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Abstract

Background: Favipiravir (FAV) and oseltamivir (OSE) are antiviral agents developed against influenza and they were repur-
posed against SARS-CoV-2 during the COVID-19 pandemic. This study evaluated the potential of ozonation and catalytic ozon-
ation as tertiary treatment approaches for removing FAV and OSE from municipal wastewaters, both in the presence and
absence of microplastics (MPs), while comparing the ecotoxicity of untreated and treated secondary effluents to predict the
ecotoxicological effects of these technologies during municipal wastewater treatment.

Results: At an initial antiviral concentration of 50 ∼g L−1, ozonation at pH 7with a specific ozone dose of 0.6 mg O3 (mg DOC)−1

yielded FAV and OSE removals of 84 and 64%, respectively, while the presence of catalyst or MPs decreased the degradation
rate by 30–40%. Raising the pH to 10 had minimal impact on FAV abatement, but improved OSE reduction by 21%. Acute tox-
icity tests using Vibrio fischeri demonstrated that simultaneous ozonation of the analytes led to the accumulation of transfor-
mation products (TPs) of FAV and OSE, with their combined effect almost equal to that of the original compounds.
Reproduction toxicity tests indicated that TPs of antiviral drugs generated during ozonationwere less toxic to Enchytraeus cryp-
ticus than the parent chemicals.

Conclusion: Ozonation proved to be a viable option for upgrading existingwastewater treatment facilities, serving as a comple-
mentary treatment to minimize the release of antivirals from municipal secondary effluents and reduce their inhibitory effect
on earthworm reproduction, thereby enhancing the reuse potential of treated wastewater for irrigation.
© 2025 The Author(s). Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Soci-
ety of Chemical Industry (SCI).
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INTRODUCTION
Antivirals are pharmaceuticals used to treat viral infections such as
acquired immunodeficiency syndrome (AIDS), influenza, hepatitis,
and herpes.1 Although antiviral drugs play a crucial role in treating
various diseases, their occurrence and fate in the urban water
cycle have been studied less extensively than other pharmaceuti-
cals like antibiotics, analgesics or antihypertensive drugs.2,3

Wastewater treatment plants (WWTPs) become a major source
of antivirals, and their metabolites are released into aquatic envi-
ronments as they are not specifically designed to remove drug
residues.4,5 Since the onset of the COVID-19 pandemic, there
has been a substantial rise in the concentrations of antiviral drugs
found in sewage, treated wastewater effluents, and surface
water.6 Some of these antivirals are present at levels that could
pose significant acute or chronic toxicity to non-target organisms
in the aquatic environment.7,8
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Among the antivirals, favipiravir (FAV) and oseltamivir (OSE)
have been widely reported acting against SARS-related coronavi-
rus (SARS-CoV-2) infection1,9,10 and recommended as appropriate
wastewater-based epidemiology (WBE) biomarkers from the per-
spective of in-sewer stability.11 Kuroda et al.5 pointed out that
conventional WWTPs (employing activated sludge process as sec-
ondary treatment) were found to be unable to efficiently remove
FAV and its metabolite (T705M1) from raw wastewater, as evi-
denced by predicted removal efficiencies of less than 2%. Data
analysis performed by comparing the influent and effluent of
the same WWTP revealed that the concentrations of OSE and its
metabolite oseltamivir carboxylate (OC) remained practically
unchanged throughout the treatment, both exhibiting high resis-
tance to biodegradation.12,13 The inadequate removal of these
compounds by biological treatment systems highlights the need
for complementary processes to effectively eliminate them from
secondary effluents. Therefore, enhancing and updating existing
conventional WWTPs by incorporating suitable tertiary treatment
options is essential not only to reduce the release of antiviral
drugs into the effluent,14 but also to mitigate the risk of their
uptake by plants and soils when the treated wastewater will be
reused for irrigation purposes.15

To address the issues associated with antivirals, the attention of
researchers has been focused on advanced oxidation processes
(AOPs), successfully investigated as tertiary treatment methods
ofmunicipal wastewaters.16,17 Among the AOPs, ozonation is con-
sidered as one of the most promising techniques for the removal
of pharmaceuticals from secondary treated municipal effluents18

since laboratory,19 pilot,20 and full-scale21 studies revealed that
ozonation could reduce the pharmaceuticals load by more than
80%. However, sole ozonation suffers from some drawbacks,
including low mineralization ability, selective oxidation, and
unstable treatment effect.22 Heterogeneous catalytic ozonation
can address the limitations of ozonation alone, garnering signifi-
cant interest over the past two decades.22,23 Recently, layered
double hydroxides (LDHs) have gained significant attention as
catalysts owing to their high anion exchange capacity, large spe-
cific surface area, abundant active sites, stability, and ease of
synthesis.24,25

The ongoing COVID-19 pandemic has led to a significant rise in
the use of plastics for personal protective equipment and sanitizer
containers, with an estimated 40% global increase in plastic
usage.26 WWTPs play a crucial role in the transfer of MPs from
human life to the natural environment and are key to controlling
the entry of MPs into the material cycle.27 The impact of MPs on
tertiary treatment of urban wastewater remains largely unex-
plored.28 The ozone disinfection efficacy is negatively affected
by the presence of MPs as the log reductions of E. coli bacteria
decreases with the increase of MPs concentration and a complete
inactivation can only be achieved at prolonged contact times.28

