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HIGHLIGHTS

e Degradation of three anti-cancer drugs
by ozonation and UV-irradiation was
shown.

e Capecitabine, Bicalutamide and Irinote-
can are all degradable by UV-
irradiation.

e Capecitabine and Irinotecan, but not
Bicalutamide, are susceptible to direct
ozonation.

e Rate constants for ozonation and quan-
tum yields of photolysis were
calculated.

e Mineralization was low during ozona-
tion, but up to 80% during UV-
irradiation.
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ABSTRACT

The degradation of three anti-cancer drugs (ADs), Capecitabine (CAP), Bicalutamide (BIC) and Irinotecan (IRI),
in ultrapure water by ozonation and UV-irradiation was tested in a bench-scale reactor and AD concentrations
were measured through ultra-high-performance liquid chromatography tandem mass spectrometry (UHPLC-MS/
MS). A low-pressure mercury UV (LP-UV) lamp was used and degradation by UV (4 = 254 nm) followed pseudo-
first order kinetics. Incident radiation in the reactor was measured via chemical actinometry using uridine. The
quantum yields (¢) for the degradation of CAP, BIC and IRI were 0.012, 0.0020 and 0.0045 mol Einstein’l,
respectively. Ozone experiments with CAP and IRI were conducted by adding ozone stock solution to the reactor
either with or without addition of tert-butanol (t-BuOH) as radical quencher. Using this experimental arrange-
ment, no degradation of BIC was observed, so a semi-batch setup was employed for the ozone degradation ex-
periments of BIC. Without t-BuOH, apparent second order reaction rate constants for the reaction of the ADs with
molecular ozone were determined to be 3.5 + 0.8 ¢ 10° L mol * s~ ! (CAP), 79+ 2.1 e 10 'L mol 1s! (BIC)
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and 1.0 & 0.3 ¢ 10° L mol~! s! (IRI). When OH-radicals (¢OH) were quenched, rate constants were virtually the
same for CAP and IRI. For BIC, a significantly lower constant of 1.0 + 0.5 ¢ 10~ L mol ! s was determined. Of
the tested substances, BIC was the most recalcitrant, with the slowest degradation during both ozonation and UV-
irradiation. The extent of mineralization was also determined for both processes. UV irradiation was able to fully
degrade up to 80% of DOC, ozonation up to 30%. Toxicity tests with Daphnia magna (D. magna) did not find
toxicity for fully degraded solutions of the three ADs at environmentally relevant concentrations.

1. Introduction

Cancer was the leading cause of death for people below the age of 70
in 48 countries and the second leading cause in another 43 countries in
2015 (Bray et al., 2018). The cancer incidence is expected to increase by
more than 50% until 2040 (International Agency for Research on Can-
cer, 2020). This increase is caused by multiple factors including growing
and ageing populations. After diagnosis, some of the main treatment
methods are surgery, radiation therapy or administration of ADs during
chemotherapy. Often, these therapies are combined. With an increase in
the number of cancer patients, the amount of administered ADs is likely
to increase as well.

Like other pharmaceuticals, ADs are partly transformed in the body
while parts are excreted unchanged via urine or faeces and end up in
waste water treatment plants (WWTPs). According to a study by (Besse
etal., 2012), only 14% of ADs in France are administered at the hospital,
while the majority is consumed in practical offices or at home. Some ADs
are resistant to complete degradation in WWTPs and from those that
reach the WWTP, a substantial amount is released into the environment
(Gouveia et al., 2020). Concentrations of ADs in the environment are
typically in the range of ng L™}, but despite these low concentrations it
has been shown that some substances potentially pose an environmental
risk at concentrations present in surface waters because of their high
toxicity (Misik et al., 2019).

Ozonation and irradiation by UV light are processes that have been
shown to be able to degrade micropollutants in general, and ADs in
specific in water (Garcia-Costa et al., 2021). By adding a fourth treat-
ment step to WWTPs, the concentration of harmful substances in WWTP
effluent can be reduced, which is why Switzerland decided to finally
upgrade 100 of its biggest WWTPs with a fourth clean-up step until 2035
(Der Bundesrat, 2023).

