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HIGHLIGHTS

* Photocatalytic polymer membrane effectively
removed three antibiotics from water.

* Degradation process was monitored by combined
chemical and toxicological approach.

* Initial detoxification is followed by resurgence of
algal photosynthetic inhibition.

* Membrane photoaging products limiting the overall
detoxification effectiveness.

ABSTRACT: Antibiotic residues in wastewater promote the emergence of resistant bacteria, posing a
serious potential threat to human health and ecosystems. Effective degradation strategies are crucial for
removing antibiotics from wastewater. In this study, a photocatalytic polymer membrane was used to
treat three antibiotics, i.e., sulfamethoxazole, chloramphenicol, and ofloxacin. In parallel with chemical
analysis, the acute and chronic toxicity of the antibiotics and their degradation mixtures to the freshwater
green alga Scenedesmus vacuolatus was assessed. Photocatalytic membrane treatment of 10 mg/L
aqueous solutions (and 1100 mg/L for ofloxacin) achieved complete parent-compound removal, with
half-lives ranging from 6.2—102.3 min. Toxicity measured at successive irradiation times revealed initial
detoxification followed by increased toxicity due to transformation products and by-products caused by
membrane photoaging, limiting the total detoxification effectiveness. The results underscore the promise
of photocatalytic membranes for antibiotic removal while highlighting the critical importance of
photostable polymer—photocatalyst materials to prevent secondary ecotoxicological effects in water
treatment applications. These results further demonstrate the need to combine chemical and toxicological
methods to validate new technologies for wastewater treatment.
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1 Introduction

Antibiotics (AB) are indispensable agents for treating
bacterial infections, making them one of the most
extensively utilized pharmaceutical classes worldwide
(Hutchings etal., 2019). In addition to therapeutic
applications, AB play a crucial role in livestock farming
(Gustafson and Bowen, 1997), including aquaculture
prophylaxis (Chen et al., 2020). Abdallah et al. (2024)
reported that almost 70% of veterinary medicines used
in Germany are AB, which is roughly the same
proportion that is used in human healthcare. The misuse
and overuse of antibiotics have precipitated a global
health crisis in the form of antimicrobial resistance
(WHO Scientific Working Group, 1983; Murray et al.,
2022). As contaminants of emerging concern, they also
adversely affect nontarget organisms in aquatic
ecosystems such as algae (Kimmerer, 2009). Fresh-
water green algae are not the primary target organisms
of antibiotics; however, their position in aquatic
ecosystems as primary producers and the steady inflow
of AB into creeks and rivers via wastewater treatment
plants (WWTPs) and nonpoint contamination sources
might have long-term effects on ecosystems. Other
major sources of antibiotic contamination include agri-
cultural runoff from livestock farms and effluents from
hospitals and industrial wastewater treatment plants
(Rodriguez-Mozaz et al., 2015). Once introduced,
antibiotics can persist in aquatic environments and are
often detected in the ng/L to ng/L range (Maghsodian
et al., 2022). Such a low-dose steady inflow is usually
seen as pseudo-persistent contamination. Thus, AB may

have ample time to affect all kinds of organisms since
their modes of action are multiple, but many affect
general endpoints such as protein synthesis (Halling-
Sorensen, 2000).

Kovalakova et al. (2020) reviewed eight key AB of
great concern, based on their consumption, detection in
surface water, and ecotoxicity, including ofloxacin
(OFX, a fluoroquinolone racemic mixture comprising
levofloxacin and dextrofloxacin) and sulfamethoxazole
(SMX, a sulfonamide). Furthermore, chloramphenicol
(CAP) is a potent broad-spectrum AB with restricted
use due to severe side effects such as aplastic anemia
(Balbi, 2004). The German Environment Agency
compiled a database titled “Pharmaceuticals in the
environment” (UBA, 2021), which collects globally
measured environmental concentrations (Fig. 1). For
95% of the data, the concentrations were below 10 pg/L
(OFX: 9.8 pg/L; SMX: 4.0 ng/L; CAP: 2.1 pg/L).
However, in heavily contaminated wastewater, peak
concentrations of high pg/L to mg/L were measured.
Particularly high levels have been detected in pharma-
ceutical production facilities, animal farms, hospital
wastewater and occasionally urban wastewater. For
example, SMX has been detected at concentrations of
up to 9.1 mg/L in pharmaceutical industry wastewater
(Dolar et al., 2012) and up to 14.1 mg/L in Mexican pig
farm wastewater samples (Ledn-Aguirre et al., 2019).
OFX was found up to 318 pg/L in Nigerian hospital
wastewater effluent (Ajibola et al., 2021), and CAP was
detected up to 442 pg/L in liquid manure from swine
feedlots in China (Li et al., 2018). Production sites and
places with high consumption of antibiotics are at
particular risk of environmental pollution, often
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characterized by the presence of other contaminants,
which can lead to even more harmful mixture effects
(Coulibaly et al., 2025).

