4O3 202 2 1000 5 Urine 50%-60% (80% 

unchanged) 

Antihypertensive Valsartan 137862-53-4 C24H29N5O3 305 5 4 10 Faeces/urine 83% / 13% (20% as 

metabolites) 

Antidepressant Venlafaxine 93413-69-5 C17H27NO2 418 5 0 4 Urine 87% (5% unchanged) 

Remark 

a & b - WSKOW v1.42 estimate, (EPI: Estimation Program Interface (EPI) Suite, from EPA US environmental protection agency); https://www.epa.gov/tsca-

screening-tools 

c - Physico chemical property of compounds; https://go.drugbank.com/ 

d & e - Elimination route option from the property option of compounds; https://go.drugbank.com/



Table S2-B. Photo-chemical properties for OMPs investigated in this study 

Compound KOH*                     

(M-1 S-1) x109 

Reference ɛ (M-1cm-1) x103 

@ 254 nm 

Φ (mol/einstein)  
x10-3 

pH Reference 

Albuterol (Salbutamol) 6 (Mathon et al., 2021) 0 29 7 (Li et al., 2022) 

Amitriptyline 8 (Nassar et al., 2017) 12.0 65 6.1 (Nassar et al., 2017) 

Amlodipine besylate N/A   37.3 4 7 (Zhu et al., 2015) 

Amoxicillin 5 (Wols et al., 2012) 1.20 372 7 (Wols et al., 2012) 

Atenolol 7 (Wols et al., 2014) 0.35 65 6.4 (Wols et al., 2014) 

Atorvastatin (Lipitor) 19 (Zoumpouli et al., 2020) N/A 0.024 7 (Ping et al., 2021) 

Azithromycin 3 (Zoumpouli et al., 2020) 0.02 1220 7 (Voigt et al., 2017) 

Caffeine 6 (Wols et al., 2012) 3.92 1.8 8 (Wols et al., 2012) 

Carbamazepine 8 (Wols et al., 2012) 6.07 0.6 7 (Wols et al., 2012) 

Chloramphenicol 6 (Wols et al., 2012) 4.33 84.0 7.5 (Wols et al., 2012) 

Ciprofloxacin 6 (Pereira et al., 2007) 12.9 44.2 7 (Guo et al., 2013) 

Citalopram N/A   N/A 0.26 9 (Kwon et al., 2005) 

Clarithromycin 4 (Mathon et al., 2021) N/A N/A     

DEET 8   1.0 3.9 7.8 (Zhou et al., 2020) 

Diazepam 6 (You et al., 2021) 16.4 2.0 7 (You et al., 2021) 

Diclofenac 8 (Wols et al., 2012) 4.8 293.0 7 (Wols et al., 2012) 

Diltiazem N/A   39.2 498 7 (Zhu et al., 2015) 

Fluconazole 4 (Lee et al., 2014) 0.44 23 7 (Chen et al., 2014) 

Fluoxetine 9 (Wols et al., 2014) 0.73 410 7 (Wols et al., 2014) 

Hydrochlorothiazide  6 (Wols et al., 2012) 6.65 41 7 (Wols et al., 2012) 

Ifosfamide 4 (Wols et al., 2013) N/A N/A   (Wols et al., 2013) 

Iopromide 3 (Wols et al., 2012) 21.0 39 7 (Wols et al., 2012) 

Lamotrigine 2 (Keen et al., 2014) 6.8 0.0 6 (Keen et al., 2014) 

Lidocaine 10 (Lee et al., 2014) N/A N/A     

Losartan N/A   12.3 13 6 (Starling et al., 2019) 



Compound KOH*                     

(M-1 S-1) x109 

Reference ɛ (M-1cm-1) x103 

@ 254 nm 

Φ (mol/einstein)  
x10-3 

pH Reference 

Mefenamic acid 11 (Wols et al., 2012) 5.5 4.7 10 (Wols et al., 2012) 

Memantine 6 (Papac et al., 2023) N/A N/A     

Metformin 1 (Wols et al., 2014) 0.9 14.0 7 (Wols et al., 2014) 

Methylparaben 7 (Zoumpouli et al., 2020)& 14.9 0.7 6 (Alvarez et al., 2020) 