MPs can act as scavenger of ozone molecules and hydroxyl radi-
cals by oxidizing their surfaces, thereby reducing the amount of
them available for the effective inactivation of pathogenic bacte-
ria29; which highlights the importance of studying the effect of
MPs on tertiary treatment by ozonation. During the ozonation
process, the surface of MPs can undergo oxidation, leading to
the formation of oxygen-functional groups (i.e., carbonyl groups)
and, thus, to an increase in the hydrophilicity of MPs and adsorp-
tion sites.30 As a result, the oxidized MP surface can demonstrate
an enhanced ability to adsorb hydrophilic compounds.31,32

Despite the increasing interest in the utilization of LDH com-
pounds as catalysts, there has been limited research on the

catalytic activity of LDHs in the ozonation process.33 Besides, the
majority of previous catalytic ozonation studies focused on the
degradation of a single pharmaceutical compound,34 which can-
not reflect the real performance of catalysts due to the coexis-
tence of multiple pharmaceuticals during actual wastewater
treatment as the intermediates formed by the joint degradation
of multi-pollutants may affect the degradation efficiency of the
catalysts along with the toxicity of the resulting products. Based
on the review of existing literature, it is also evident that the effect
of MPs on the degradation of FAV and OSE, as well as on aquatic
and soil organisms, through ozonation alone and catalytic ozona-
tion processes has not yet been examined. In this context, this
study aimed to fill the above-mentioned knowledge gaps by
assessing the potential of ozonation and catalytic ozonation pro-
cesses for the removal of FAV and OSE from synthetic municipal
wastewater effluents, both in the presence and absence of MPs.
Another equally important objective was to comparatively evalu-
ate the ecotoxicity of raw and treated (ozonated and catalytic ozo-
nated) effluents in order to predict the ecotoxicological
consequences of the application of tertiary treatment technolo-
gies in municipal wastewaters.

MATERIALS AND METHODS
Experimental approach
Synthetic municipal wastewater effluent (SMWE) samples with
two different concentrations of FAV and OSE were used during
the course of ozonation and catalytic ozonation tests. Sample
1 was defined as the SMWE with 50 μg L−1 concentration of FAV
and OSE, whereas Sample 2 represented the SMWE in combina-
tion with 500 ng L−1 concentration of antivirals. The removal of
antiviral drugs was assessed by testing three different specific
ozone doses (0.2, 0.6, and 1 mg O3 (mg DOC)−1) both in the pres-
ence and absence of MPs (0.1 mg L−1). Polyethylene (PE) was
selected as the model MP because (i) it is the most prevalent MP
type found in WWTP influents and effluents,35 and (ii) it exhibits
toxicity towards aquatic36 and soil37 organisms. The experimental
runs were conducted at two different pH levels representing neu-
tral (pH = 7) and alkaline (pH = 10) conditions, the latter being
applied to enhance the decomposition of ozone leading to the
generation of hydroxyl radicals and to promote the degradation
of the studied antiviral drugs.

Chemicals and glassware
All volumetric glassware was rinsed first with acetonitrile and then
with ultrapure water, which was sourced from a Sartorius Arium
611 VF water purification system. After being washed, other glass-
ware items were placed in a Lenton ECF 12/6 muffle furnace and
heated at 550 °C for 3.5 h to eliminate organic residues. For solid
phase extraction (SPE) and liquid chromatography tandem mass
spectrometry (LC-MS/MS) analyses, LC-MS grade (LiChrosolv®) sol-
vents were utilized.
FAV and OSE were supplied in kind in powder form by Atabay

Pharmaceuticals and Fine Chemicals Inc. (Turkey), while their sta-
ble isotope references, [13C,15N]-FAV and [2H5]-OSE hydrochloride
salt, were imported from Alsachim company (France). Stock solu-
tions were prepared at 5 mg L−1 for each reference isotope and at
two different concentrations (i.e., 5 and 100 mg L−1) for both FAV
and OSE. All stock solutions were stored in a laboratory cold room
at 4 °C, suitably diluted and injected into the investigated sam-
ples to achieve the desired concentrations for the experiments.
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PE-based MPs at micro-size (200 μm) were purchased from Uçar
Chemical company (Turkey) and used as received.

Preparation of synthetic municipal wastewater and
biodegradation experiments
A mixture of meat extract and peptone (referred to as peptone
mixture) was prepared to create synthetic municipal wastewater.
The peptone mixture was chosen primarily because it is specified
as the standard substrate in the ISO 8192 inhibition test proce-
dure.38 Although the peptone mixture lacks the particulate chem-
ical oxygen demand (COD) fractions and therefore does not have
the same particle size distribution, its biodegradation characteris-
tics are very similar to domestic sewage, balancing readily biode-
gradable COD and slowly biodegradable COD fractions. Another
significant advantage of using the peptone mixture as synthetic
municipal wastewater is that its characteristics can remain consis-
tent throughout the experimental period.
A laboratory-scale fill and draw reactor with a hydraulic reten-

tion time of 1 day, fed with the peptone mixture, was operated
at steady state with a sludge age of 15 days. The reactor con-
tained an initial peptone mixture concentration of about
500 mg COD L−1 to simulate real domestic wastewater. It had a
net volume of 10 L and was seeded with activated sludge from
an advanced WWTP. The reactor was periodically supplemented
with specific amounts of nutrient solutions (10 mL of each per
1000 mg of COD) to eliminate nutrient limitations and buffer
against pH fluctuations.39 In order to confirm that the reactor
was operated well throughout the biodegradability experiments,
COD and mixed liquor volatile suspended solids (Standard
Methods,40 SM 2540-E) contents were recorded daily. The mixed
liquor from the reactor was settled for 30 min, and the superna-
tant was filtered through 220 nm membrane filters before con-
ducting ozonation and catalytic ozonation experiments.

