Journal of Environmental Management 289 (2021) 112389

Contents lists available at ScienceDirect

Journal of Environmental Management

4
L

LSEVIER

journal homepage: http://www.elsevier.com/locate/jenvman

Check for

UV filters as a driver of the antibiotic pollution in different water matrices [%&s

Ivana Grgi¢ ™', Ana-Marija Cizmek ™', Sandra Babi¢", Davor Ljubas ¢, Marko Rozman "

# Ruder Boskovi¢ Institute, Bijenicka cesta 54, 10000 Zagreb, Croatia
® Faculty of Chemical Engineering and Technology, University of Zagreb, Trg Marka Maruli¢a 19, 10000, Zagreb Croatia
¢ Department of Energy, Power Engineering and Environment, Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb, 10000 Zagreb, Croatia

ARTICLE INFO ABSTRACT

Keywords: Antibiotic pollution is frequently detected in fresh waters and wastewaters where they represent an environ-
Photodegradation mental risk for the development of global antibiotic resistance. Due to their excessive use in personal care
Benzophenone

products, UV filters have also been found to be pseudo-persistent in the aquatic environment. In contrast to
antibiotics, which can undergo photodegradation, UV filters are compounds designed to stably absorb UV ra-
diation. This study explored the light based remediation of representative antibiotics from seven classes of an-
tibiotics  (fluoroquinolones, tetracyclines, penicillins, macrolide, glycolpeptide, sulphonamides and
trimethoprim) in order to assess whether antibiotic pollution persists longer in the presence of organic UV filters.
We show that the presence of UV filters either completely supresses or significantly alters the photodegradation
of antibiotics in water. Advanced technologies in wastewater treatment, such as the use of UV C radiation, both
effectively minimise the effect of UV filters and degrade most of the tested antibiotics proving to be effective
management strategy. However, the half-life of erythromycin and amoxicillin, widely used antibiotics from
macrolide- and penicillin-like classes, is extended in the presence of UV filters, even during UV C irradiation.
Overall, the UV filters present within environmental mixtures are identified as important drivers of mixture
toxicity, as they prolong antibiotic contamination of aquatic and engineered environments. The ramification of
such finding is that inadequate consideration of UV filters may result in an imperfect prediction of the solar and
UV light-based remediation of antibiotics, lead to improper classification of antibiotics persistence in the envi-
ronment and cause non-optimal chemical fate and transport model performance. Use of the more benign com-
pounds and assessment of the UV filters were identified as feasible management options in minimizing the
influence of UV filters onto the remediation of antibiotics in aquatic environments.

Ethylhexyl methoxycinnamate
Advanced wastewater treatment
Environmental fate

Toxicity driver

1. Introduction antibiotics (Boreen et al., 2003). For example, broad-spectrum antibi-

otics, such as fluoroquinolones, tetracyclines and sulphonamides, have

Antibiotics are widely used antimicrobial pharmaceuticals and, as
such, result in a continuous input into the environment (Carvalho and
Santos, 2016; Kiimmerer, 2009a). Water pollution caused by antibiotics
receives much attention due to the severe adverse impacts it has on the
environment. Antibiotics have been found to cause the modification of
microbial community composition and induce the formation of
antibiotic-resistant genes (Wang et al., 2020). Moreover, they can bio-
accumulate at both lower and higher trophic levels and can enter
terrestrial ecosystems due to food web coupling (Previsi¢ et al. submit-
ted for publication). In addition to sorption and biodegradation, pho-
todegradation is one of the main removal processes in surface waters
and may be a primary factor in determining the environmental fate of
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been found to undergo direct and indirect photolysis in surface waters
and wastewater effluents (Challis et al., 2014; Kiimmerer, 2009a). Lower
photodegradation rates with a half-life within the range of one to several
days were detected for the penicillin/f-lactam antibiotic amoxicillin, the
macrolide antibiotics roxithromycin and erythromycin, the glycolpep-
tide antibiotic vancomycin and the sulfamethoxazole synergist
trimethoprim (Batchu et al., 2014; Lofrano et al., 2014; Ryan et al.,
2011; Xu et al., 2011). Accordingly, it has been suggested that allowing
photolysis in wastewater stabilization ponds or wastewater treatment
wetlands may lead to the enhanced removal of antibiotics prior to
discharge (Ryan et al., 2011). Moreover, advanced wastewater treat-
ments such as UV photolysis, UV/H0, advanced oxidation (Keen and
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Linden, 2013), TiO, assisted photocatalytic oxidation and other
advanced oxidative treatment (Kurt et al., 2017) have been revealed as
promising management strategies for the efficient removal of
antibiotics.