Metoprolol 8 (Wols et al., 2012) 0.001 34.7 7 (Wols et al., 2012) 

Metronidazole 18 (Wols et al., 2012) 2.1 3.5 7 (Wols et al., 2012) 

Nicotine 2 (Hoa et al., 2023) N/A N/A     

Ofloxacin 4 (Márquez et al., 2013) 11.9 1.8 7 (Márquez et al., 2013) 

Oxazepam 6 (You et al., 2021) 17.5 1.7 7 (You et al., 2021) 

Oxycodone N/A   N/A N/A     

Paroxetine 10 (Wols et al., 2014) 0.3 210.0 7 (Wols et al., 2014) 

Phenazone 8 (Wols et al., 2012) 8.6 33.7 7 (Wols et al., 2012) 

Primidone 7 (Wols et al., 2012) 0.2 82.0 7 (Wols et al., 2012) 

Propranolol 11 (Wols et al., 2014) 1.3 32.0 3.9-5.5 (Wols et al., 2014) 

Ranitidine 15 (Wu et al., 2021) 0.5 12.0 9 (Dong et al., 2017) 

Salicylic acid 22 (Milovac et al., 2014) N/A N/A     

Sertraline N/A   0.4 17.0 4 to 9 (Drossou et al., 2022) 

Simvastatin N/A   N/A N/A     

Sotalol 8 (Wols et al., 2014) 0.4 390.0 7 (Wols et al., 2014) 

Sulfamethoxazole 6 (Wols et al., 2014) 13.0 84.0 7 (Wols et al., 2014) 

Thiabendazole N/A   11.0 2.3 5 (Ibarz et al., 2016) 

Tramadol 6 (Zimmermann et al., 2012) N/A N/A     

Trimethoprim 6 (Wols et al., 2012) 2.9 1.2 7 (Wols et al., 2012) 

Valsartan 10 (Zoumpouli et al., 2020) N/A N/A     

Venlafaxine 9 (Wols et al., 2014) 0.4 97.0 7 (Wols et al., 2014) 