Effective remediation of antibiotic contaminants is
essential for safeguarding the health of humans and
ecosystems. The half-life of SMX and OFX in natural
surface waters was estimated to be 20.3 and 10.6 d,
respectively, with only limited removal in conventional
WWTPs (Felis etal.,, 2020). Advanced wastewater
treatment technologies include chemical and biological
methods, adsorption, advanced oxidation processes
(AOPs) such as ozonation or photocatalysis, and
membrane technology (Homem and Santos, 2011).
AOPs have emerged as especially promising, demon-
strating the ability to degrade AB and reduce the levels
of AB resistance genes (Li et al.,, 2023a). Integrated
treatment strategies, i.e., combining AOPs with
biological, membrane, or adsorption processes, offer a
capable approach to substantially reduce -effluent
toxicity further and enhance contaminant removal
(Nasrollahi et al., 2022). Titanium dioxide (TiO,) is an
established photocatalyst explored for the removal of
various forms of emerging contaminants, such as
nanoparticles (Krakowiak et al., 2021) or laser-
crystallized nanotubes (Bernhardt et al., 2024). The
integration of TiO, with polymer membranes as a
photocatalytic membrane reactor eliminates the need
for subsequent catalyst separation, allowing the effec-
tive degradation of persistent pollutants such as steroid
hormones at environmental concentrations (Lotfi et al.,
2022). In principle, the removal mecha-nism involves
the generation of electron—hole pairs due to UV
irradiation and the formation of reactive oxygen species
(ROS), followed by the oxidative degradation of
organic contaminants (Krakowiak et al., 2021). To date,
only a limited number of studies have explored the
efficacy of photocatalytic polymer membranes for the
degradation of AB by assessing mostly their chemical
removal profile (Chin et al., 2023). However, for a
reliable risk assessment of degradation processes,
combining chemical and toxicological evaluations is
highly important (Schmitt-Jansen et al., 2007; Rodil
et al., 2009).

In this study, a combined chemical and bioanalytical
approach was used to demonstrate the effectiveness of
photocatalytic polymer membranes containing TiO,
nanoparticles. The concentrations of three antibiotics
from distinct classes, namely, sulfamethoxazole,
ofloxacin, and chloramphenicol, were chosen on the
basis of previously determined adverse effects on the
freshwater alga Scenedesmus vacuolatus to follow the
degradation process from a toxicological perspective.
Treated solutions were tested for phytotoxicity and the

degradation process was monitored in parallel via high-
performance liquid chromatography. Finally, transfor-
mation products were identified via high-resolution
mass spectrometry to correlate degradation stages with
changes in algal toxicity.

2 Materials and methods
2.1 Photocatalytic degradation of antibiotics

Photocatalytic membranes were prepared as described
elsewhere (Fischer et al., 2018). Briefly, polyvinylidene
fluoride membranes (PVDF, 0.22 um, Durapore, Merck
Millipore, USA) were dip-coated with a TiO, nano-
particle suspension freshly produced in a hydro-thermal
process. Membrane samples were washed 4 x 30 min in
Milli-Q water and dried in air. A comprehensive
characterization can be found in previous work (Fischer
et al., 2018). For degradation tests, chloramphenicol
(CAP, CAS 56-75-7, > 98%, Sigma-Aldrich), ofloxacin
(OFX, CAS 82419-36-1, 99%, Sigma-Aldrich),
sulfamethoxazole (SMX, CAS 723-46-6, > 98%,
Supelco), and photocatalytic membranes (@ = 33 mm)
in petri dishes were used. A volume of 4 mL of AB in
ultrapure water (Milli-Q) was added, and dark
adsorption was performed overnight. The samples were
subsequently irradiated via an LED lamp (365 nm,
UVECO, Germany) with an irradiance of (260 + 22)
W/m? and shaken at 200 r/min (MHR 23, DITABIS,
Germany). At regular time intervals (0, 15, 30, 60, 120,
240, and 360 min), aliquots of 100 puL. were taken and
stored at 4 °C until further measurement. Before each
sampling, evaporation was determined by weighing and
compensated for by adding water. Irradiation of AB
solutions without a membrane or photocatalyst was
performed as a control (“photolysis”). All the measure-
ments were performed in duplicate (Supplementary
material, Table S1). In addition, total organic carbon
(TOC) was measured in triplicate before dark
adsorption and after 360 min to assess the formation or
removal of any organic byproducts from the AB or the
photocatalytic membrane itself (DIMATOC 2000,
DIMATEC Analysentechnik, Germany).