Conventional characterization
To analyze the SMWE samples before and after ozonation and cat-
alytic ozonation experiments, a conventional wastewater charac-
terization study based on the measurements of COD, dissolved
organic carbon (DOC), ultraviolet absorbance at 254 nm (UV254),

specific ultraviolet absorbance at 254 nm (SUVA), ammonia
(NH3-N), nitrite (NO2

−-N), total phosphorus (TP) and pH was
applied. Analyses of COD (SM 5220-B), NH3-N (SM 4500-NH3-C),
TP (SM 4500-P-D), and pH (SM 4500-H+-B) were performed using
the protocols described in Standard Methods.40 The DOC was
detected by a total organic carbon analyzer (TOC-V CPN, Shi-
madzu, Japan). The UV254 measurements were recorded with a
Schimadzu UV-1800 spectrophotometer at a wavelength of
254 nm with a 1 cm quartz cell. SUVA (L (mg-m)−1) was deter-
mined as the ratio of UV254 (cm−1) over DOC concentration
(mg L−1) and multiplying by 100. Nitrite (NO2

−-N) concentrations
were determined by ion chromatography using a Dionex ICS-
3000 system (Sunnyvale, CA, USA) coupled with a conductivity
detector and an analytical column AS11HC (Dionex IonPac). The
pH measurement was carried out by a digital Orion model 920A
pH-meter with an accuracy of±0.01 unit (Orion Research Inc., Bos-
ton, MA, USA).

Ozonation and catalytic ozonation experiments
The experimental studies were conducted in a 500 mL laboratory
semi-batch glass reactor, consisting of a cylindrical tube 2 cm
high and 6 cm in internal diameter. An ozone generator (Arcbull
Meo-20) with a capacity of 2500 mg O3 h−1 was connected to
an oxygen concentrator (Healthtime OC-5). Ozone gas was intro-
duced into the reactor from the bottom via a sintered glass plate
diffuser at a flow rate of 0 to 1 L min−1. SMWE samples of 300 mL
volume were subjected to ozonation and catalytic ozonation at
room temperature. A schematic of the experimental set-up is
shown in Fig. 1.
Excess ozone gas leaving the reactor was collected in two gas

washing bottles filled with 2% w/v potassium iodide
(KI) solution. Two additional gas washing bottles containing 2%
w/w KI solution were placed after the gas inlet line to measure
and calibrate the ozone flow rate accurately. Ozone concentration
at the reactor's inlet and outlet was determined using iodometric
titration as per Standard Methods 2350-E.40 The off-gas ozone
concentration remained near zero due to over 95% ozone utiliza-
tion, making the applied and transferred ozone doses approxi-
mately equal. The dissolved ozone concentration during the

Figure 1. Schematic diagram of the experimental set-up.
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reaction, measured by the indigo colorimetric method,40 was
below 1% of the applied dose and was thus omitted from the
ozone consumption calculation. With around 20 mg L−1 of DOC
in SMWE samples and only a few μg L−1 of FAV and OSE, most
of the applied ozone and produced •OH reacted with the bulk
DOC rather than the antiviral drugs. Therefore, antiviral removal
was related to both the applied and specific ozone dose (mg O3

(mg DOC)−1), the latter allowing for comparisons between ozona-
tion processes at WWTPs with varying DOC levels. Due to the low
NO2

−-N level in the investigated samples (≤0.07 mg N L−1), the
specific ozone dose was calculated by dividing the ozone con-
sumption by the DOC value at the reactor inlet.
In the catalytic ozonation experiments, ZnFe LDH powder was

added to the reaction medium at a concentration of 0.1 g L−1 just
before ozone was introduced. The ZnFe LDH was prepared using
the co-precipitationmethodwith aM2+/M3+molar ratio of 3.41 For
this purpose, 3 mmol of ZnCl2 and 1 mmol of FeCl3.6H2O were
dissolved in ultra-pure water purged with N2 gas. The solution
pH was gradually raised to 8 by slowly adding 2 M NaOH
solution while stirring vigorously. After aging the mixture for
24 h under an N2 atmosphere, the catalyst was centrifuged and
washed multiple times with deionized water. The ZnFe LDH was
then dried in an oven at 50 °C for 8 h, followed by grinding and
sieving.

Detection of antivirals
A concentration step was not necessary for Sample 1 since it was
spiked with a relatively high content (50 μg L−1) of FAV and OSE.
However, due to the low spiked concentration (500 ng L−1) of tar-
get analytes in Sample 2, they were isolated by SPE using Oasis
HLB SPE cartridges (6 mL, 200 mg, Waters, Milford, MA, USA). Prior
to the extraction, the cartridges were preconditioned with 5 mL
methanol and 5 mL ultrapure water. Samples were filtered from
cartridges at a flow rate of 3–5 mL min−1 using an automatic
SPE vacuum manifold (VacMaster, Biotage, NC, USA) and washed
with 6 mL of ultrapure water with an adjusted pH of 3. The car-
tridges were dried under vacuum for 1 h, after which the analytes
retained on the cartridges were eluted by using 5 mL methanol
and 5 mL acetonitrile. Finally, the organic solvent was evaporated
to dryness under nitrogen at a pressure of 10 bar using a Caliper
TurboVap II (Caliper Life Sciences, Hopkinton, MA, USA) and the
extracts were reconstituted in 1 mL of amethanol-ultrapure water
mixture (30:70, v/v). For the quantitation of the investigated anti-
virals by LC-MS/MS, the resulting solution was filtered through a
220-nm membrane filter and transferred into 2-mL vials.
The LC-MS/MS measurements were performed with a Thermo