Table S3. Internal standard compounds used in analyses 

1 4-bromophenol-2,3,5,6-

d5_NEG 

21 Rantidine,D6 41 Dimethyl phthalate-3,4,5,6-d4 

2 Atenelol-D7 22 Tramadol.13C,D3 42 Fluoxetine,D5 

3 Atorvastatin, D5 23 Trimethoprim,D9 43 Heroin-d10 

4 Azithromycin, D3 24 Trimethoprim,D9_2 44 Irbesartan,D7 

5 Bezafibrate,D4 25 Venlafaxine 45 Isoproturon,D3 

6 Caffeine_13C3 26 Citalopram, D4 46 Mefenamic acid,13 C6 

7 Carbamazepine-D10 27 1H-benzotriazole 47 Methadone-D3 

8 Ciprofloxacin, D8 28 2-ethyl-hexyl-methoxycinamate 48 Metronidazole-(ethylene)-d4 

9 Cis-sertraline, D3 29 4-bromophenol-2,3,5,6-d4 49 Morphine-d3 

10 Codeine_D3 30 Acetaminophen-d4 50 Nicotine-d4 

11 Diazepam_D5 31 Benzophene-d10 51 Octocrylene,D15 

12 Erythromycin-d3-13C 32 Benzyl butyl phthalate-d4 52 Oxybenzone-(phenyl)-d5 

13 Furosemide,D5 33 Bis (2-ethylhexyl)phtalate 3,4,5,6-d4 53 Propylparaben,D7 

14 Hydrochlorothiazadie,13C,D2 34 Citalopram-d4 54 Sucralose-d 

15 Lidocaine-(diethyl),D10 35 DEET, D10 55 Sulfamethoxazole,D4 

16 Losartan D4 36 Dibutyl phthalate-d4 56 Triphenyl phosphate-d15(TPHP-d15) 

17 Metronidazole-d4 37 Diclofenac,13 C6 57 Tris-2-2chlorocetyl phosphate-d12 

18 Naproxen,D3 38 Diclofenac_13 C7     

19 Ofloxacin, D3 39 Diethyl phthalate-3,4,5,6-d4     

20 Oxazepam,D5 40 Dialtiazem,D4     



Table S4. Characteristics of the urine used in experiments 

Analysis type Value 

Total solids 0.213 g L-1 

Volatile solids 0.135 g L-1 

pH 6.2 @ 20.8 oC 

Conductivity 11.09 mS @ 20.8 oC 

Total P 0.308 g L-1 

Total Ca 0.06 g L-1 

Total K 1.061 g L-1 

Total Na 1.361 g L-1 

Total S 0.287 mg L-1 

Total Mg 0.052 g L-1 

COD 10.1 g L-1 

COD  after 80 minute UV irradiation 8.2 g L-1 

Urea-N control urine 4.50 g L-1 

Urea-N after 80 minute UV irradiation 3.6 g L-1 

NH4-N control urine 281 mg L-1 

NH4-N after 80 minute UV irradiation 223 mg L-1 

Tot-N 6.12 mg L-1 

Tot-N  after 80 minute UV irradiation 6.10 mg L-1 

NO3-N control urine 7.40 mg L-1 

NO3-N  after 80 minute UV irradiation 13.90 mg L-1 



Table S5 Linearity of calibration points 

No. Compound R2 No. Compound R2 No. Compound R2 

1 Albuterol (Salbutamol) 0.9976 26 Enzacamene 0.9989 51 Ofloxacin 0.9877 

2 Amitriptyline 0.9983 27 Fexofenadine 0.9922 52 Oxazepam  0.9984 

3 Amlodipine besylate 0.9935 28 Fluconazole 0.9906 53 Oxycodone 0.9901 

4 Amoxicillin 0.9899 29 Fluxetine 0.9906 54 Paroxetine 0.9953 

5 Atenelol 0.9974 30 Hydrochlorothiazide 0.999 55 Phenazone 0.9967 

6 Atovstatin (Lipitor) 0.9949 31 Ifosfamide 0.9923 56 Primidone 0.9966 

7 Azithromycin 0.9937 32 Iopromide 0.995 57 Propranolol 0.9936 

8 Bicalutamide 0.9977 33 Irbesartan 0.9614 58 Pyridoxine 0.996 

9 Bisoprolol 0.9989 34 Lamotrigine 0.9814 59 Pyrimethamine 0.9969 

10 Budesonide 0.9995 35 Lidocaine 0.997 60 Rantidine 0.9982 

11 Caffeine  0.9996 36 Loperamide 0.9867 61 Salicilic acid 0.996 

12 Carazolol 0.9895 37 Losartan 0.9991 62 Sebacic acid 0.9762 

13 Carbamazepine 0.9754 38 Meclofenamic acid 0.9878 63 Sertraline 0.9998 

14 Cetirizine 0.9987 39 Mefenamic acid 0.9966 64 Simvastatin 0.9916 

15 Chloramphenicol 0.9981 40 Memantine 0.9936 65 Sotalol 0.9984 

16 Ciprofloxacin 0.9969 41 Metformin 0.9955 66 Sparofloxacin 0.9655 

17 Citalopram 0.9902 42 Methylparaben 0.9828 67 Sulfamethoxazole 0.9991 

18 Clatihromycin 0.9904 43 Metoprolol 0.9968 68 Sulindac 0.9944 

19 Clopidogrel 0.9929 44 Metronidazole 0.9834 69 Sulisobenzone 0.9906 

20 Clozapine 0.9957 45 Metronidazole-OH 0.9923 70 Tamoxifen 0.9893 

21 Codeine 0.9966 46 Mirtazapine 0.9865 71 Thiabendazole 0.9988 

22 DEET 0.9845 47 Nicotine 0.9997 72 Tramadol 0.9947 

23 Diazepam 0.9928 48 Nilfumic acid 0.9808 73 Trimethoprim 0.9934 

24 Diclofenac 0.9948 49 Norfloxetine 0.9989 74 Valsatran 0.9959 

25 Diltiazepam 0.9997 50 O-desmethylvenlafaxine 0.998 75 Venlafaxine 0.9997 



 

Table S6 Limit of quantification of target OMPs 

No.  Compound LOQ 

(µg L-1) 

LOQ 

(nM) 
No.  Compound LOQ 

(µg L-1) 