2.2 Chemical analysis of antibiotics

The parent AB concentration was determined via high-
performance liquid chromatography (HPLC, Dionex
UltiMate 3000, Thermo Fisher Scientific, USA) with a
UV-VIS detector. The detection wavelengths were set
at 210 nm (SMX), 275 nm (CAP), or 225 nm (OFX).
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The mobile phase was a mixture of acetonitrile and
water (30:70 v/v) with 0.5% trifluoroacetic acid. The
separation was run in isocratic mode on a biphenyl
column (Kinetex 5 pum 100 A, 250 x 4.6 mm,
Phenomenex) at 30 °C. The retention times were
5.01 min (SMX), 5.95 min (CAP), and 3.71 min (OFX).
Chromatograms were monitored and analyzed with
Chromeleon software ver. 6.80 SR14. The relative
concentration [A] =C,/C,, with C, or C, being the
concentration at time ¢ or after dark adsorption,
respectively, was used for plotting and determining
kinetic parameters. For this, the general rate law of a
unimolecular reaction of order n (Eq. (1)) can be
integrated (Eq. (2)) and rearranged to give the
integrated rate law for reactions of n'h order (Eq. (3)):

d[A] 0
mir_kML (1)

U d[A] L
j{ o T =k j dt, )
[A]= ([AL™ + (1= D ki) ™ (n # 1), (3)

where k is the apparent rate constant of the reaction
with dimension [mol'"L""'s™']. This approach provides
the benefit of fitting a fractional-order kinetic model,
which was found to be common in photocatalytic
degradation (Wang, 2018). For evaluation, nonlinear
fitting was performed via OriginPro (ver. 2024b,
OriginLab, USA). In the case of n=1 (first/pseudo-
first-order reaction), integration results in the well-
known Eq. (4) (with [A],=C,,/Co=1) and its
linearized form in Eq. (5):

[A] = [A], e™, “4)

In[A] = ln% = —kt. 5)

0
2.3 Algal toxicity assay

A high-throughput algal toxicity assay was performed
based on the OECD (2006) guideline No. 201
(Freshwater Alga Growth Inhibition Test) and adapted
by Rummel et al. (2022). Detailed information about
algae cultivation and assay operation is described
elsewhere (Schmitt-Jansen et al., 2007; Rummel et al.,
2022). Briefly, a dilution series of AB in water (1:1.8,
10 dilution steps) was mixed with 15 pL of algae
suspension (Scenedesmus vacuolatus), leading to a total
volume of 150 pL per well (96-well plate, final algae
density of ~7.5 x 10* cells/mL). The plates were
illuminated for 24 h at 300 r/min and 28 °C (Multitron

incubator, INFORS, Germany). The negative control
consisted of GB culture medium, while the herbicide
Diuron (CAS 330-54-1, > 98%, Sigma-Aldrich) was
used as a positive control. After 2 and 24 h of exposure,
the following endpoints were measured: (1) chlorophyll
a autofluorescence as a proxy for biomass and thus
growth inhibition (fluorescence reader Spectra Max
Gemini EM, Molecular Devices, USA); and (2)
photosynthetic capacity (maximum and effective
quantum yields, Yield I and Yield II, respectively)
employing a chlorophyll fluorometer (Imaging PAM,
M-series, Heinz Walz, Germany). Relative inhibition
compared to controls was calculated and plotted against
the HPLC-measured concentration of AB. Finally, the
E, .« model (Eq. 6), as a generalization of the Hill
equation, was used to determine effect concentrations
(EC) by fitting the sigmoidal dose-response relation-
ships (Macdougall, 2006):

Epa X C5
EC: +C5°
where E is the observed effect, E, is the baseline effect,
E..« is the maximum effect, C is the concentration of
the toxicant, ECs, is the concentration producing a 50%
maximal effect (inflection point of the curve), and S is
the slope (Hill coefficient). For evaluation, nonlinear
fitting was performed via OriginPro ver. 2024b.

To assess the change in toxicity at successive
degradation stages, samples were collected at different
irradiation times to profile the removal curve of the
parent AB compound. Ultrapure water (Milli-Q) was
used as a control to evaluate potential effects attri-
butable solely to the photocatalytic PVDF membrane.
When necessary, the sample pH was adjusted to about
6.0-7.0 using 5 or 2.5 mol/L NaOH. All measurements
were performed in quadruplicate and are given as mean
and standard deviation (Supplementary Material, Tables
S2 and S3).