During ozonation, ozone dissolves in the water and reacts with
substances dissolved in water, including ADs. Ozone can degrade sub-
stances in two ways, by reacting directly or indirectly. Direct ozone
reactions refer to the reaction of ozone with specific moieties of pol-
lutants, like aromatics, olefins and amines. In water, especially when the
pH value is elevated, ozone also produces hydroxyl radicals (eOH),
which are highly reactive and less selective than ozone. This is called
indirect ozonation, because ozone does not react directly with the
degraded compounds. In the presence of eOH, higher mineralization of
organic compounds can therefore be achieved when compared to ozone
alone (Sonntag and Gunten, 2012).

UV light is electromagnetic radiation with a wavelength of 380
nm-100 nm. UV light at wavelengths around 260 nm, which is the ab-
sorption maximum of DNA, is commonly used for disinfection purposes
in the treatment of drinking water and waste water (Salgado et al.,
2013). In addition to its antimicrobial effects, UV light is also used to
degrade organic water components, including micropollutants. It has
been shown, that UV light is also able to degrade ADs (Chatzimpaloglou
et al., 2021).

In general, when photons are absorbed by a molecule, it is lifted from
its energetic ground state into an exited state. There are four ways the
molecule can again return to its ground state: Fluorescence and phos-
phorescence, both of which lead to the emission of a photon, transfer of
the energy onto surrounding molecules as heat and chemical trans-
formation, i.e. rearrangement or bond breakage (Bolton and Cotton,
2008). UV lamps that are commonly used for photodegradation are

LP-UV lamps, which have a main emission line at 1 = 253.7 nm. Alter-
natively, medium pressure UV lamps, which have a much broader
emission spectrum, can be used (Li et al., 2017).

Elimination efficiencies determined in lab-scale experiments can
help when designing fourth treatment stages for WWTPs (Liu et al.,
2020). The objective of this study was to determine the degradation
efficiency of ozonation and UV-irradiation for the degradation of three
ADs, which have been identified as potential priority drugs (Santos
et al., 2017; Olalla et al., 2018). To this end, the quantum yields of the
photodegradation reactions and the second order reaction rate constants
with ozone were determined for CAP, BIC and IRI. Both of these values
are independent of the used reactor and can therefore be compared
between setups relatively easily. In the context of photodegradation,
quantum yields give the number of molecules that are degraded per
Einstein of absorbed photons (Bolton and Stefan, 2002). Additionally,
the ability of both processes to mineralize the three ADs was determined
in mineralization experiments.

2. Materials and methods
2.1. Degradation experiments

2.1.1. Chemicals and stock solutions

CAP and BIC secondary pharmaceutical standards (90-100% purity)
as well as uridine (99% purity) were purchased from Sigma-Aldrich
(Taufkirchen, Germany) while IRI (98% purity) was purchased from
BLD Pharmatech GmbH (Kaiserslautern, Germany). Water and Aceto-
nitrile in HPLC quality and the ¢OH probe compound 4-chlorobenzoic
acid (pCBA) were purchased from VWR International GmbH (Darm-
stadt, Germany). Ultrapure water (R = 18 MQ cm) for the degradation
experiments was taken from an ELGA Purelab station from Veolia Water
Technologies (Celle, Germany). Tert-butanol (t-BuOH, 99% purity) and
sodium sulphite (NapSO3, 98% purity) were bought from Merck
(Darmstadt, Germany). Ozone was produced using an Anseros Ozomat
COM (Tiibingen, Germany). For each AD, stock solutions with concen-
trations of 500 mg L™* and 500 pg L™! in methanol were prepared and
stored at —20 °C. 8 mol L™! t-BuOH and 1 mol L™} NaySOj stock solu-
tions were prepared by dissolving the substance in ultrapure water.

2.1.2. Uridine actinometry

The incident photon flux in the reactor was measured via uridine
actinometry according to (von Sonntag and Schuchmann, 1992). A
0.012 mmol L™ solution of uridine was prepared by dissolving 3 mg of
uridine in 1 L of ultrapure water. After a 15 min lamp warmup time, this
solution was irradiated for 5 min and samples were taken in regular
intervals. The uridine concentration inside the samples was measured by
spectrophotometer at 1 = 262 nm. The conditions for all experiments are
shown in Table 1.