LOQ 

(nM) 
No.  Compound LOQ 

(µg L-1) 

LOQ 

(nM) 
1 Albuterol (Salbutamol) 0.03 0.13 26 Enzacamene 0.15 0.61 51 Ofloxacin 0.25 0.69 

2 Amitriptyline 0.32 1.15 27 Fexofenadine 0.14 0.28 52 Oxazepam 0.05 0.18 

3 Amlodipine besylate 0.10 0.26 28 Fluconazole 0.25 0.82 53 Oxycodone 0.87 2.76 

4 Amoxicillin 0.09 0.24 29 Fluoxetine 0.74 2.39 54 Paroxetine 0.25 0.76 

5 Atenolol 0.13 0.49 30 Hydrochlorothiazide 0.05 0.17 55 Phenazone 0.10 0.55 

6 Atovastatin (Lipitor) 0.21 0.38 31 Ifosfamide 1.20 4.61 56 Primidone 4.40 20.17 

7 Azithromycin 2.60 3.47 32 Iopromide 0.07 0.09 57 Propranolol 0.11 0.42 

8 Bicalutamide 0.08 0.17 33 Irbesartan 0.25 0.58 58 Pyridoxine (Vitamin B6) 0.12 0.70 

9 Bisoprolol 0.14 0.43 34 Lamotrigine 0.11 0.43 59 Pyrimethamine 0.95 3.82 

10 Budesonide 0.46 1.07 35 Lidocaine 0.19 0.81 60 Ranitidine 2.70 8.60 

11 Caffeine 0.03 0.13 36 Loperamide 0.85 1.78 61 Salicylic acid 5.50 39.86 

12 Carazolol 1.00 3.35 37 Losartan 0.06 0.14 62 Sebacic acid 0.16 0.80 

13 Carbamazepine 0.11 0.47 38 Meclofenamic acid 3.40 11.53 63 Sertraline 1.60 5.25 

14 Cetirizine 0.02 0.06 39 Mefenamic acid 0.26 1.08 64 Simvastatin 0.06 0.15 

15 Chloramphenicol 0.55 1.71 40 Memantine 0.25 1.39 65 Sotalol 0.02 0.07 

16 Ciprofloxacin 0.11 0.33 41 Metformin 0.07 0.50 66 Sparfloxacin 0.07 0.17 

17 Citalopram 0.12 0.36 42 Methylparaben 1.80 11.84 67 Sulfamethoxazole 1.80 7.11 

18 Clarithromycin 0.05 0.07 43 Metoprolol 0.02 0.07 68 Sulindac 0.14 0.38 

19 Clopidogrel 0.07 0.23 44 Metronidazole 0.87 5.08 69 Sulisobenzone 0.43 1.40 

20 Clozapine 0.01 0.03 45 Metronidazole-OH 0.17 0.92 70 Tamoxifen 0.15 0.40 

21 Codeine 0.89 2.97 46 Mirtazapine 0.04 0.14 71 Thiabendazole 0.18 0.90 

22 DEET  0.16 0.84 47 Nicotine 0.16 0.99 72 Tramadol 0.13 0.49 

23 Diazepam 0.12 0.42 48 Niflumic acid 0.13 0.47 73 Trimethoprim 0.24 0.83 

24 Diclofenac 0.57 1.93 49 Norfluoxetine 0.16 0.54 74 Valsartan 1.20 2.76 

25 Diltiazem 0.03 0.07 50 O-Desmethylvenlafaxine 0.13 0.49 75 Venlafaxine 0.98 3.54 



Table S7 Target OMP concentration in Blank controls and control urine samples 

Compounds LOQ 

(µg L-1 ) 

Untreated 

water  

(µg L-1 ) 

Blank milliQ  

water   

(µg L-1 ) 

Lab Blank  

(µg L-1 ) 

Untreated 

Urine   

(µg L-1 ) 

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 

Iopromide 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 

(µg L-1 ) 

Untreated 

water  

(µg L-1 ) 

Blank milliQ  

water   

(µg L-1 ) 

Lab Blank  

(µg L-1 ) 

Untreated 

Urine   

(µg L-1 ) 

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% Iopromide 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 

(TCEP-d12) 