Scientific Fortis Model Mass Spectrometer connected to a
Thermo Scientific Ultimate 3000 Model Ultra Performance Liquid
Chromatograph, operating in tandem. Because of its resistance
to high temperatures and pH levels, a Waters XBridge BEH C18
(50 mm × 4.6 mm × 3.5 μm) column was used for the chromato-
graphic separation of FAV and OSE. The injection volume was set

to 5 μL as higher volumes led to poor separation of the chromato-
graphic peaks. Mobile phase A consisted of 0.1% formic acid in
distilled water, while mobile phase B was 0.1% formic acid in pure
methanol. The flow rate was maintained at 0.6 mL min−1 for
10 min.

Toxicity experiments
Changes in acute toxicity after ozonation and catalytic ozonation
of Sample 1 under selected operating conditions were monitored
using Vibrio fischeri. The acute toxicity towards the marine bacte-
rium V. fischeri was assessed with a BioToxTM assay kit (V. fischeri
code 1243–157; Aboatox Oy, Finland) following the ISO 11348-3
test protocol.42 The percentage inhibition of bioluminescence
was determined by mixing 0.5 mL of raw or treated (ozonated
and catalytic ozonated) Sample 1 with 0.5 mL of luminescent bac-
terial suspension. All tests were conducted at 15 °C using thermo-
stats, and light emission was measured after a 15-min incubation
on an Aboatox C110 BioTox luminometer (Aboatox Oy, Finland).
The toxicity of the raw and treated effluents was expressed as
the percentage of bioluminescence inhibition compared to an
uncontaminated reference. A positive control (2% NaCl, w/v)
was included in each test. One-way analysis of variance (ANOVA)
was used to identify which data sets significantly differed from
the control at the P < 0.05 level.
The toxicity test with Enchytraeus crypticus was conducted

according to OECD Guideline 220,43 but using an exposure dura-
tion of 3 weeks as recommended by Castro-Ferreira et al.44 Natu-
ral standard LUFA 2.2 soil (Lufa Speyer, Germany) with
approximately 1.6% organic carbon and a pHCaCl2 of 5.5 was used
as a control to ensure the health of the test organisms and the
validity of the bioassays. Ten adult animals were randomly placed
in each 100 mL glass jar containing 20 g dry weight equivalent of
moist test soil and fed with a few grains of oat flakes. The test
lasted for 21 days at 20 ± 1 °C with a 12/12 h light/dark photope-
riod, using four replicates per test concentration and control.
Food and water were replenished twice a week based on weight
loss. After 3 weeks, all samples were fixed with 10 mL of 96% eth-
anol, transferred to a plastic container, and stained with a 1% Ben-
gal rose solution in ethanol. The boxes were briefly shaken and
incubated overnight in a refrigerator at 4 °C for optimal staining.
The pink-stained animals were separated from soil particles by
sieving over 160 μm, then transferred into white trays and
counted under a magnifying glass.

RESULTS AND DISCUSSION
Conventional characterization
The physicochemical characteristics of SMWEs used to simulate
secondary effluents from municipal WWTPs are presented in
Table 1. The experimental data on COD and DOC contents listed
in the table were comparable to those measured in both real
and synthetic effluents.45,46 The concentrations of main inorganic
nutrients (NH3-N, NO2

−-N, and TP) fell within the range of values

Table 1. Physicochemical characteristics of SMWE samples

Sample
no

COD
(mg L−1)

DOC
(mg L−1)

UV254
(cm−1)

SUVA (L
(mg-m)−1)

NH3-N
(mg N L−1)

NO2
−-N

(mg N L−1)
TP (mg
P L−1) pH

Sample 1 50 18.80 0.410 2.18 0.8 0.07 2.0 7.03
Sample 2 45 16.61 0.377 2.27 0.7 0.06 1.8 6.92

www.soci.org S Dogruel et al.

wileyonlinelibrary.com/jctb © 2025 The Author(s).
Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry (SCI).

J Chem Technol Biotechnol 2025; 100: 955–966

958

 10974660, 2025, 5, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/jctb.7831 by T

urkey C
ochrane E

vidence A
id, W

iley O
nline L

ibrary on [25/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com/jctb


reported previously for real municipal wastewater effluents.45,47

The analysis of characterization results obtained for the studied
samples revealed that the biological treatment decreased the
COD concentration from 500 to a level of 45–50 mg L−1, achiev-
ing a removal efficiency of approximately 90%.