2.1.3. UV degradation and mineralization

All degradation experiments were conducted in a 30 cm high cylin-
drical glass reactor equipped with a central quartz sleeve and a cooling
jacket. The LP-UV lamp used during UV-experiments was a Pen-Ray 3SC-
9 from Analytik Jena US (Upland, USA). The outer diameter of the lamp
and the quartz sleeve were 9.5 mm and 36 mm respectively and the
reactor could hold 390 mL of reaction solution. The pathlength of the
light through the reaction solution was 9 mm. A picture of the setup is
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shown in Fig. 1.

Cooling water (T = 18 °C) was constantly circulated through the
jacket. The reaction solution was mixed by an agitator placed at the
bottom of the reactor. The three ADs were individually tested by evap-
orating the methanol from a set volume of stock solution in a beaker and
then dissolving the remaining substance in unbuffered ultrapure water
to reach a concentration of 1 pg L™}, pH-values were measured once, at
the beginning of the experiment. The irradiation time was 45 min for all
three AD solutions. The lamp was turned on 15 min before each
experiment to ensure a constant light intensity output. UHPLC-samples
were taken in regular intervals and stored at 4 °C until analysis. To
ensure that the observed AD degradation is not due to radicals produced
from low wavelength UV rays, 20 mmol L' of t-BuOH were added as
radical quencher. All experiments were conducted in triplicate. Dark
experiments were done to check for substance loss due to adsorption or
hydrolysis and no reduction in concentration was observed. The results
of these dark experiments can be found in Fig. S1 of the supplementary
information (SI). The molar absorption coefficients were determined
from absorptions spectra of a solution of these compounds in water with
a known concentration. These absorption spectra are shown in Fig. S2 of
the SL

UV mineralization experiments were conducted using the setup
described before but with nominal substance concentrations of 5 mg
L1, degradation times of 120 min and without addition of t-BuOH. In
addition to the DOC measurements, the AD’s concentration during the
DOC experiments was measured by UHPLC-MS/MS after diluting the
samples 1:10000.

2.1.4. Ozone degradation and mineralization

Ozone experiments were conducted in the same reactor as UV ex-
periments. Solutions of the ADs were prepared as described in 2.1.3. and
pH-values were measured at the beginning of the experiment. An ozone
stock solution was prepared by sparging a mixture of ozone and oxygen
through ice-cooled ultrapure water. The concentration of the stock so-
lution was determined via the indigo method. For degradation experi-
ments of CAP and IRI an aliquot of the stock was then transferred into
the reactor. The reactor setup used for this reaction was the same as for
the UV experiments in Fig. 1 but with the lamp turned off.

Since BIC reacted slowly with molecular ozone in our experiments,
BIC ozonation experiments were done in the semi-batch setup shown in
Fig. 1. The ozone/oxygen mixture was channelled through the reactor
constantly at a flow of 20 L h™!. Additionally, experiments with BIC and
PCBA were conducted in a semi-batch setup. pCBA reacts slowly with
ozone, but quickly with eOH and, using this, the second order rate
constant of the reaction of BIC with eOH (k, oy zc) Was determined.
During these experiments, which were again done in triplicate, the
concentration of BIC and pCBA were measured using UHPLC-MS/MS

and ozone was measured via the indigo-method. k,qypc Wwas

Table 1
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calculated using equations (5)—(7).

Ozone degradation experiments were also conducted with 20 mmol
L~! t-BuOH as eOH quencher to determine the reaction rates of the three
ADs with molecular ozone. t-BuOH reacts quickly with ¢OH and ter-
minates the radical chain reaction. Due to the high concentration of t-
BuOH, reactions of ADs with ¢OH were suppressed.

Similar to the UV degradation experiments, UHPLC-MS/MS-samples
were taken in regular time intervals and remaining ozone was imme-
diately quenched by 10 pL of 1 mol L™! sodium sulphite solution in the
vial. The ozone concentration during every experiment was measured
using the indigo-method. All experiments were done in triplicate. The
mineralization experiments were conducted in a semi-batch setup at an
ozone concentration of 1 mg O3 per mg of substance. AD concentrations
were also measured during the mineralization experiments.