109% Niflumic acid 88% 

Venlafaxine, D6 100% Norfluoxetine 72% 

Average recovery 93% O-

Desmethylvenlafaxine 

97% 

Standard deviation 26% Ofloxacin 97% 

  Oxazepam 97% 

  Oxycodone 101% 

  Paroxetine 67% 

  Phenazone 100% 

  Primidone 100% 

  Propranolol 98% 

  Pyridoxine (Vitamin 

B6) 

78% 

  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% 

 



Table S9. Average degradation of Target OMP in water and urine upon different level 

Treatment time (min) %Average degradation 

UV dose (mJ cm-2 ) Water Standard deviation Urine Standard deviation 

1 3 75% 30% 11% 15% 

2.5 6 82% 27% 11% 12% 

5 13 93% 17% 14% 15% 

10 26 95% 16% 19% 18% 

20 52 97% 13% 27% 24% 

40 103 98% 10% 41% 31% 

80 206 99% 4% 55% 36% 



Table S10. Calculated k-value of target OMPs water and real urine upon 80 min UV irradiation and estimated predicted t50, t90 and E90 

of target OMPs based on k values 

Compound UV-treated Water UV-treated Urine 
k 

(min-1) 
R² number of 

data points 

used to 

calculate k 

t50 

(min-1) 

t90 

(min-1) 

E90 

(kWh m-3) 

k (min-1) R² number of 

data points 

used to 

calculate k 

t50 

(min-1) 

t90 

(min-1) 

E90 

(kWh m-3) 

Albuterol (Salbutamol) 0.99 0.87 5 0.70 2.3 1.9 0.0153 0.67 8 45 150 125 
Amitriptyline 1.24 0.98 4 0.56 1.9 1.5 0.0108 0.82 8 64 213 178 
Amlodipine besylate 5.2* 1.00 2 0.13 0.4 0.4 0.0273 0.83 8 25 84 70 
Amoxicillin 1.18 0.96 4 0.59 1.9 1.6 0.0195 1.00 8 36 118 98 
Atenolol 0.85 0.96 5 0.81 2.7 2.2 N/A N/A 

Atovastatin (Lipitor) 5.45 1.00 2 0.13 0.4 0.4 0.0138 0.73 8 50 167 139 
Azithromycin 0.11 0.99 5 6.41 21.3 17.7 N/A N/A 

Bicalutamide 0.88 0.66 5 0.79 2.6 2.2 0.0301 0.95 8 23 76 64 
Bisoprolol 0.34 0.59 6 2.05 6.8 5.7 N/A N/A 

Budesonide 5.4* 1.00 2 0.13 0.4 0.4 0.0263 0.47 8 26 88 73 
Caffeine 0.16 0.99 7 4.22 14.0 11.7 N/A N/A 

Carazolol 5.3* 1.00 2 0.13 0.4 0.4 0.0080 0.90 8 87 288 240 
Carbamazepine 0.37 0.99 6 1.85 6.1 5.1 0.0075 0.95 8 92 307 256 
Cetirizine 2.88 0.83 3 0.24 0.8 0.7 0.0163 0.92 8 43 141 118 
Chloramphenicol 2.75 0.86 3 0.25 0.8 0.7 0.0374 0.96 8 19 62 51 
Ciprofloxacin 0.30 0.72 6 2.28 7.6 6.3 0.0117 0.87 8 59 197 164 
Citalopram 1.43 0.90 4 0.48 1.6 1.3 0.0071 0.82 8 98 324 270 
Clarithromycin 0.37 0.96 6 1.86 6.2 5.2 0.0011 0.66 8 630 2093 1744 
Clopidogrel 2.61 0.82 3 0.27 0.9 0.7 0.0646 0.94 8 11 36 30 
Clozapine 1.11 0.54 4 0.62 2.1 1.7 N/A N/A 

Codeine 4.8* 1.00 2 0.14 0.5 0.4 0.0197 0.92 8 35 117 97 
DEET 0.65 0.82 5 1.07 3.6 3.0 0.0077 0.97 8 90 299 249 
Diazepam 0.81 0.92 5 0.86 2.9 2.4 0.0141 0.99 8 49 163 136 
Diclofenac 5.9* 1.00 2 0.12 0.4 0.3 0.0497 0.96 8 14 46 39 
Diltiazem 1.39 0.92 4 0.50 1.7 1.4 0.0405 0.99 8 17 57 47 
Enzacamene 1.24 0.90 5 0.56 1.9 1.5 0.0529 0.71 8 13 44 36 
Fexofenadine 2.84 0.85 3 0.24 0.8 0.7 0.0174 0.94 8 40 132 110 