Due to an increased awareness of the negative effects of UV radiation
on organisms, the production and use of protective UV filters has
increased over the past few decades. As a consequence of their wide-
spread use, UV filters have been detected in recreational waters, fresh-
waters, sewage, sludge, sediments and soil, and have become a
significant constituent of the “chemical pollutant mixture” (Cuderman
and Heath, 2007; Ramos et al, 2015, 2016). Similarly for antibiotics,
conventional wastewater treatment plants are unable to remove or
degrade them (Ramos et al, 2015, 2016). In contrast to antibiotics,
which have been found to undergo direct and indirect photo-
degradation, UV filters are compounds designed to absorb UV radiation
and are characterized by high photostability. Presence of UV filters in
environmental mixtures could prolong antibiotics persistence in the
environment, property of particular importance in the assessment of the
environmental significance of substances. Moreover, UV filters could
affect the efficiency of wastewater treatment based on photochemical
processes, one of the first management strategies for the reduction of the
input of pharmaceuticals into the environment (Kiimmerer, 2009b).
Therefore, understanding antibiotics-UV filters interaction is needed for
the correct prediction of photodegradation properties of antibiotics in
surface water environments, as well as in engineered conditions. There
is very limited research reporting the effects of UV filters on the pho-
todegradation of organic pollutants in water matrices. To our knowl-
edge, there is only one report that demonstrates reduced UV254 nm
photolysis of benzotriazole in the presence of the UV filter
benzophenone-3 (Liu et al., 2011).

To investigate whether antibiotic pollution will persist longer in the
aquatic environment in the presence of UV filters, we explored the
photolytic degradation of representative antibiotics from seven classes
of antibiotics (fluoroquinolones, tetracyclines, penicillins, macrolide,
glycolpeptide, sulphonamides and trimethoprim) in a mixture with the
most common UV filters found in aquatic environments. The photo-
degradation of antibiotics was explored in three different matrices
(ultra-pure water, spring water and wastewater) under the influence of
artificial solar and UV C radiation.

2. Experimental section
2.1. Materials

The antibiotics (enrofloxacin, erythromycin, trimethoprim, oxytet-
racycline, sulfamethoxazole, vancomycin and amoxicillin) and UV fil-
ters (benzophenone-3 (BP-3), benzophenone-4 (BP-4) and ethylhexyl
methoxycinnamate (EHMC)) used in this study were obtained from
Sigma-Aldrich (Taufkirchen, Germany). Sulfametazine and febantel
(Veterina Animal Health, Kalinovica, Croatia) were used as internal
standards for quantification. HPLC grade solvents and modifiers were
purchased from Fisher Scientific (UK).

2.2. Aqueous matrices

The photolysis of antibiotics was studied within three aqueous
matrices: ultra-pure, spring and synthetic wastewater. Ultra-pure water
(pH = 6.98, conductivity 35.09 pS/cm) was prepared using a Millipore
Simplicity UV system (Millipore Corporation, Billerica, MA, USA).
Spring water (pH = 6.87, conductivity 35.09 pS/cm, Cl~ 1.7 mg/L, SO3~
1.9 mg/L, NO®~ 7.8 mg/L, TOC (total organic carbon) 0.2662 mg/L) was
collected from the spring Vrelo in Fuzine, Croatia. Spring water samples
were filtered using a 0.45 pm membrane fibre filter to remove any
particles and microorganisms, then stored in the dark at 4 °C until the
experimental solutions were prepared. The synthetic wastewater was
prepared according to (Babic¢ et al., 2013) in order to resemble the
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composition of wastewater effluent from pharmaceutical industries.
Briefly, 1000 mg/L NacCl, 50 mg/L of citric acid, 30 mg/L of ascorbic
acid, 100 mg/L of saccharose and 230 mg/L Na;HPO,4 was dissolved in a
tap water. The pH value for synthetic wastewater was 6,10.