E=E,+ (6)

2.4 Identification of transformation products (TPs)

Samples after specific duration of UV irradiation were
analyzed by liquid chromatography coupled with high-
resolution mass spectrometry (LC-HRMS; Thermo
Ultimate 3000, quadrupole-Orbitrap Thermo QExactive
Plus, electrospray ionization in positive and negative
ion mode). Irradiation times were chosen to profile the
removal curve (C/C, of approximately 100%, 75%,
50%, 25%, and 0% within the algal assay and after the
total time of 360 min). LC separation was conducted
via a gradient elution program as described elsewhere
(Rigano etal.,, 2025). For analysis, a full scan
acquisition (m/z 80-1200, nominal resolving power:
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70,000) was combined with four data-dependent
MS/MS scans (top 4 full scan intensities, nominal
resolving power: 35,000). An inclusion list of the
parent AB and suspected TPs compiled from the
literature was used — SMX: Hernandez-Tenorio (2024);
CAP: Giri and Golder (2018), and Xu etal. (2019);
OFX: Peres et al. (2015), and Rodriguez et al. (2015).
The expected ion m/z values for the positive (M+H")
and negative modes (M—H") were calculated from the
molecular structures, and the retention times were
predicted using RTpred 1.0 via a model trained on 850
environmental compounds of diverse chemical classes
and structures.

For TP identification, first, Thermo raw files were
converted to mzML files (ProteoWizard, Chambers
etal., 2012). Subsequently, peak detection and
annotation were conducted in MZmine 4.2.0 (Schmid
et al., 2023). The processing steps are provided in the
Supporting Information (Table S4). For confirmation of
TPs annotated tentatively based on m/z (7 ppm
window) and retention time (predicted RT + 2.5 min),
MS/MS spectra were exported in mgf format and
processed via SIRIUS 5.8.6 software (Diihrkop et al.,
2019), which allows experimental spectra to be
matched with those predicted from the TP structure
using the tool CSI-FingerID (Diihrkop et al., 2015). The
SIRIUS settings are given in the Table S5.

3 Results and discussion
3.1 Algal toxicity of antibiotics

An algal toxicity test with AB was performed to
determine a suitable starting concentration for photo-
catalytic degradation experiments. Figure 2 shows the
effects of AB concentration on SMX, CAP, and OFX.
The data were fitted via the £, model (Eq. 6) with the
resulting model parameters listed in the Supporting
Information (Table S6). In general, the EC values of the
individual AB determined within this study were higher
than the typical concentrations found in the environ-
ment, but they partly remained within the levels
observed in heavily contaminated wastewater
(especially for SMX, see Fig. 1).

The data revealed distinct differences among the
three AB. While SMX and CAP had similar chronic
toxic effects on population growth inhibition in the
range of 40 pmol/L (10-13 mg/L, respectively), OFX
was about 50-times less toxic, with an ECy, of
approximately 2000 pmol/L (~725 mg/L). Other algal
toxicity studies with exposure times between 24 and
72 h determined EC, values of 1.6 mg/L for SMX

using Chlorella vulgaris (Baran et al., 2006), 4.1 mg/L
for CAP (Kusk etal., 2018), and > 120 mg/L for
levofloxacin (Gonzalez-Pleiter et al., 2013), both of
which use Pseudokirchneriella subcapitata (renamed
Raphidocelis subcapitata). However, a review on the
toxicity of fluoroquinolones to freshwater organisms
revealed substantial species-specific disparities, with
ECy, values ranging from low to mid mg/L (Pauletto
and De Liguoro, 2024).

In this study, SMX led to a maximum growth
inhibition of 60%. SMX disrupts folic acid biosynthesis
by competitively inhibiting dihydropteroate synthase,
an enzyme responsible for converting p-aminobenzoic
acid to dihydrofolic acid (Smilack, 1999). Guo et al.
(2021) also reported a growth inhibition rate of ~63%
after 7 d of incubation with 300 pg/L using
Raphidocelis subcapitata. It was concluded that effects
on green algae are not caused primarily by folate
biosynthesis inhibition but rather are more likely due to
genotoxicity and DNA damage, since transcriptome
analysis revealed differentially expressed genes for
DNA replication and repair processes, as well as for
chlorophyll, photosynthesis, and ribosome biogenesis.

The maximum quantum yield after 2 and 24 h also
differed among the three AB. All AB affected the
photosystem after 24 h of exposure, with CAP
(~14 pmol/L) being the most effective, followed by
SMX (~25 pmol/L) and OFX (~340 umol/L; again, the
least toxic AB from the three tested). While all three
AB did show chronic toxicity effects (24 h of exposure)
on both photosystem endpoints, only CAP and OFX
were already effective after short-term exposure for 2 h
(Fig. 2). Studies on Selenastrum capricornutum have
indicated that SMX can inhibit photosynthetic electron
transport but also induces uncoupling of the thylakoid
membrane, which is the main place of photosynthesis
(Liu et al., 2011). CAP inhibits protein biosynthesis by
binding to the 23S rRNA of the 50S ribosomal subunit,
indirectly disrupting algal photosynthesis by impairing
chloroplast ribosomes, leading to alterations in
biochemical components, e.g., lipid peroxidation and a
decrease in protein content (Xiong et al., 2019). Thus,
effects on photosynthesis are likely to occur faster. For
both SMX and CAP, a stimulation of photosynthetic
capacity after 24 h at concentrations below the EC,
was observed. These stimulatory responses are often
mediated by mild oxidative stress, which enhances
pigment synthesis and photosynthesis-related gene
expression (Liu et al., 2017). OFX inhibits nucleic acid
biosynthesis by acting on DNA gyrase and topo-
isomerase 1V, enzymes crucial for DNA replication and
transcription (Monk and Campoli-Richards, 1987).
Studies on tomato (Solanum Ilycopersicum) indicated