Compound UV-treated Water UV-treated Urine 
k 

(min-1) 
R² number of 

data points 

used to 

calculate k 

t50 

(min-1) 

t90 

(min-1) 

E90 

(kWh m-3) 

k (min-1) R² number of 

data points 

used to 

calculate k 

t50 

(min-1) 

t90 

(min-1) 

E90 

(kWh m-3) 

Fluconazole 0.40 0.99 6 1.74 5.8 4.8 0.0047 0.98 8 147 490 408 
Fluoxetine 5.3* 1.00 2 0.13 0.4 0.4 0.0182 0.55 8 38 127 105 
Hydrochlorothiazide 0.84 0.04 5 0.83 2.7 2.3 0.0394 0.99 8 18 58 49 
Ifosfamide 0.12 0.98 7 5.97 19.8 16.5 N/A N/A 

Iopromide 7.7* 1.00 2 0.09 0.3 0.2 0.0534 0.95 8 13 43 36 
Irbesartan 1.42 0.88 4 0.49 1.6 1.4 0.0118 0.88 8 59 195 163 
Lamotrigine 0.71 0.96 5 0.98 3.3 2.7 0.0116 0.97 8 60 198 165 
Lidocaine 0.15 1.00 7 4.67 15.5 12.9 N/A N/A 

Loperamide 1.62 0.80 3 0.43 1.4 1.2 0.0161 0.80 8 43 143 119 
Losartan 1.49 0.82 4 0.46 1.5 1.3 0.0200 0.98 8 35 115 96 
Meclofenamic acid 5.5* 1.00 2 0.13 0.4 0.4 0.0395 1.00 8 18 58 49 
Mefenamic acid 2.81 0.75 3 0.25 0.8 0.7 N/A N/A 

Memantine 0.01 0.96 8 47.48 157.7 131.4 N/A N/A 

Metformin 5.8* 1.00 2 0.12 0.4 0.3 0.0060 0.75 8 116 384 320 
Methylparaben 1.48 0.97 4 0.47 1.6 1.3 0.0013 0.42 8 533 1771 1476 
Metoprolol 0.88 0.95 5 0.78 2.6 2.2 0.0013 0.86 8 533 1771 1476 
Metronidazole 1.06 0.97 4 0.65 2.2 1.8 0.0461 0.99 8 15 50 42 
Metronidazole-OH 1.06 0.96 4 0.66 2.2 1.8 0.0444 0.99 8 16 52 43 
Mirtazapine 2.79 0.68 3 0.25 0.8 0.7 0.0554 0.98 8 13 42 35 
Nicotine 2.21 0.75 3 0.31 1.0 0.9 0.0108 0.97 8 64 213 178 
Niflumic acid 0.62 0.97 5 1.11 3.7 3.1 0.0015 0.50 8 462 1535 1279 
Norfluoxetine 5.3* 1.00 2 0.13 0.4 0.4 0.0322 0.90 8 22 72 60 
O-

Desmethylvenlafaxine 

2.74 0.91 3 0.25 0.8 0.7 0.0021 0.93 8 330 1096 914 

Ofloxacin 0.43 0.69 6 1.62 5.4 4.5 N/A N/A 0 
Oxazepam 0.89 0.96 5 0.78 2.6 2.1 0.0081 0.98 8 86 284 237 
Oxycodone 0.22 1.00 6 3.22 10.7 8.9 0.0235 1.00 8 29 98 82 
Paroxetine 1.84 0.90 3 0.38 1.3 1.0 0.0119 0.36 8 58 193 161 
Phenazone 7.6* 1.00 2 0.09 0.3 0.3 0.0350 0.98 8 20 66 55 
Primidone 0.62 0.97 4 1.12 3.7 3.1 0.0043 0.70 8 161 535 446 