2.2. Kinetic calculations

2.2.1. Photodegradation
The degradation of ADs during the UV irradiation followed pseudo-
first order reaction kinetics. The apparent reaction rate constants of the

'

degradation reactions, kyy app»
rithm of the relative concentration of the ADs against the irradiation
time:

AD ,
In ([[A—D]];) = —kyy yppt (@D)]

Pseudo-first order rate constants of photochemical reactions in
general are specific for the used reactor and cannot be compared be-
tween setups. Quantum yields on the other hand are constant for one
compound at specific wavelengths and pH values. Quantum yields were
calculated using equations (2) and (3) (Sharpless and Linden, 2003;
Schwarzenbach et al., 2005, 2003):

were determined by plotting the loga-

kU V.app
=P 2
?="% (2)

where ¢ is the quantum yield for the degradation of the AD during
irradiation with a LP-UV lamp (in mol Einstein’l),
and

Ege(1—107)
ky=——7—7—= 3

ael
with Eg being the incident photon irradiance (in 10 3Es ! cm’z), e the
molar absorption coefficient for the specific AD at 254 nm (in L mol
cm’l), a the absorbance (in cm™!) and I the length of the path the light

takes through the reactor (in cm). ks (in Einstein mol ! s’l) is the spe-
cific rate at which light is absorbed by the AD.

Experimental conditions. Ozone degradation experiments with BIC were conducted at higher ozone concentrations due to BIC’s low reactivity with molecular ozone.

Experiment Irradiation intensity Target steady state ozone pH-value Tested AD Experi-ment Experimental conditions
[Einstein min ! cm’z] concentration [mg O3 L’l] at start concentra-tion [pg duration [min]
|
Uridine actinometry 3.69 ¢10°* - - 5 ultrapure water, 0.012
mmol L™! uridine
UV degradation 3.69 ¢107* - 5.7 1 45 ultrapure water, 20 mM t-
BuOH
UV mineralization 3.69 10 - 5.8 5000 120 ultrapure water
Ozone degradation - 0.15 (CAP and IRI), 1.5 (BIC) 5.7 1 10-15 (CAP and ultrapure water
IRI), 120 (BIC)
Ozone degradation w. t- - 0.15 (CAP and IRI), 1.5 (BIC) 5.6 1 10-15 (CAP and ultrapure water, 20 mM t-
BuOH IRI), 120 (BIC) BuOH
Ozone degradation w. - 1.3 5.7 5 120 ultrapure water, 1 pg L™?
PCBA (only BIC) pCBA
Ozone mineralization - 5 5.6 5000 120 ultrapure water
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Fig. 1. Reactor setup used in the photodegradation experiments (left) and semi-batch ozonation experiments (right). 1: magnetic stirrer; 2: sampling port; 3: quartz
sleeve, 4: LP-UV lamp, 5: bottle for quenching excess ozone, 6: ozone generator. Reactor volume was 390 mL and the reactor was filled with reaction solution through

the fitting on the side. Temperature was adjusted via a cooling jacket (not shown).

2.2.2. Degradation by ozone
In all experiments, ozone was added in excess of the ADs (see

Table 1). Pseudo-first order reaction rates constants (k'03) were calcu-
lated using equation (4):

1n<[[’2DD ]];) = — kot “

Additionally, the measured ozone concentration was used to calculate

the second order reaction rate constant (k”o3 ap) (Dodd et al., 2006;
Sonntag and Gunten, 2012):

'

R .
00 =110 (5)

Equations (4) and (5) were used for the calculation of the rate con-
stant with molecular ozone (k o, 4p) and with both molecular ozone and

«OH (k//OSAD,@P-)‘

2.2.3. Degradation by eOH

k”,om;lC was determined using competition kinetics with pCBA as
probe compound. pCBA has negligible reactivity with molecular ozone
and a rapid reaction with eOH. Therefore, it was assumed that the
removal of pCBA in the experiment was caused only by its reaction with
oOH and the steady-state concentration of eOH as fraction of the ozone
concentration was calculated using the R¢p-concept. Rer refers to the
ratio of concentration of eOH and ozone and was determined to be
constant during a reaction (Elovitz and Gunten, 1999):