https://journal.hep.com.cn/fese | https://link.springer.com/journal/11783


https://doi.org/10.1007/s11783-025-2083-7
https://doi.org/10.1007/s11783-025-2083-7
https://doi.org/10.1007/s11783-025-2083-7
https://doi.org/10.1007/s11783-025-2083-7
https://doi.org/10.1007/s11783-025-2083-7
https://doi.org/10.1007/s11783-025-2083-7
https://doi.org/10.1007/s11783-025-2083-7

Schmidt et al., Front. Environ. Sci. Eng. 2025, 19(12): 163

https://doi.org/10.1007/s11783-025-2083-7

120 _ SMX 120 _ CAP 120 _ OFX
- - n
100 uorescence 100 uorescence 100 uorescence
X 80+ 80- 80-
5 60] 60- 60
£ 40 40- 40
£ 20- 20- 201 7
= 1 [ ]
5 0] 0 0 —F——
ﬁ -20] -20] -20] '
-40 -40- -40- "y
-601— : ; -60-— : : -60 : :
1 10 100 1.000 1 10 100 1.000 10 100 1.000 10.000
s P Id I (2 h) o P Id I (2 h) Moy Id1(2h)
1201° € 1201 ° e , 120 * Mi®
< 1000 Yield | (24 h) 100%757)(@]9[7(7257@ 777777 g s ; 77777 100, * Yield 1 (24 h)
= 80
£ 60
2 40-
= 204
k3] 0l —s
(3] |
i 200 |
40|
: : : -60 : : -60 :
1 10 100 1.000 10 100 1.000 10 100 1.000 10.000
W Id Il (2 h) O Ve @2h) Moy Id 11 (2 h)
1204° € 1204 * € 120{* J1®
< 1001 Yield I (24 h) 100- 4 Yield Il (24 h) 100 * Yield !l 24 1)
= 80 80-
£ e 60
2 404 40
€ 20] 20
© ol 0l —s
(0] 1 o
5 20 -20- L
-40 -40- A
-60 ‘ -60-— -

1 10 100 1.000 10

Measured concentration (umol/L)

Measured concentration (umol/L)

100 1.000 10.000
Measured concentration (umol/L)

0
10

100 1.000

Fig.2 Algal toxicity of sulfamethoxazole (SMX, left), chloramphenicol (CAP, center), and ofloxacin (OFX, right) was
assessed as the inhibition of algal growth (chlorophyll fluorescence, top), photosynthetic Yield I (center), and photosynthetic

Yield II (bottom).

complex effects of OFX on the photosynthesis
apparatus, including chloroplast rupture, reduced
chlorophyll content, changes in photosynthetic electron
transfer and, ultimately, the formation of ROS (Zhang
et al.,, 2023). Deng et al. (2015) reported significant
inhibitory effects on the photosynthetic activities of
Microcystis aeruginosa and weakened protection
mechanisms around PSI (cyclic electron flow) at
relatively high concentrations of ofloxacin. Thus,
effects on the photosystems were observed, supporting
the need to use nontarget organisms as a means to
evaluate toxin degradation via advanced water
treatment techniques.

3.2 Removal of antibiotics by a photocatalytic
membrane

For photocatalytic membrane treatment of the AB,

starting concentrations above the determined ECs, or
ECy, values for at least one of the investigated end-
points were chosen to ensure that the biological test
would be able to “follow” the degradation process by
the photocatalytic membrane. SMX was used at 10
mg/L (39.5 umol/L), CAP at 10 mg/L (30.9 pmol/L),
and OFX at 1100 mg/L (3044 pmol/L). In addition,
OFX was also employed at a relatively low concen-
tration (10 mg/L, 27.7 umol/L). The data were fitted via
the integrated rate law for reactions of nt order (Eq. 3),
as shown in Fig 3. The model parameters, characteristic
degradation times, and changes in pH (measured before
and after 360 min of UV irradiation) are listed in
Table 1. The photocatalytic membrane could achieve
com-plete parent antibiotic removal. A review by Li
etal. (2023b) demonstrated that the photocatalytic
membrane removal efficiency for most micropollutants,
including antibiotics, falls within the range of 80% to
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Fig.3 Removal of sulfamethoxazole (SMX), chloramphenicol (CAP), and ofloxacin (OFX) via a photocatalytic membrane (m)

or photolysis (®) according to HPLC analysis.