Compound UV-treated Water UV-treated Urine 
k 

(min-1) 
R² number of 

data points 

used to 

calculate k 

t50 

(min-1) 

t90 

(min-1) 

E90 

(kWh m-3) 

k (min-1) R² number of 

data points 

used to 

calculate k 

t50 

(min-1) 

t90 

(min-1) 

E90 

(kWh m-3) 

Propranolol 0.65 0.98 5 1.07 3.6 3.0 0.0034 0.50 8 204 677 564 
Pyridoxine 1.55 0.78 4 0.45 1.5 1.2 0.0129 0.91 8 54 178 149 
Pyrimethamine 0.13 1.00 7 5.28 17.5 14.6 0.0066 0.94 8 105 349 291 
Ranitidine 6.5* 1.00 2 0.11 0.4 0.3 0.0202 0.62 8 34 114 95 
Salicylic acid 0.62 0.98 4 1.11 3.7 3.1 N/A N/A 

Sebacic acid 0.02 0.84 8 36.29 120.6 100.5 N/A N/A 

Sertraline 0.54 0.95 5 1.28 4.3 3.6 0.0271 0.90 8 26 85 71 
Simvastatin 5.3* 1.00 2 0.13 0.4 0.4 0.0540 0.79 8 13 43 36 
Sotalol 1.64 0.69 4 0.42 1.4 1.2 0.0216 0.98 8 32 107 89 
Sparfloxacin 2.49 0.85 3 0.28 0.9 0.8 0.0559 0.99 8 12 41 34 
Sulfamethoxazole 7.4* 1.00 2 0.09 0.3 0.3 0.0404 0.99 8 17 57 47 
Sulindac 1.44 0.86 4 0.48 1.6 1.3 0.0411 0.98 8 17 56 47 
Sulisobenzone 0.59 0.98 5 1.17 3.9 3.2 N/A N/A 

Tamoxifen 5.1* 1.00 2 0.14 0.5 0.4 0.1266 0.67 7 5 18 15 
Thiabendazole 0.56 0.96 4 1.25 4.1 3.4 0.0109 0.97 8 64 211 176 
Tramadol 1.34 0.95 4 0.52 1.7 1.4 0.0037 0.95 8 187 622 519 
Trimethoprim 0.20 1.00 6 3.49 11.6 9.7 N/A N/A 

Valsartan 6.3* 1.00 2 0.11 0.4 0.3 0.0080 0.81 8 87 288 240 
Venlafaxine 1.25 0.98 4 0.55 1.8 1.5 0.0016 0.90 8 433 1439 1199 

(N/A)- degradation couldn't be modelled as there were no degradation 

(*) - conservative k value, actual k values are higher than reported values  

t50 (min-1) - half time of OMPs spiked based on respective degradation k value 

t90 (min-1) - half time of OMPs spiked based on respective degradation k value 

E90 (kWh m-3) - Electricity demand required to remove 90% of OMPs spiked based on respective degradation k value 



Table S11. Major functional groups of the 75 OMPs investigated in this study 

No. Compound Arene Amine Alkanol Alkene Aniline Halide Benzene Carboximide Carbonyl Ether Ester Lactam 

1 Albuterol 

(Salbutamol) 
+ + + + 

2 Amitriptyline + + + + 

3 Amlodipine 

besylate 
+ + + + + + + + 

4 Amoxicillin + + + + + + + 

5 Atenolol + + + + + + 

6 Atorvastatin + + + + + + + 

7 Azithromycin + + + + + + 

8 Bicalutamide + + + + + + 

9 Bisoprolol + + + + + 

10 Budesonide + + + + 

11 Caffeine + + + 

12 Carazolol + + + + + 

13 Carbamazepine + + + + 

14 Cetirizine + + + + + + 

15 Chloramphenicol + + + + + + + 

16 Ciprofloxacin + + + + + 

17 Citalopram + + + + + 

18 Clarithromycin + + + + + + 

19 Clopidogrel + + + + + + 

20 Clozapine + + + + + + 

21 Codeine + + + + + 

22 DEET + + + + 

23 Diazepam + + + + + + 

24 Diclofenac + + + + + + + 

25 Diltiazem + + + + + + + 



No. Compound Arene Amine Alkanol Alkene Aniline Halide Benzene Carboximide Carbonyl Ether Ester Lactam 