Effect of ozonation and catalytic ozonation on FAV
and OSE
Data on the removal of antivirals derived from ozonation and cata-
lytic ozonation processes on SMWE samples are shown in Figs. 2
and 3. As depicted in Fig. 2, ozonation of Sample 1 at pH 7 yielded
a removal rate of approximately 84 ± 1% for FAV and 64 ± 1% for
OSE, regardless of the specific ozone dose. Raising the pH from 7 to
10 resulted in only a slight improvement in FAV removal, with an
increase of about 2 ± 1%, while OSE exhibited an additional reduc-
tion of 21 ± 2%. The presence of MPs adversely affected the
removal of antivirals, leading to a decrease in the degradation of
FAV by almost 30% at both pH levels. The addition of MPs caused

a decline in the OSE removal efficiency by 35% and 12% at pH 7
and10, respectively. In contrast, catalytic ozonation provideddiffer-
ent results for antiviral removal compared with ozonation alone. In
catalytic ozonation experiments conductedwithoutMPs, a removal
rate of 53 ± 2% for FAVwas achieved at specific ozone doses of 0.2
and 0.6 mgO3 (mgDOC)−1, independent of the pH value. However,
increasing the specific ozone dose to 1 mg O3 (mg DOC)−1 at both
pH conditions demonstrated an additional 18% increase in FAV
degradation. Catalytic ozonation in the presence of MPs resulted
in an enhancement of the abatement efficiency for both antivirals,
regardless of the specific ozone dose. For OSE, removal rates
reached 28 ± 2% at pH 7 and 63 ± 2% at pH 10, indicating that
raising the pH led to a 36 ± 2% improvement in OSE reduction. In
the absence of MPs, the use of the catalyst at pH 7 and
10 decreased the FAV degradation by 32 ± 2% and 34 ± 5%,
respectively, when focusing on the first two specific ozone doses;
while the removal of OSE dropped by 37 ± 3% and 22 ± 1%, inde-
pendent of the specific ozone dose applied.

Figure 2. Antiviral removal efficiencies after ozonation and catalytic ozonation of Sample 1 with (w/) and without (w/o) MPs: (a) FAV; (b) OSE.
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For the case of Sample 2, the experimental findings presented in
Fig. 3(a) revealed that the degradation of FAV, with an initial con-
centration of 500 ng L−1, was not affected by operational condi-
tions such as the specific ozone dose, pH level, or the presence
of MPs; both ozonation and catalytic ozonation processes
achieved a removal efficiency of up to 100% since FAV was mea-
sured below the limit of quantification (LOQ) after each experi-
mental trial. In the course of ozonation, adjusting the pH from
7 to 10 increased the reduction rate of OSE from 12 ± 2 to
26 ± 6% (Fig. 3(b)). During the catalytic ozonation process, raising
the pH from 7 to 10 improved the degradation of OSE from
23 ± 2% to 33 ± 4%, indicating that both catalyst and alkaline
environment positively impacted the OSE reduction. The data
from catalytic ozonation experiments involving 12 runs with
MPs divulged that they did not cause a significant change in the
average removal rate of OSE when all process conditions were
evaluated together.

In general, many studies concur that the degradation efficiency
of a recalcitrant organic compound tends to decline as its initial
concentration increases, which can be attributed to the fact that
both the availability of oxidizing species and the generation effi-
ciency of hydroxyl radicals diminish when the target compound
is present at higher concentrations.48,49 However, some
researchers have found that the removal efficiency of compounds
such as Acid Red 88 dye,50 ciprofloxacin,51 trimethoprim,52 and
tetracycline53 is directly proportional to the initial concentration
of the substance being investigated, similar to the different trend
observed during ozonation of OSE in this study. The increase in
degradation rates at higher initial concentrations could be
explained by the generation of intermediates that accelerated
the reaction.52,54

For Sample 1, unexpectedly, single ozonation outperformed
catalytic ozonation. This outcome is likely due to the limited avail-
ability of radicals in the medium and an insufficient number of

Figure 3. Antiviral removal efficiencies after ozonation and catalytic ozonation of Sample 2 with (w/) and without (w/o) MPs: (a) FAV; (b) OSE.
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active sites on the catalyst, which are inadequate to effectively
react with the relatively high contents (50 μg L−1) of FAV and
OSE. During catalytic ozonation of Sample 1, the catalyst surface
may become saturated with the excess amount of antivirals, hin-
dering further interaction between the catalyst and reactants
and restricting the generation of more radicals.55 Another possi-
ble reason for the reduced degradation of antivirals at higher con-
centrations is the increased formation of by-products, which may
intensify the competition for radicals and active sites. Moreover,
these compounds could have a stronger affinity for oxidative spe-
cies, potentially making the related reactions more favorable.56

Effect of ozonation and catalytic ozonation on acute
toxicity
The evolution of the acute toxicity of Sample 1 during ozonation
and catalytic ozonation processes was monitored using the ISO
11348-3 test protocol42 based on the inhibition of biolumines-
cence of marine bacteria V. fischeri after 15 min of exposure. Fol-
lowing the results presented and discussed in the preceding
sub-section, although increasing the pH from 7 to 10 during treat-
ment technologies in the absence of MPs did not make a differ-
ence in FAV degradation, an improvement of 21 ± 2% and
36 ± 2% was recorded in the removal of OSE for ozonation
and catalytic ozonation conducted under alkaline pH conditions,
respectively. Therefore, acute toxicity measurements were carried
out on tertiary treated effluents ozonated at the elevated pH value
of 10 with the highest specific ozone dose of 1 mg O3