100%, whereas CAP could only be removed by about
62%.

Degradation of all AB was supported by a decrease in
pH from ~8 to ~3—4, indicating the formation of acidic
transformation products as a consequence of oxidative
processes. SMX was the only AB that exhibited no
significant photolysis within 360 min of irradiation,
confirming studies conducted by Kim et al. (2015), i.e.,
photodegradation is highly dependent on the light
source and water chemistry. However, the photo-
catalytic membrane was capable of degrading
10 mg/L SMX with a half-life of (102.3 + 5.8) min. A
removal of 90% was reached after approximately
241 min. Notably, the total reaction order was found to
be n = 0.52, indicating a complex reaction mechanism.
However, within the first 60 min, SMX removal
followed a pseudo-first-order reaction with an apparent
rate constant of k£ = 0.0056 min~! (R%: 0.999, data not
shown). A review by Kutuzova et al. (2021) compiled
several studies on the photocatalytic degradation of
SMX and reported that pseudo-first-order modeling
was most common and that the rate constant decreased
in complex water matrices such as wastewater

containing large amounts of organic compounds.
Hence, in this study, it can be assumed that during UV
exposure, photoaging products from the polymer
membrane were formed, competing with SMX removal
and thus reducing the total apparent reaction order.
TOC analysis supported this hypothesis as the
organic carbon content increased during treatment (0 —
360 min): ultrapure water: 1.10 — 58.01 mg/L; SMX:
5.69 — 60.36 mg/L; CAP: 8.61 — 47.11 mg/L; and
OFX: 68735 — 476.73 mg/L. Non-irradiated
membranes leached only 5.51 mg/L after 360 min
(likely from their hydrophilic coating or the
photocatalyst modification layer). Similar self-
degradation of PVDF-based photocatalytic membranes
has been reported in the literature (Lee etal., 2016;
Roubaud et al., 2022; Fischer et al., 2024), explaining
the surge in organic carbon. Roubaud etal. (2022)
reported that morphological degradation occurs after a
few days of irradiation, especially in ultrapure water,
since OH radicals are able to attack the membrane
instead of solutes. Notably, the increase in the TOC
content might be attributable to degradation products of
the PVDF polymer or membrane additives. Fischer
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Table 1 Adsorption (Ads), model parameters, and characteristic degradation times for the removal of sulfamethoxazole (SMX),
chloramphenicol (CAP), and ofloxacin (OFX) via a photocatalytic membrane or photolysis

SMX (10 mg/L) CAP (10 mg/L)

OFX (1100 mg/L) OFX (10 mg/L)

Photocat. membrane Photocat. membrane  Photolysis

Photocat. membrane

Photolysis Photocat.membrane  Photolysis

Ads 0%+1.2% 0%+0.3% 0%+1.7%
n 0.52+0.10 1.0 1.0

k 0.00580.0004 0.0902+0.0019  0.065620.0005
fos 102.3+5.8 7.7£0.2 10.6+0.1
fos1 17.8%1.1 1.240.0 1.6£0.0

fos 36.842.3 2.5+0.1 3.4+0.0

fos 194.4+13.2 17.9+0.4 24.5£0.2
foo 241.5420.4 25.5£0.5 35.120.3
Ry 1.00 1.00 1.00

pH 83533 82529 82530

0.1%+4.9% 4.6%+0.4% 52.8%+1.7% 11.8%+2.4%
1.0 1.0 1.0 0.78 £0.04
0.0267+0.0025 0.0267+0.0016 0.1109+0.0024 0.0126+0.0007
26.0+2.5 25.9+1.5 6.2+0.1 51.0£2.3
4.0+0.4 3.9+0.2 1.0+£0.0 8.3£0.4
8.4+0.8 8.3+0.5 2.0£0.0 17.3+0.9
60.3£5.7 60.1£3.6 14.540.3 107.5+4.0
86.3+8.1 86.0£5.1 20.7+0.5 143.3£5.1
0.98 0.99 1.00 0.99
7.6 —32 7.6 > 43 n.d. n.d.