2.3. Photodegradation experiments
The photolysis experiments were conducted in a:

a) Suntest CPS + simulator (Atlas, Germany) equipped with a Xenon
lamp and temperature sensor. The device emitted radiation in the
wavelength range of 300-800 nm to simulate natural sunlight.
During the experiments the radiation intensity was maintained at
250 W/m? and the reaction temperature was kept at (25 =+ 2)°C.

b) UV C reactor that consisted of a 110 mL borosilicate glass cylinder
(200 mm in height and 30 mm in diameter) with a lamp placed in the
middle of the cylinder. The lamp was mercury low-pressure lamp,
model Pen-Ray 90-0004-07, with Apax = 185/254 nm, manufactured
by UVP (Upland, CA, USA). A scheme of the reactor set-up was
published elsewhere (Curkovié et al., 2014).

For the photodegradation experiments, the water matrices were
spiked with antibiotic mixture. The initial concentration of each anti-
biotic in a mixture was 300 pg/L with exception of vancomycin which
was added at a concentration of 500 pg/L. In the experiments with UV
filters, the mixture of all three UV filters was added, each at a concen-
tration of 300 pg/L. The photodegradation reaction was initiated by
exposing the reaction mixture to simulated natural sunlight or UV C
light. Irradiation time varied from up to 300 min for simulated solar
light to up to 120 min for UV C light. During irradiation time 11 samples
were taken at logarithmic scale (i.e. more frequent sampling at the
beginning of the experiment) ensuring to obtain at least five data points
in the degradation curve. Control samples were collected in all experi-
ments. We ensured that the controls were identical in composition and
kept under the same conditions but were protected from light exposure.
All experiments were performed in triplicate.

2.4. Analytical determination

Concentrations of the target compounds were determined by an
AmaZon ETD mass spectrometer (Bruker Daltonik GmbH, Bremen,
Germany) coupled with an Ultimate 3000 RSLCnano UHPLC (Dionex,
Amsterdam, The Netherlands). The sample injection, separation, and
MSMS acquisition was carried out automatically. The samples were
loaded (injection volume of 20 pL) onto the Acquity UPLC HSS T3, 50
mm x 2.1 mm (Waters, Wexford, Ireland) column without any pre-
treatment. The solvents used for UPLC separation were methanol (sol-
vent A) and 20 mM ammonium formate at a pH of 4 (solvent B). The
mixtures of all antibiotics, except vancomycin, were separated using the
following 11 min gradient: initial conditions 30% A; 0.0-0.5 min, 30%
A; 0.5-7.0 min, 30%-95% A; 7.0-9.0 min, 95% A; 9.0 min, 30% A;
9.0-11.0 min, 30% A. Gradient used for vancomycin was following:
initial conditions 10% A; 0.0-6.0 min, 10%-50% A; 6.0-8.0 min, 50%—
80% A; 8.0 min, 10% A; 8.0-9.0 min, 10% A. The mass spectrometer
operated under unit resolution in selected reaction monitoring (SRM)
mode. Positive ionisation mode was used and the electrospray capillary
voltage was set at —4500 V. The temperature and flow rate of the drying
gas were set at 200 °C and 5 L/min, respectively. Helium was used as the
collision gas. The following quantifier transitions were monitored in
SRM mode: I) amoxicillin 366.1 > 348.7 m/z at the retention time 1.2
min (isolation with 3 m/z, fragmentation amplitude 0.3 V), II) enro-
floxacin 360.2 > 315.9 m/z at the retention time 4.5 min (isolation with
3 m/z, fragmentation amplitude 0.7 V), III) erythromycin 734.5 > 576.3
m/z at the retention time 7 min (isolation with 3 m/z, fragmentation
amplitude 0.7 V), IV) oxytetracycline 461.2 > 449.7 m/z at the retention
time 3.6 min (isolation with 3 m/z, fragmentation amplitude 0.3 V), V)
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sulfamethoxazole 254.1 > 156.5 m/z at the retention time 2.9 min
(isolation with 3 m/z, fragmentation amplitude 0.7 V), VI) trimethoprim
291.1 > 229.7 m/z at the retention time 2.2 min (isolation with 3 m/z,
fragmentation amplitude 0.7 V), VII) vancomycin 724.7 > 1305.4 m/z
at the retention time 4.6 min (isolation with 3 m/z, fragmentation
amplitude 0.25 V). To confirm the identity of the parent compound, the
entire tandem MS spectrum was considered. Compounds were quanti-
fied using QuantAnalysis (Bruker Daltonik GmbH, Bremen, Germany)
and Bquant tool (Rozman et al., 2018; Rozman and Petrovi¢, 2016).
Matrix-matched calibration curves were constructed, and limits of
quantification (LOQ) were defined as the lowest point of the calibration
curve with a signal-to-noise (S/N) ratio >10.