(mg DOC)−1. Since the municipal secondary effluents are likely
to have a complex nature and extremely variable composition
of effluent organic matter (EfOM), the toxic strength of Sample
1 was first examined without spiking the antiviral drugs. As shown
in Fig. 4, 56% of bioluminescence inhibition was observed for
Sample 1 that was not spiked with FAV and OSE. Compared to
Sample 1 containing no antivirals, a lower percentage of biolumi-
nescence inhibition of V. fischeri (49%) was obtained after ozona-
tion, indicating that the tested technique led to the formation of
less toxic intermediates than the original compounds. When Sam-
ple 1 was spiked separately with FAV and OSE at 50 μg L−1, the
bioluminescence inhibition increased to 68 and 66%, respectively,

reflecting FAV-spiked sample posed slightly more toxicity than
OSE-spiked sample. Evaluation of the individual and combined
ecotoxicity of the investigated antivirals using the V. fischeri under
acute exposure conditions revealed that the adverse effect of the
mixture (73%) was higher than those of the single drugs.
The trends of V. fischeri inhibition observed during ozonation of
samples spiked with either FAV or OSE were different from each
other. For FAV, ozonation of Sample 1 at the initial FAV concentra-
tion of 50 μg L−1 exhibited an almost identical response to that of
non-ozonated counterpart, reaching a bioluminescence inhibi-
tion ratio of 70%. Given the efficient removal of the parent com-
pound by ozonation (Fig. 2(a)), the similarity in toxicity was
attributed to the formation of toxic TPs during FAV degradation.
The luminescence inhibition was significantly enhanced after
ozonation of OSE (85%), indicating the possible formation of
some highly toxic TPs for the studied bacteria. For Sample 1 con-
taining 50 μg L−1 of each antiviral, the ecotoxicological assays
demonstrated that ozonation resulted in almost no change in
the bioluminescence inhibition (69%). Thus, the use of ozone
led to the formation of TPs of FAV and OSE, the collective impact
of which was found to be nearly equal to that of their parent
compounds.
In the case of Sample 1 containing no antivirals, outcomes from

V. fischeri divulged that the toxicity was not significantly affected
by the amount of MPs (0.1 mg L−1) used during the ozonation
process, corresponding to a bioluminescence inhibition of 49%.
Considering Sample 1 spiked with antivirals at 50 μg L−1, ozona-
tion in the absence and presence of MPs induced similar inhibi-
tion effects on V. fischeri's luminescence (69 and 68%,
respectively), verifying the negligible contribution of MPs to the
acute toxicity. The presence of the catalyst during ozonation of
Sample 1 containing both antivirals and MPs decreased the biolu-
minescence inhibition from 68 to 64%, which could be attributed
to the fact that the toxicity of TPs generated by ozonation was
likely higher than that by catalytic ozonation.
The impact of wastewater ozonation on toxicity presents con-

flicting observations and interpretations, complicating scientific
understanding and practical application.57 While some studies
reported that ozonation reduced the bioluminescence inhibition

Figure 4. Inhibition on the luminescence of marine bacteria V. fischeri after exposure to Sample 1 with (w/) and without (w/o) FAV, OSE and MPs under
ozonation and catalytic ozonation.
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of V. fischeri,58,59 others found the opposite, noting an increase in
the acute toxicity towards V. fischeri after ozonation.19,60 The
effect of ozonation on bioluminescence inhibition is closely
related to the removal of parent compounds and the formation
of their TPs.61 The amounts and types of TPs with different toxico-
logical profiles may affect the observed trend, complicating the
direct comparison of different studies. The variation in
the toxicity-related impacts arises from the reaction kinetics,
which dictate whether the process is primarily driven by ozone,
hydroxyl radicals, or a combination of both, as well as the struc-
ture and properties of the micropollutants involved.62

Remarkably, there are very few studies in the literature on the
ecotoxicological effects of FAV and OSE used against COVID-19.
Escher et al.63 used the quantitative structure–activity relationship
(QSAR) approach to assess the mixture effects of oseltamivir ethy-
lester (OE) and its metabolites on marine bacterium V. fischeri and
pointed out that OE and oseltamivir acid (OA) acted as baseline
toxicants in the bioluminescence inhibition test. In a previous
research, Kuroda et al.5 provided a model-based evaluation on
the occurrence, fate and ecotoxicological effects of therapeutic
agents associated with COVID-19 treatment during pandemic
events. They suggested that among 11 therapeutic agents and
their 13 metabolites, FAV, OSE, and OC posed a relatively low eco-
toxicological risk for aquatic organisms in receiving waters,
whereas an appreciably high ecotoxicological risk was observed
for T705M1, the major inactive metabolite of FAV. In another
study conducted by van Beek,64 where the acute toxicity towards
V. fischeri of treated and untreated OP samples were monitored,
the bioluminescence inhibition screening tests revealed that both
ozonated and non-ozonated OP samples in buffered and real
wastewater matrices did not increase toxicity. Besides, the signif-
icant increase in the bioluminescence inhibition during ozonation
of OSE achieved in this study was apparently in line with the
observations of some previous research on the ozonation of cer-
tain drugs such as oxytetracycline,65 ampicillin,66 ketoprofen67

and tamoxifen,68 where toxicity tests by V. fischeri proved that

the TPs appeared to be more toxic than the parent compounds.
Additionally, the minimal impact of MP exposure on acute toxicity
observed in this study was confirmed by several previous studies.
Booth et al.69 examined the effects of a wide range of environ-
mentally relevant and elevated concentrations of
poly(methylmethacrylate)-based plastic and fluorescent plastic
nanoparticles, concluding that nano-sized plastics had no ecotox-
icological effects on the bacteria V. fischeri. Similarly, Gagné70

found no toxic impacts of microbeads of PE on quorum sensing
in Aliivibrio fisheri at environmental concentrations. In another
study, Gambardella et al.71 assessed the acute toxicity of PE-based
MPs of various sizes (1–500 μm) on V. fischeri and discovered that
these MPs were not toxic to the unicellular marine organisms,
even at concentrations higher than those found in the environ-
ment. Moreover, the non-toxic nature of the catalyst towards
V. fischeri observed in this study was also reported by Koba-Ucun
et al.,72 who found that among the Zn Fe LDHs samples prepared
within 3 h and tested at the concentration range of 0.05–2 g L−1,
only those above 0.2 g L−1 exhibited an inhibitory effect on biolu-
minescence intensity after 15 min of exposure.