Note: No significant photolysis of SMX was observed within 360 min. The change in pH was measured before and after 360 min of UV irradiation.
The apparent rate constant of the reaction (k) for n = 1 is given in min~!, and the characteristic removal times are given in min (e.g., half-life time, £ s,

time at 10% removal, £, |, etc.).

etal. (2024) found that the manufacturer’s pre-
hydrophilization coating is not stable under UV-A
irradiation. However, manufacturers often do not
disclose the precise hydrophilization agent used.
Polyvinylpyrrolidone (PVP), a commonly used mem-
brane additive, is highly sensitive to radical oxidation
and may therefore promote the degradation of PVDF
(Roubaud et al., 2022). Other studies have confirmed
that PVP oxidation occurs first, followed by ROS
attacks on the —CF,-CH,— segments (Zheng et al.,
2023). The main degradation pathway involves
dehydrofluorination, whereby PVDF loses hydrogen
fluoride (HF) and forms carbon—carbon double bonds
(Marshall et al., 2021). CAP was not stable under UV
irradiation, yielding an apparent rate constant of 0.0656
min~!, whereas the photocatalytic membrane increased
the removal rate to 0.0902 min~! (+37%, t, s = 7.7 min).
Similarly, OFX at 1100 mg/L exhibited a strong
photolytic reaction, resulting in no difference between
photolysis and photocatalysis (k = 0.0267 min~!). The
literature reports that OFX can act as a photosensitizing
agent via the absorption of UV-A radiation, resulting in
the formation of singlet and triplet excited states of
OFX and, finally, the generation of singlet oxygen
(Navaratnam and Claridge, 2007). Most likely, at the
employed concentration of 1100 mg/L (which was
chosen to monitor the toxicity since OFX was barely
toxic toward S. vacuolatus), the photosensitizing
properties superimposed the photocatalytic degradation,
leading to the same apparent rate constant.

Interestingly, at a reduced concentration of 10 mg/L,
OFX displayed distinct differences. First, adsorption to
the PVDF membrane was much greater at 52.8%

(photolysis: 11.8%) than at 1100 mg/L (0.1% + 4.9%
adsorption), indicating that at higher OFX concen-
trations, adsorption is less relevant (please note that the
absolute adsorbed amounts are still comparable).
Second, removal by the photocatalytic membrane far
exceeded that of photolysis (half-life of 6.2 min vs 51.0
min, respectively) and even led to the highest measured
rate constant of 0.1109 min!. Finally, the reaction
order revealed pseudo-first-order kinetics for the
photocatalytic process and fractional-first-order kinetics
(n = 0.78) for photolysis. Rytwo and Zelkind (2021)
studied the photoconversion of OFX and reported that
20 pmol/L (7.23 mg/L) with no catalyst followed
pseudo-order kinetics of ~0.3 with a half-life of about
59 min. However, the sensitivity of the fit was very
close within the range of pseudo-orders 0-1. In
contrast, Rodriguez et al. (2015) observed only a low
conversion after 2 h of UV exposure (370 nm). This
finding indicates that photocatalytic polymer mem-
branes can be advantageous for wastewater treatment,
exhibiting usually much lower concentrations of micro-
pollutants, as was recently shown for the degradation of
steroid hormones (Lotfi et al., 2022; Liu et al., 2023).

3.3 Changes in toxicity and identification of
transformation products

To evaluate changes in algal toxicity during photo-
catalytic treatment, samples were collected at various
irradiation times to capture the removal profile of the
parent compound (Fig. 4), which ideally should be
paralleled with a decrease in toxicity. Additionally,
ultrapure water was employed as a control to assess any
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effects introduced by potential byproducts from the
photocatalytic PVDF membrane itself. The data
and TOC data indicated that radical-driven photo-
degradation of the polymer membrane released
byproducts was toxic to the algae themselves. All three
AB were reduced in concentration (blue lines), and for
a more or less short duration, this concentration
reduction was followed by a decrease in toxicity (red,
green and black lines). However, depending on the AB,
after approximately 6-30 min, the toxicity either did
not decrease further or even increased again. This
would point to the synthesis of transformation products
that are more or as toxic as the parent AB or to the
additional or rather underlined toxicity produced by
photoaging of the pure water used as a technical
control. However, OFX toxicity could not be explained
by “water toxicity” alone, although the TOC content
decreased by ~30%. However, OFX (and potentially its
TPs) possessed strong autofluorescence that might have
impaired the toxicity assay and thus could explain the