Rer= ©

The rate constant of pCBA with ¢OH is known at 5 e 10° L mol ! s~?
and R¢r can therefore be calculated by plotting the logarithm of the
relative pCBA concentration at time t against the Oz-exposure using eq.
(6) (Elovitz and Gunten, 1999). The Oz-exposure corresponds to the area
under the curve of the Os-concentration:

CBA ,
(B2 v f

BIC is degraded by molecular ozone as well as ¢OH. The removal of
BIC can be described by eq. (8) (Garcia-Ac et al., 2010):

ln (%) = (k:OH,pCBA L] ch Jrk"03,BIC,app) /[03]dt (8)

K 0, Bic.app is known from prior experiments so the rate constant of BIC
with eOH can be calculated from equation (8) (Garcia-Ac et al., 2010).

2.3. Toxicity tests with D. magna

Toxicity tests using D. magna were conducted to determine the LCsg
for partially and fully degraded solutions after treatment by UV and
ozone, as well as for the non-degraded substances. The concentration of
the original substances before treatment was 1 pg L™1. This concentra-
tion was chosen to test the compounds at environmentally relevant
conditions. The organisms were cultured and the tests were conducted
according to the OECD procedure (OECD, 2004).

2.4. Reagents and analytical methods

ADs and pCBA were quantified with UHPLC-MS/MS using an Agilent
1290 Infinity II-system coupled to an Agilent 6470 triple quadrupole
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mass spectrometer with an Agilent Jet Stream electrospray ionisation
(ESI) source. The column used was a ZORBAX Eclipse Plus C18 (2.1 x
50 mm, 1.8 pm particle size). Water and acetonitrile with 0.05 % formic
acid were used as eluents A and B at a flow rate of 0.3 mL min . For
each compound, three transitions were detected. The transition with the
highest intensity was used for quantification, the other two for qualifi-
cation. Depending on the compound, positive and negative ionisation
modes were used in multiple reaction monitoring (MRM). Additional
information about the UHPLC-MS/MS-method can be found in table S1
of the SL.

Ozone in aqueous samples was quantified using the indigo method
developed by (Bader, 1982). Indigo concentrations were measured at 4
= 600 nm with a UV1900i spectrophotometer from Shimadzu. For the
mineralization experiments, DOC in the water samples was determined
by a Shimadzu TOC-L¢py analyser.

3. Results and discussion
3.1. Photodegradation kinetics

During the UV degradation experiments, degradation of 97% of CAP,
90% of BIC and 99% of IRI was achieved within 45 min. In Fig. S3 of the
SI, the degradation rates over the course of the experiments can be seen.
The degradation curves can be seen in Fig. 2 with the error bars repre-
senting the standard deviation of the three experiments at each
respective measurement point. The coefficient of determination is >
0.95 for all three graphs. As is clear from Fig. 2, IRI is degraded the
fastest, followed by CAP, while BIC is the substance most resistant to
degradation by UV. The half-life times of the three compounds range
from 6.7 min for IRI to 12.0 min for BIC.

Using the pseudo-first order reaction rate constant from these ex-
periments together with the ks value from equation (3) and the
measured ¢, the quantum yield of the degradation reaction was calcu-
lated. The values of kyv 4 and the quantum yield ¢ can be found in
Table 2. While IRI was degraded the fastest out of the three ADs, CAP
actually has the highest quantum yield. This is because the degradation
rate not only depends on the quantum yield but also on the number of
absorbed photons and therefore the absorbance. The higher absorbance
of IRI at 1 = 254 nm compensates for its lower quantum yield and leads
to an overall quicker degradation when compared to CAP and BIC.

The quantum yields of six environmentally relevant micropollutants
during irradiation with LP-UV lamps at neutral pH-values are also shown
in Table 2, alongside the second order rate constants of the reaction with
molecular ozone. The ozonation rate constants were determined at pH-
values ranging from 5.0 to 7.9, but mostly at neutral pH. Sulfamethox-
azole, Ibuprofen and Diclofenac do have quantum yields, which are two

= Capecitabine
04 e Bicalutamide
Irinotecan
-1 4
—~ -2
o .
g
S 34
£
-4
]
-6

0 10 20 30 40 50
Time [min]

Fig. 2. Photolytic degradation of CAP, BIC and IRI. Initial AD concentration
was 1 pg L7

Chemosphere 356 (2024) 141780

to three orders of magnitude higher than the ones determined for the
tested compounds. However, Carbamazepine has the lowest quantum
yield at 6 e 10~ mol Einstein~!. Metoprolol and Diatrizoate do have
comparable quantum yield to the three ADs.