2.5. Data analysis

Photodegradation of the target compound is assumed to follow first-
order kinetics. The first-order rate constants were determined by using
non-linear regression to fit data and linear regression to fit In-
transformed data. Student’s t-test was conducted to compare rate con-
stants of different treatments with their respective controls. Rate con-
stants were reported if the treatment was significantly different from
control. Reported values are represented as mean =+ standard error. The
impact of UV filters, water matrices and their interactions was analysed
by two-way ANOVA. Simulated solar light data did not satisfy the as-
sumptions of ANOVA even upon transformations (log- and square root).
We therefore employed a robust factorial ANOVA with the corre-
sponding post-hoc test. Statistical significance was set at p < 0.05.
Determination of rate constants and statistical evaluation were con-
ducted in Microsoft Excel (2010 Microsoft Corporation) and RStudio
1.2.1335 (RStudio Team (2020). RStudio: Integrated Development for R.
RStudio, PBC, Boston, MA, USA).

2.6. Electric energy consumption
Electric energy consumption for UV C radiation experiment was

measured by using the VOLTCRAFT energy meter (model Energy Check
3000).
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3. Results
3.1. Photodegradation of antibiotics under simulated solar light

Photodegradation was detected for all studied antibiotics except for
trimethoprim, Fig. 1. The antibiotics exhibited varying photo-
degradation trends in respect to the effect of aqueous matrices (ultra-
pure water, freshwater and wastewater) and the presence of UV filters,
Fig. 1.

3.1.1. Effect of UV filters

Addition of the UV filters lowered photodegradation rates of enro-
floxacin, oxytetracycline, sulfamethoxazole and vancomycin by, on
average, 39.4%, thus equally extending their half-life, Fig. 1. Further-
more, photolysis of amoxicillin and erythromycin ceased completely. A
significant main effect of the UV filters on the photodegradation of all
antibiotics (except for trimetoprim) was detected, Table S1 - Supple-
mentary material.

3.1.2. Water matrix effect

There was a significant main effect of the water matrices on the
photodegradation rate of enrofloxacin, oxytetracycline, vancomycin,
sulfamethoxazole and erythromycin, Table S1 - Supplementary material.
Enrofloxacin, oxytetracycline and vancomycin showed an increase in
photodegradation rate as the complexity of the water matrix rose, Fig. 1.
Within this group, two different patterns were observed. Enrofoxacin
and oxytetracycline exhibited significant variation of photodegradation
kinetics among all experimental matrices, while the photodegradation
rate of vancomycin significantly differed only between the wastewater
and ultrapure water. In contrast to the first group, sulfamethoxazole and
erythromycin showed a decrease in photodegradation rate with an in-
crease in water matrix complexity, Fig. 1. For amoxicillin no change in
photodegradation kinetics with respect to the water matrix was detec-
ted, Fig. 1.