Effect of ozonation and catalytic ozonation on the
reproduction of E. crypticus
In the first step of the reproduction toxicity tests with E. crypticus, a
stock solution of FAV and OSE at 100 mg L−1 concentration was
prepared in ultra-pure water, and the required volume of stock
solution was added to 20 g of dry soil to achieve a nominal con-
centration of 10 mg antiviral (kg dry soil)−1. The MP contents
may differ significantly across studies due to research focus
(0.02–1.5%,73 0.1–10%,74 0.005–5%75). MPs at a concentration
range of 0.2 to 1.2% (w/w) in the soil surface are also considered
to be environmentally relevant,76 so the amount of MPs in dry soil
was set at 0.5% to evaluate the potential adverse effects of PE on
the earthworms. The results of the reproduction test with
E. crypticus after 21 days of exposure to soil contaminated
with MPs and antivirals, both single and combined exposures,
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Figure 5. Reproduction of E. crypticus after exposure to Sample 1 with (w/) and without (w/o) FAV, OSE, and MPs under ozonation and catalytic
ozonation.
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are shown Fig. 5. As comparedwith the control group, exposure of
the earthworms to 0.5%MPs for 21 days did not pose a significant
change in the reproduction. There was no statistical difference
between the control and the single drug-exposed samples as nei-
ther FAV nor OSE induced an effect on the number of juveniles
produced. Unlike the findings from the single exposures, the co-
presence of FAV and OSE significantly reduced the number of
earthworm juveniles (P < 0.05), revealing that the combined
exposure led to more severe stress compared to FAV and OSE,
individually. Following the preliminary experiments, similar to
the acute toxicity measurements, the ecotoxicity of both antivirals
and MPs to soil fauna was performed on Sample 1 treated at the
elevated pH level of 10 and at the highest specific ozone dose
of 1 mg O3 (mg DOC)−1. During ecotoxicological experiments
conducted on tertiary effluents, 20 g of dry soil was wetted with
4 mL of Sample 1 from each of the treatment conditions. As
shown in the figure, 21 days of exposure to Sample 1 that was
not spiked with FAV and OSE did not result in any significant
change in the number of juveniles compared to the control. For
Sample 1 containing no antivirals, the comparison of reproduc-
tion tests performed in the absence and presence of catalyst dem-
onstrated that the number of juveniles produced by E. crypticus
was not significantly different, which suggested the environmen-
tally friendly and non-toxic nature of the catalyst. In the case of
Sample 1 containing 50 μg L−1 of each analyte, ozonation in the
absence and presence of MPs provided significant increases
(P < 0.05) in the number of juveniles at the end of the test period,
divulging that TPs of antiviral drugs resulting from ozonation
treatment appeared to be less toxic to E. crypticus than the parent
compounds. As conventional ozonation in the absence and pres-
ence of MPs exhibited a comparable increase in the number of
E. crypticus juveniles, it could be inferred that the reproduction
of earthworms was not noticeably affected by the exposure to
PE. Similarly, catalytic ozonation of Sample 1 containing both anti-
virals and MPs significantly increased the reproduction of earth-
worms by 35% compared with the control group, confirming
the non-toxic behavior of the catalyst towards E. crypticus.
Even though very few studies have been conducted to evaluate

the ecotoxicological effects of FAV and OSE on aquatic
organisms,5,63,64 to the best of the authors' knowledge, previous
research that has attempted to address the potential impacts of
micropollutants on soil ecotoxicity did not include these antivirals.
Nevertheless, the results from the single exposures with FAV and
OSE obtained in this study were in agreement with the outcomes
of previous pharmaceutical exposure studies such as the one
reported by Ma et al.,77 who stated that the exposure of oxytetra-
cycline at an environmentally relevant concentration of 10 mg
antiviral (kg dry soil)−1 did not cause a change in the number of
juveniles produced per worm over 21 days. Likewise, Jin et al.78

declared that the reproduction rate of E. crypticus was not signifi-
cantly different from that of the control after exposure to fluoro-
quinolone antibiotics (enrofloxacin, norfloxacin, and
levofloxacin) at the concentration of 10 mg kg−1. In another
research by Mendes et al.,79 where E. crypticus was exposed
through contaminated soil with nanopolystyrene, alone and in
combination with diphenhydramine, silver nitrate and vanadium
nanoparticles, it was found that diphenhydramine at 10 mg kg−1

induced no effects in the reproduction of E. crypticus after 28 days.
Similar to the interaction between FAV and OSE observed in the
present study, resulting in a significant decrease in the number
of E. crypticus juveniles, Zhou et al.80 concluded that the toxicity
of the mixture of cypermethrin and chlorpyrifos was significantly