3.2. Ogzonation kinetics

Degradation efficiencies of CAP, BIC and IRI by ozone in ultrapure
water were individually tested with substance concentrations of 1 pg
L7L. As can be seen in Fig. 3, the degradation of the three ADs in
ozonation experiments is best described by pseudo-first order reaction
kinetics. The ozone concentrations did not change significantly during
the experiment time. The measured ozone concentrations can be found
in Table S2. For the ozonation experiments of CAP and IRI, the reaction
times for a removal > 95% were below 20 min. The absence of addi-
tional organic components in the reaction solution made from ultrapure
water means, that ozone can react with no organic molecules expect for
the AD, which is present in very low concentration. Additionally, the low
pH-value limits the number of eOH that are produced via the reaction of
ozone with OH™ and thereby increases ozone stability (Sonntag and
Gunten, 2012).

The ozonation experiments with BIC were conducted using a semi-
batch setup and the ozone concentration was kept stable by a constant
flow of ozone trough the reactor. The first order reaction rate constant of

the degradation reaction by ozone in the experiments with (kros) and
without t-BuOH (k/ 0s,app) Was determined using eq. (4), second order

rate constants (k”og‘AD and k"o3_AD_app) by equation (5). The results of
these experiments are shown in Table 2.

For CAP and IRI the differences between the second order rate con-
stants of the reaction with and without t-BuOH were small (3.5 ¢ 10° L
mol !s!and 3.5 e 10°L mol !s! for CAP, 1.0 « 103 L mol ! s~ ! and
1.0  10® L mol ! s for IRI). The two compounds are readily degraded
by molecular ozone, so the degradation reaction is dominated by the
direct reaction between the compound and ozone in both experiments.
BIC is degraded by ozone mainly via the indirect pathway, so the
addition of a radical quencher reduced the already slow reaction speed
further from 0.79 L mol ™! s7! to 0.1 L mol~! s™. The slow removal of
BIC without the addition of t-BuOH is probably due to the low produc-
tion of eOH. This is caused by the low concentration of organic sub-
stances in the reaction solution and the low pH-value. The rate constant
of the reaction of BIC with eOH was calculated to be 2.2 + 0.2 o 10° L
mol ™! s71. This is a value that was within the expected range of rate
constants between micropollutants and eOH (Sudhakaran and Amy,
2013). Other authors reported substantial degradation of BIC during
ozonation (Azuma et al., 2019), which might be due to higher concen-
tration of eOH during their experiments. CAP and IRI react quickly with
molecular ozone and it was not possible to determine the rate constants
of these substances with ¢OH using the same method.

Typically, ozone reacts quickly with electron-rich moieties. The
molecular structures of CAP, BIC and IRI are shown in Fig. S4. Possible
sites of attack in CAP are the free electron pairs of secondary and tertiary
amines and double bonds. Both of these moieties are present in IRI as
well, in addition ozone might react with the aromatic quinoline-ring.
BIC is degraded very slowly by ozone due to its relatively electron-
deficient amide and sulfone groups. The aromatic rings in BIC are
substituted with Fluor and CFs, respectively, which decreases their
electron density and reactivity towards ozone (Sonntag and Gunten,
2012).

Out of the six MPs shown in Table 2, Metoprolol reacts the most
comparable to CAP and IRI, while Ibuprofen’s rate constant is closest to
BIC. Carbamazepine, Diclofenac and Sulfamethoxazole are all degraded
faster by ozone than the tested ADs at comparable conditions. As can be
seen in Table 2, ozonation is a suitable process to degrade CAP and IRI in
water, since the reactivity of these two ADs with molecular ozone is in
the range of 1.0 e 10% L mol™! s1. Therefore, these two compounds
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Table 2
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Reaction rate parameters of the ADs during UV irradiation and ozonation and quantum yields. Errors represent the standard deviation of values obtained during three
experiments. For comparison, ozonation rate constants and quantum yields of five common micropollutants are also shown.