3.1.3. Interaction effect between water matrices and UV filters
No significant interaction effect between aqueous matrices and the

presence/absence of UV filters on photodegradation rates was observed
for any of the studied antibiotics.

enrofloxacin
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Fig. 1. Simulated solar light photodegradation rate constants for the antibiotics used in the experiment. Rate constants (mean + standard error) are depicted for
various aqueous matrices (ultrapure water, freshwater and wastewater), both with and without the presence of UV filters. Accompanying values can be found in

Table S3 — Supplementary material.



L Grgi¢ et al.

3.2. Photodegradation of antibiotics under UV C irradiation

All studied antibiotics were found to be photodegradable under UV C
irradiation. The average half-life of antibiotics in wastewater was
0.0815 4+ 0.015 min, while in the wastewater with UV filters, the
average half-life was 0.0739 + 0.013 min. The change in a light source
from the Suntest simulator to the UV C lamp increased photodegradation
rates of amoxicillin, erythromycin, sulfamethoxazole and vancomycin,
Fig. 2. Moreover, photodegradation was detected for trimethoprim
under UV C light, in contrast to simulated solar light where no decay was
observed. For enrofloxacin and oxytetracycline, the difference in reac-
tion rates with respect to the light source was not significant.

3.2.1. Effect of the UV filters

Photodegradation rates of the antibiotics in wastewater solution with
UV filters did not differ significantly from the solution without UV fil-
ters, except for erythromycin, Fig. 2 and Table S2 - Supplementary
material. In the case of erythromycin the addition of UV filters signifi-
cantly lowered reaction rates by 74%, t (4) = 7.81, p < 0.05.

3.2.2. Electric energy consumption

a) Suntest CPS + simulator — The electric energy required for this
experiment was irrelevant, because the intention of the authors was
to show exposure of the experimental solution to the natural solar
radiation, in which case there would be no energy consumption.

b) UV C reactor — The average necessary electric power for the exper-
imental set-up was 21.8 W for reactor with 0.11 L of water solution
(corresponds to specific electric power of 198.19 W/L or 198.19 kW/
m>). The devices that consumed electric energy in the experiment
were the UV C lamp and a magnetic stirrer. The energy for keeping
the thermostatic conditions was not included in the calculation.

sulfamethoxazole oxytetracycline
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4. Discussion

Photolysis is one of the main processes for the removal and/or
attenuation of antibiotics from wastewater treatment plants (WWTPs)
and aquatic environments. Our results demonstrate that the presence of
UV filters either completely suppresses the photodegradation of certain
antibiotics or significantly alter the photodegradation yield, thus
extending the half-life of antibiotics in aquatic environments by a dra-
matic 40%. This is a serious consequence of the use of UV filters, as it
extends the persistence of antibiotic contaminants in aquatic environ-
ments. Prolonged antibiotic contamination puts additional pressure on
primary producers and decomposers, directly altering community
composition and indirectly shifting the ecology and biogeochemistry of
fluvial ecosystems (Battin et al., 2016; Carvalho and Santos, 2016). In
addition, imposed pressure on bacterial populations contributes to the
prevalence of antibiotic-resistant bacteria, as well as the occurrence of
antibiotic-resistant genes (Carvalho and Santos, 2016). This is especially
problematic for quinolone- and macrolide-class antibiotics, as well as for
vancomycin glycopeptide antibiotics that are considered a last-line of
defence against bacterial infections (Carvalho and Santos, 2016).
Extended antibiotic pressure may also lead to unexpected adverse effects
in terrestrial ecosystems, since it has been demonstrated that antibiotics
from aquatic ecosystems can enter terrestrial food webs due to food web
coupling (Previsic et al., 2021. The effects of increased antibiotic
contamination will be highest during the summer months, since both
antibiotic pressure and the use of UV filters are usually higher during
this part of the year (Archundia et al., 2018; Ramos et al., 2015).