higher than either of these pesticides individually, leading to a sig-
nificant reduction in the reproduction rate of earthworms.
According to recent research carried out by Bart et al.,81 it was
deduced that the co-occurrence of azoxystrobin and prochloraz
enhanced the toxicity to E. crypticus since prochloraz, like other
azole fungicides, appeared to act as a synergist. Furthermore,
the insignificant effect of PE exposure on E. crypticus reproduction
noticed in the current study was also ascertained by various ear-
lier studies. Rodríguez-Seijo et al.82 recorded no significant differ-
ences in the average number of juveniles produced by
earthworms after 56 days of exposure to the different MP concen-
trations. Amorim and Scott-Fordsmand83 observed no deleterious
effects of nanoparticles of PE on E. crypticus reproduction. More
recently, Yang et al.84 exposed the earthworms to artificially
added PE at a concentration ranging from 0.05 to 20 g kg−1 soil
for 60 days and found that the reproduction of earthworms was
not noticeably affected by the exposure to MPs for 20 or 40 days.
Considering the complexity of both the soil characteristics85 and
the structural composition of the catalysts,86 it is difficult to pre-
dict the toxicity of catalysts to soil invertebrates since in soil, over
extended periods of ageing, nanomaterials might undergo sev-
eral processes, including aggregation/agglomeration, dissolution,
and reaction with othermolecules, which could impact their inter-
action with soil organisms.87,88 Yet, the non-toxic nature of the
catalyst investigated in this work was also witnessed in studies
focusing on copper,89 nickel oxide,90 and magnesium oxide91

nanoparticles where no significant differences were detected in
the number of produced juveniles between E. crypticus exposed
to nanoparticles and the control groups.

CONCLUSIONS
This study evaluated the effectiveness of ozonation and catalytic
ozonation as tertiary treatment methods for the removal of FAV
and OSE from SMWE samples, both in the presence and absence
of MPs. A comparative assessment of the ecotoxicity of effluents
treated by ozonation and catalytic ozonation was also performed
to anticipate the potential ecotoxicological impacts of imple-
menting these tertiary treatment technologies in municipal
WWTPs. Based on the experimental data presented and discussed
in the preceding sections, the following may be expressed as the
concluding remarks of this research:
At high concentration level of 50 μg L−1 (Sample 1), ozonation

at neutral pH range and at the lowest specific ozone dose of
0.2 mg O3 (mg DOC)−1 yielded a FAV removal of 84%, while the
presence of catalyst or MPs alone decreased the removal effi-
ciency by 30%. The degradation of FAV in Sample 2 with an initial
concentration of 500 ng L−1 was not influenced by operational
conditions, including specific ozone dose, pH value, and the pres-
ence of MPs, achieving a 100% elimination in both ozonation and
catalytic ozonation processes.
During ozonation of OSE at an initial concentration of 50 μg L−1

(Sample 1), adjusting the pH to 10 improved the elimination level
from 64 to 85%, regardless of the specific ozone dose applied. For
all specific ozone doses, the addition of MPs to the ozonation pro-
cess or the implementation of catalytic ozonation at neutral pH
reduced the OSE removal efficiency by 30–40%. Ozonation and
catalytic ozonation experiments conducted on Sample 2 contain-
ing low concentration of OSE (500 ng L−1) showed a relatively pH-
independent removal usually in the range of 20–40%, disclosing
that bothMPs and catalyst had practically no impact on the extent
of OSE removal.

Degradation and ecotoxicity of favipiravir and oseltamivir www.soci.org

J Chem Technol Biotechnol 2025; 100: 955–966 © 2025 The Author(s).
Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry (SCI).

wileyonlinelibrary.com/jctb

963
 10974660, 2025, 5, D

ow
nloaded from

 https://scijournals.onlinelibrary.w
iley.com

/doi/10.1002/jctb.7831 by T
urkey C

ochrane E
vidence A

id, W
iley O

nline L
ibrary on [25/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com/jctb


Acute toxicity tests using V. fischeri bacteria carried out on Sam-
ple 1 treated at pH 10 with the highest specific ozone dose of
1 mg O3 (mg DOC)−1 indicated that the TPs of OSE were more
toxic than the parent chemical, while ozonation of FAV almost
retained the same toxicity towards the studied bacteria as that
of the original compound. Ozonation of Sample 1, containing
both antivirals, resulted in the formation of TPs of FAV and OSE,
with their combined effect nearly equal to that of the parent anti-
virals. Luminescent bacteria toxicity testing revealed the non-
toxic nature of the catalyst, whereas the MPs induced a negligible
toxicity effect on V. fischeri.
Reproduction toxicity tests with E. crypticus performed on Sam-

ple 1 treated at the elevated pH level of 10 and at the highest spe-
cific ozone dose of 1 mg O3 (mg DOC)−1 revealed that, in contrast
to the results from single exposures, the combined presence of
FAV and OSE significantly reduced the number of earthworm
juveniles. TPs of antiviral drugs formed during ozonation
appeared to be less toxic to E. crypticus compared to the parent
compounds, while the reproduction of earthworms was not sig-
nificantly influenced by the exposure to either MPs or catalyst.
The experimental findings suggested that ozonation and cata-

lytic ozonation are promising methods for upgrading existing
WWTPs. These techniques not only helped to decrease the release
of antivirals from domestic effluents, but also considerably
improved the quality of treated wastewater for use in agricultural
irrigation. Though the obtained results are promising, further
research is necessary to scale up the examined processes from
the laboratory to field conditions and to validate the applied
approach in pilot and full-scale systems. Future studies should
expand on the current research by providing additional data on
assessing the degradation of FAV and OSE in real secondary
wastewater effluents, identifying TPs and potential reaction path-
ways, exploring the sustainability and recyclability of the catalyst,
investigating changes in the surface morphology of the spent cat-
alyst after treatment, conducting ecotoxicity tests on various
organisms using programs like Ecological Structure Activity Rela-
tionships (ECOSAR), and evaluating the economic feasibility of
the proposed water reuse scheme.
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