Substance k'wapp ti/auv @ap v [mol k"o3 Apapp [L k"03 Ap [L K, on [L Sources
[min1] [min] Einstein '] mol s mol s mol 1571
CAP 0.078 + 8.9 0.012 3.5+ 0.810° 3.5+0.310° - This study
0.014
BIC 0.058 + 12.0 0.005 7.9 +21e107} 1.0 £ 0.5 107! 2.2 + 0.2010° This study
0.017
IRI 0.103 + 6.7 0.002 1.0+ 0.3 e10° 1.0 + 0.3 ¢10° - This study
0.012
Carba-mazepine - - 6e10°* - 3.0 0 10° - (Pereira et al., 2007; McDowell et al.,
2005)
Diatrizoate - - 0.070 - 1.8 - (Allard et al., 2016; Ning and
Graham, 2008)
Diclofenac - - 0.190 - 1.8 ¢ 10* - (Keen et al., 2013; Vogna et al.,
2004)
Ibuprofen - - 0.103 - 9.6 - (Luo et al., 2018; Huber et al., 2003)
Metoprolol - - 0.006 - 2.0 ¢ 10° - (Benner et al., 2008; Rivas et al.,
2010)
Sulfa- - - 0.250 - 4.4 010° - (Hopanna et al., 2020; Dantas et al.,
methoxazole 2008)
0 &o0-0 —0- - -0 - - _ ¢g--__¢
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Fig. 3. Ozonation of the three ADs with (right) and without (left) t-BuOH. The initial AD concentration in all experiments was 1 pg L.

should be completely eliminated at ozone doses typically applied in
waste water treatment (Sonntag and Gunten, 2012). During ozonation,
BIC on the other hand is mostly degraded by eOH, resulting in insuffi-
cient degradation at standard ozone doses (Garcia-Costa et al., 2022).

Predicted no-effect concentrations (PNEC) are concentrations at
which no adverse effect of a substance on the environment is expected
(Roman et al., 1999). The PNEC values of CAP, BIC and IRI are 0.077 pg
L7, 10 pg L' and 0.023 pg L7, values that are close to, or in the case of
IRI even higher, than measured or predicted environmental concentra-
tions (Olalla et al., 2018; Panter et al., 2012; Venancio et al., 2023). This
highlights the need to reduce the input of these ADs into the environ-
ment. Of the two tested processes, UV irradiation is able to achieve
degradation > 90% of all three ADs, while ozonation can only degrade
CAP and IRI at concentrations typical for advanced waste water
treatment.

3.3. Mineralization

Mineralization refers to the degradation of organic molecules into
inorganic ions, water and CO5. If only partial degradation is achieved, so
called transformation products (TPs) are created. TPs are not necessarily
less toxic, which has been shown for TPs of Sulfamethoxazole (Majew-
sky et al., 2014). It was also shown, that TPs of the anticancer drug
cyclophosphamide exhibit a higher toxicity than the drug itself (Lee
etal., 2021). That is why a high mineralization rate is generally desired.

Mineralization rates were determined via DOC measurements, which
is a common and relatively easy way to measure the degree of miner-
alization in water samples. The experiments were conducted with a
nominal substance concentration of 5 mg L ™! so the DOC-concentration
could be measured throughout the whole experiment. Linearized rela-
tive DOC-concentrations for UV and ozone experiments are shown in
Fig. 4. Within 120 min, UV light was able to degrade 80% of the DOC for
CAP and IRI and 50% for BIC. Substance concentrations decreased much
faster, as can be seen in Fig. S5 and S6. In literature, most authors report
low mineralization efficiencies for the irradiation of ADs with UV light
alone (e.g. Chatzimpaloglou et al., 2021; Zhang et al., 2017). LP-UV
lamps emit radiation mainly at 4 = 254 nm, but radiation at this
wavelength is not able to mineralize substantial parts of ADs. Instead,
lower wavelength radiation might be responsible for the observed
decrease in DOC. In addition to light at A = 254 nm, LP-UV lamps also
emit photons with a wavelength of 185 nm. At this wavelength, photons
are completely absorbed within the first few millimetres after entering
the water, but their high energy allows for the production of ¢OH either
via homolysis or photochemical ionisation of water (Zoschke et al.,
2014). These radicals are then able to mineralize most organic
substances.