The observed effect of the UV filters may have an impact on chemical
exposure prediction models at a catchment scale. Usually, laboratory
determinations of photolysis rates were used to extrapolate and predict
the behavior of photolabile compounds during river transport (Arch-
undia et al., 2018; Lin et al., 2006). Inadequate consideration of water
matrix variability due to seasonal variation in the presence of UV filters,
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among others, may result in an imperfect prediction of the solar
light-based remediation of antibiotics, cause non-optimal model per-
formance and lead flawed exposure assessments. Furthermore, our re-
sults demonstrate how risk assessments undertaken for single substances
and not for mixtures could lead to improper classification of persistence
in the environment, particularly important when assessing environ-
mental significance of substances (Kiimmerer, 2009b).

The significance and extent of the direct and indirect photolysis of
antibiotics in aquatic environments varies for each compound (Kiim-
merer, 2009a). Our observations are in agreement with previous find-
ings on the effects of water matrices on photodegradation of antibiotics
i.e. negative correlation between the degradation rate and the
complexity of the water matrix for erythromycin and sulfamethoxazole
(Batchu et al., 2014) and the positive correlation between the degra-
dation rate and the complexity of the water matrix exhibited by enro-
floxacin, oxytetracycline and vancomycin (Batchu et al., 2014; Jiao
et al., 2008; Sturini et al., 2012). It is important to note that water
matrices with UV filters follow the same trend regarding photo-
degradation rates as do water matrices without UV filters. Additional
confirmation of this congruency is the lack of interaction between water
matrices and UV filters. This is to be expected, as UV filters uniformly
adsorb UV radiation and impede direct absorption of a solar photon by
both target antibiotics and water present photosensitizers, thus equally
lowering the extent of both the direct and indirect photolysis of
antibiotics.

The addition of UV filters to water matrices has a great impact on the
photodegradation fate of antibiotics, causing their decay reactions to
slow down drastically or come to a complete stop. Attenuating this
important abiotic degradation path in wastewater matrices, where the
highest concentrations of antibiotics are readily detected (Carvalho and
Santos, 2016), may be especially problematic. Removal efficiencies of
antibiotics in the WWTPs are usually estimated by examining the dif-
ference between input and output concentrations (Archundia et al.,
2018; Zhang et al., 2020) and a number of assumptions regarding
photodegradation rates were applied (Morais et al., 2014). Likewise, for
predicating river antibiotic attenuation rates, seasonal variation in the
presence of UV filters (among others) may result in imperfect pre-
dictions and inadequate modeling of the dynamic fate of antibiotics in
the WWTPs, and consequently poor management and control of anti-
biotic pollution in environment.

Advanced effluent treatment is marked as one of the effective man-
agement strategies for the reduction of the environmental impacts of
antibiotics and critical node for control of the global spread of antibiotic
resistance (Kiimmerer, 2009b; Pruden et al., 2013). Using advanced
wastewater treatment that includes irradiation of wastewater by the UV
C component of the spectrum could lead to a significant improvement in
the remediation of antibiotics (Cizmic¢ et al., 2019; He et al., 2014; Yuan
et al., 2011). UV C radiation is capable of destroying a large variety of
organic pollutants by direct photon absorption and indirect degradation
(He et al., 2014). Indeed, our results indicate that the degradation rates
of antibiotics were generally much higher under UV C light compared to
photodegradation under artificial sunlight. Also, UV C light decreased
the impacts of UV filters on the photodegradation rate of most antibi-
otics. Our analysis illustrates that is highly unlikely that UV filters have
any relevant effect on the UV C photodegradation rate of enrofloxacin,
trimethoprim, oxytetracycline, sulfamethoxazole and vancomycin. On
the other hand, the presence of UV filters in a mixture has shown to
increase the half-life of erythromycin by more than 3 times. Moreover,
although the difference was not significant for amoxicillin at t (4) = 2.37
(p = 0.07), it did represent a large-sized effect of r = 0.76, implying a
strong impact on the half-life of amoxicillin. This finding could be
explained by the competition for the absorption of UV C radiation by
different constituents dissolved in water - mainly UV filters, which is in
alignment with the well-known effect of decrease in degradation rates
with increased complexity of water matrices (Kiimmerer, 2009a).
Although this claim needs to be thoroughly tested, a possible implication
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may be that UV C irradiation doses used for the mineralisation of anti-
biotics in wastewaters that do not contain UV filters are insufficient to
remove all antibiotics in the presence of UV filters. Therefore, longer
exposure times (i.e. larger energy consumption) are required for their
removal in advanced wastewater treatment.