observed effect inhibition levels above 100%.
LC-HRMS was employed to identify pre-selected
TPs. Figure 5 displays the peak intensities for the parent
compounds as well as the observed TPs depending on
the irradiation time. The most abundant TPs (according
to peak intensity) were highlighted, and their chemical
structures were determined: for SMX, the observed TPs
peaked at 96-163 min (TP8/9: SMX hydroxylated at
either the phenyl or isoxazole group, TP26: 3-amino-5-
methylisoxazole); for CAP, the TPs’ maximum was
between 14-36 min (TP15: 4-nitrobenzoic acid, TP16:
4-nitrophenol); and for OFX, one TP was most
abundant, peaking between 6-17 min (TP8: N-
desmethyl ofloxacin). A detailed overview of the
detected TPs is given in the Supporting Information
(Tables S7 and S8). This approach is limited by the
suspect list, which might miss certain TPs. Assuming
that further unidentified TPs follow these trends, the
increase in photosynthetic capacity inhibition at the
same time points can be supported by the formation of
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Fig. 4 Algal toxicity depending on irradiation time for the membrane-based photocatalytic degradation of sulfamethoxazole
(SMX, left), chloramphenicol (CAP, center-left), ofloxacin (OFX, center-right), and water (right) at the studied inhibition
endpoints, i.e., chlorophyll fluorescence (top), photosynthetic Yield I (center), and photosynthetic Yield II (bottom). The actual
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Please note the breaks in the x-axis for CAP and OFX.
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Fig. 5 Formation of transformation products (TPs) during treatment of sulfamethoxazole (SMX, left), chloramphenicol (CAP,
center), and ofloxacin (OFX, right) via the photocatalytic membrane. The chemical structures of the parent compounds and most
abundant TPs are displayed below each plot. Please note the breaks in the axes.

toxic degradation products or by the interference of
fluorescent but nontoxic degradation products. Owing
to the complex mixture containing TPs as well as
membrane photoaging products, a correlation between
TPs and changes in algal toxicity was not possible. In
all the cases, no peak of the parent compound was
observed after 360 min of UV exposure.

On the basis of other studies employing pure TiO, for
the photocatalytic degradation of AB, a significant
reduction in toxicity is reliable, confirming our results:
CAP: residual toxicity of ~10% or lower for the test
species V. fischeri, P. subcapitata, L. sativum, and
D. magna (Lofrano etal., 2016); OFX: reduction in
E. coli activity by 65%—91% depending on the TiO,
content (Peres etal., 2015). For SMX, studies have
reported that both toxification and detoxification
depend on the initial concentration, water matrix, and
other process factors (Yang etal., 2015; Kutuzova
et al.,, 2021). Ensuring long-term performance and
preven-ting secondary ecotoxicity in next-generation
photo-catalytic membranes require the development of
truly photostable support materials resistant to UV
irradiation and attacks by reactive species. Accelerated
aging studies have shown that PVDF is one of the more
stable support materials for photocatalytic membrane
preparation; however, deterioration of hydrophilic
additives/coatings is regarded as a significantly more
substantial issue (Raota et al., 2023). The majority of
studies have focused on changes in material properties,
but studies on the toxicological analysis of membrane

photoaging products are lacking. Alternative visible-
light-active photocatalysts such as Bi, WO, have shown
exceptional promise, exhibiting few or no photoaging
effects on PVDF membranes (Fischer et al., 2024).

4 Summary and conclusions

A PVDF polymer membrane coated with TiO,
nanoparticles was used to degrade the antibiotics
sulfamethoxazole, chloramphenicol, and ofloxacin
under UV irradiation. Toxicity assays with the fresh-
water alga Scenedesmus vacuolatus revealed inhibitory
effect concentrations that exceeded typical environ-
mental levels but were in the range of WWTPs.
Sulfamethoxazole and chloramphenicol impaired the
photosynthetic capacity at 14-25 umol/L and thus was
more sensitive than growth inhibition (~40 pmol/L).
Ofloxacin exhibited only low toxicity toward growth
inhibition (~2000 pmol/L) but showed a time-
dependent increase in photosynthesis inhibition
(~2600 pmol/L after 2 h to ~340 pmol/L after 24 h).
Photocatalytic membrane treatment of 10-1100 mg/L
solutions achieved complete parent-antibiotic removal
with half-lives of 6.2-102.3 min, underscoring the
effectiveness of the photocatalytic membrane. Thus, the
removal efficiency of the used photocatalytic mem-
brane was comparable to or even greater than that of
other photocatalytic membranes that have been utilized
for the degradation of micropollutants. Monitoring
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toxicity at successive irradiation times revealed initial
detoxification followed by a resurgence of photo-
synthetic inhibition due to the formation of toxic trans-
formation products or membrane-derived photoaging
products. In general, detoxification is constrained by
toxic aging products released from the photocatalytic
PVDF membrane. The stability of photocatalytic
membranes is presumably limited by the oxidative
deterioration of their hydrophilic additives or coating
layers under UV irradiation. These findings highlight
that, while photocatalytic polymer membranes
effectively eliminate antibiotics, their own photo-
stability critically governs secondary ecotoxicity. In
contrast to other studies that have focused primarily on
changes in material properties, this study emphasizes
the need to combine chemical and toxicological
methods to reliably validate new methods of waste-
water treatment.
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