Ozone mineralization rates were significantly lower than those
observed in the UV experiments. After 120 min, the DOC in the CAP
experiment was reduced by 10%, for BIC and IRI the reduction was 30%.
Low mineralization rates were expected, as the ozonation process is
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Fig. 4. Linearized DOC-curves for mineralization by UV (left) and ozone (right). *) This value was determined to be an outlier and is not included in the graph.

known for its inability to degrade organic compounds completely.
Interestingly, while only a very slow degradation of BIC was observed in
the degradation experiments, 30% mineralization were achieved within
120 min, albeit at higher ozone doses (4.3 mg L™! compared to 1.3 mg
L 7! in the degradation experiments). CAP showed only a low minerali-
zation, despite the high reaction rate constant of the degradation reac-
tion. For the three tested compounds there is no correlation between the
speed of the degradation reaction and the mineralization rate. Since
both processes degraded the three ADs but did not lead to complete
mineralization, newly formed TPs were present in the reaction solutions.
To evaluate the toxicity of these TPs, toxicity tests with D. magna were
conducted. The results can be seen in table S3 in the SI. In short, of the
21 tested solutions only capecitabine degraded by 50 % with ozone
showed a decrease in survival. No modifications in immobilization or
survival were observed for the other conditions, so their LCs is higher
than the tested concentrations of 1 pg L1, The lack of measured toxicity
is probably due to the low concentrations tested and the short exposure
duration of the ecotoxicity test. Previous work has shown an ECsg
(immobilization) between 0.224 and 850 mg L' in D. magna exposed
for 48 h to capecitabine (Parrella et al., 2014; Straub, 2010).

Half-lives for DOC during ozonation and UV irradiation are shown in
Table 3. Half-lives for the UV-treatment are significantly lower than for
ozonation. During both treatments, values for BIC and IRI are similar.
Compared to the other two compounds, the half-lives of DOC for CAP are
shorter during UV-irradiation and longer during ozonation. Interest-
ingly, there is no correlation between the degradability of one com-
pound and the extent of mineralization. While CAP has the highest
k"o3 AD.gpp» it is mineralized the slowest during ozonation. This can be
caused by CAP’s TPs, which are possibly more resistant to further
degradation by ozone or ¢OH than the parent compound.

4. Conclusions

In this study we showed that three ADs of potential environmental
concern, CAP, BIC and IRI, can be degraded by UV-light. Half-lives be-
tween 12.0 min (BIC) and 6.7 min (IRI) have been measured for the
three ADs. The quantum yields were calculated to be between 0.002 mol
Einstein ! for BIC and 0.012 mol Einstein ! for CAP.

While CAP and IRI were quickly degraded by ozone with second
order reaction rate constants > 10 L mol~! s~!, BIC’s reactivity with
molecular ozone was low at 0.79 L mol~! s™1. Because of the slow re-
action with ozone, the reaction rate constant for the reaction of BIC with
eOH, which in this case is the main degradation route, was determined
to be 2.15 10° L mol ! s~!. This is the first time the rate constants and
quantum yield of BIC are determined. These results showed the suit-
ability of the ozone and UV processes to degrade the three ADs and may
help in choosing the most suitable process to degrade the three ADs

Table 3
Half-lives for the DOC of the three tested ADs during UV-irradiation and
ozonation.

half-live CAP [min] half-live BIC [min] half-live IRI [min]

uv 56 75 76
Ozonation 594 274 250

where this is deemed necessary in water or waste water treatment.

For the UV experiments, mineralization of 80% of the DOC was
measured for CAP and IRI and 50% for BIC. Mineralization in the ozone
experiments was way lower at 30% (BIC and IRI) and 10% for CAP. The
toxicity of partially and fully degraded samples of the treated solutions
were tested using D. magna. Only one solution showed a significant
toxicity. This is probably due to the low concentrations of 1 pg L™ that
were used in the assay.
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