26 Enzacamene + + + + 

27 Fexofenadine + + + + + + 

28 Fluconazole + + + + + 

29 Fluoxetine + + + + + 

30 Hydrochlorothiazide + + + + + 

31 Ifosfamide + + 

32 Iopromide + + + + + + + 

33 Irbesartan + + + + + + 

34 Lamotrigine + + + + + 

35 Lidocaine + + + + + + 

36 Loperamide + + + + + + + 

37 Losartan + + + + + 

38 Meclofenamic acid + + + + + + + 

39 Mefenamic acid + + + + + + 

40 Memantine + 

41 Metformin 

42 Methylparaben + + + + + 

43 Metoprolol + + + + + 

44 Metronidazole + + + + 

45 Metronidazole-OH + + + + 

46 Mirtazapine + + + + 

47 Nicotine + + 

48 Niflumic acid + + + + + + + 

49 Norfluoxetine + + + + + 

50 O-Desmethyl-

venlafaxine 
+ + + + 

51 Ofloxacin + + + + + + + + 

52 Oxazepam + + + + + + + 



No. Compound Arene Amine Alkanol Alkene Aniline Halide Benzene Carboximide Carbonyl Ether Ester Lactam 

53 Oxycodone + + + + + + 

54 Paroxetine + + + + + 

55 Phenazone + + + 

56 Primidone + + + + + 

57 Propranolol + + + + + 

58 Pyridoxine + + 

59 Pyrimethamine + + + + + 

60 Ranitidine + + + 

61 Salicylic acid + + + + + + 

62 Sebacic acid + 

63 Sertraline + + + + 

64 Simvastatin + + + + + 

65 Sotalol + + + + + 

66 Sparfloxacin + + + + + + 

67 Sulfamethoxazole + + + + 

68 Sulindac + + + + + 

69 Sulisobenzone + + + + + 

70 Tamoxifen + + + + + 

71 Thiabendazole + + + 

72 Tramadol + + + + + 

73 Trimethoprim + + + + 

74 Valsartan + + + 

75 Venlafaxine + + + + + + 

Remark: Functional groups were identified by drawing the chemical structure in an online database (https://epoch.uky.edu/ace/public/fnalGroups.jsp )



Table S12-A Correlation of major functional groups against OMPs degradation in fresh urine 

Functional groups All OMPs Antibiotics Antidepressant Antihypertensive Beta blockers NSAIDs Personal care products 

Arene -0.213 -0.01 -0.38 N/A N/A -0.34 N/A 

Amine -0.123 -0.51 0.56 -0.38 N/A -0.28 0.50 

Alkanol -0.094 -0.55 0.15 0.54 0.11 -0.45 N/A 

Alkene -0.105 0.41 0.24 N/A N/A -0.29 -0.50

Aniline 0.109 0.36 0.47 N/A 0.86 -0.23 N/A 

Aryl Halide 0.242 0.17 0.42 0.54 N/A 0.27 N/A 

Benzene 0.171 0.50 N/A -0.14 N/A N/A 0.50 

Carboximide -0.009 0.07 N/A 0.04 N/A -0.42 N/A 

Carbonyl 0.027 -0.16 N/A 0.39 N/A -0.24 N/A 

Carboxylic Acid 0.114 0.39 N/A 0.14 N/A 0.31 -0.50

Ether -0.164 -0.97 -0.15 -0.37 -0.84 0.04 -0.50

Ester -0.031 -0.56 N/A 0.38 N/A N/A N/A 

Ketone 0.024 -0.33 N/A 0.46 N/A N/A 0.50 

Lactam -0.014 -0.36 N/A 0.47 N/A N/A N/A 

Table S12-B Correlation of photochemical properties of the 75 OMPs with their degradation in fresh urine 

Therapeutic groups KOH* ɛ Φ 

Antibiotics 0.55 0.08 -0.53

Antidepressant 0.13 0.17 0.19 

Antihypertensive 1.00 0.88 0.73 

Beta blockers -0.59 -0.92 0.85 

NSAIDs -0.38 0.31 0.60 

Personal care products N/A N/A N/A 

All OMPs 0.13 0.36 0.26 
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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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