The degradation of erythromycin with UV C radiation demonstrates
how the presence of UV filters directly raises the overall cost of the
treatment. The half-life of erythromycin increased from 241 min
without UV filters to 904 min with UV filters, requiring approximately
11 h more UV C irradiation to achieve the same level of erythromycin
degradation i.e. electric energy consumption of an additional 2190 kWh
per m® of treated wastewater. Indeed, UV filters may raise the cost of UV
based water treatment processes and consequently cause higher emis-
sions of CO», especially when artificial UV light is used, which may be an
inhibiting factor for their application in water treatment. However, this
problem may be mitigated by the integration of the recently developed
semi-conductor light source - UV light-emitting diodes that are more
energy efficient (wall plug efficiency up to 75%), have a significantly
longer expected lifespan (up to 100.000 working hours) and are more
environmental friendly than commonly used mercury lamps (Green
et al., 2020; Song et al., 2016). Also, it remains to be seen (beyond the
scope of this study) how other advanced wastewater treatment processes
perform for removal of antibiotics in the presence of UV filters.

In addition to advanced effluent treatment use of substitution, more
benign compounds should be employed as effective environmental
management strategy (Kiimmerer, 2009b). In this context, design or
synthesis of UV filters with negligible or lowest possible influence onto
the remediation processes in environmental waters or on the water
treatment steps used for antibiotics removal should be encouraged. So
far, inorganic physical UV filters such as nano-sized TiOy might be a
suitable alternative. Moreover, TiO; is used in catalysis and photo-
catalytic applications for the removal of the antibiotics, although not so
effective in rutile form which is used as a UV filter (Menard et al., 2011;
Su et al., 2011). However, ecotoxic effects of TiO, remain to be estab-
lished in order to get the complete environmental life cycle assessment
(Menard et al., 2011). Meanwhile, a practical strategy for minimizing
the effect of UV filters on prolonged antibiotics pollution may include
assessing the UV filters by performance tests based on experiments
performed in the current study.

5. Conclusion

In this work, we found that the presence of UV filters BP-3, BP-4 and
EHMC, commonly found in personal care products, either completely
supresses or significantly alters the photodegradation of seven classes of
antibiotics. The UV filters present within a mixture become important
drivers of mixture toxicity since they prolong antibiotic contamination
of aquatic environments, with all of its consequences. Furthermore, our
results demonstrate that the assessment of the environmental signifi-
cance of substances should be undertaken using environmentally
resembled multi-component mixtures. We also suggest that the chemical
fate and transport models at a catchment scale should test their
robustness towards the observed effect of UV filters. Advanced tech-
nologies in wastewater treatment, such as the UV C radiation effectively
minimises the impact of UV filters and efficiently degrades most of the
tested antibiotics. However, the half-life of erythromycin and amoxi-
cillin, widely used antibiotics from macrolide- and penicillin-like clas-
ses, is extended in the presence of UV filters, even during UV C
irradiation. Thus, UV filters lead to longer operating times and therefore
higher electric energy consumption to achieve similar removal of anti-
biotics. We identified the use of more benign compounds (e.g. inorganic
UV filters) and assessment of the UV filters by performance tests based
on experiments performed in the study, as management options in
minimizing impact of UV filters onto the removal of antibiotics from
aqueous matrices.
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