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Abstract: The presence of pharmaceuticals in wastewater raises concerns about the toxi-
cological risks associated with its discharge and reuse. During the COVID-19 pandemic,
widespread use of antivirals (ATVs), along with plastic gloves and masks, further con-
tributed to pharmaceuticals in wastewater. Chlorination, commonly used for wastewater
disinfection, may alter the toxicity of antivirals in the presence of microplastics (MPs)
and complex organics in secondarily treated wastewater. To investigate this, synthetic
secondary effluent containing Favipiravir (FAV) and Oseltamivir (OSE) was exposed to
various chlorination conditions, both with and without MPs. The changes in the concentra-
tions of FAV and OSE were measured using LC-MS/MS with isotopically labeled standards.
Chlorination was more effective in removing Favipiravir (42 + 4%) than Oseltamivir
(26 £ 3%). The ecotoxicological effects were assessed on two species—Aliivibrio fischeri (a
bacterium) and Enchytraeus crypticus (a soil invertebrate)—to evaluate potential impacts on
aquatic and soil environments, though discharge of or irrigation with treated wastewater,
respectively. Results indicated that chlorination of wastewater itself increased toxicity more
significantly than the chlorination of antivirals to either species, suggesting that chlorina-
tion may not be as beneficial despite its cost-effectiveness. The effects of MPs in chlorinated
wastewater on toxicity highlighted the importance of sample matrices in environmental
toxicity studies.

Keywords: antiviral; chlorination; COVID-19; disinfection; ecotoxicity; favipiravir;
oseltamivir; wastewater

1. Introduction

During the 2019 Coronavirus pandemic (COVID-19), various antiviral pharmaceuticals
previously prescribed for influenza and HIV were repurposed, used in high concentrations
against severe acute respiratory syndrome Coronavirus 2 (SARS-CoV-2) and hence are
expected to be present in wastewaters and surface waters. Among those antivirals (ATVs),
Favipiravir (FAV) is a prodrug which is widely used against Ebola, SARS-CoV-2 and several
pathogenic RNA viruses [1,2]. Oseltamivir (OSE) is an antiviral against Influenza and most
of the studies concerning OSE in aquatic environment were conducted in Japan [3—6]. Simi-
larly to other pharmaceutical residues, antivirals are not completely removed in wastewater
treatment plants (WWTPs) and are released into the environment [7-9]. Due to the probable
infectious nature of SARS-CoV-2 in wastewater [10,11], disinfection of treated wastewater
is important, especially if reuse is considered. Chlorination is one of the common methods
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used in WWTPs, especially in developing countries. For example, in Tiirkiye, 27% of
the WWTPs apply pre- or post-chlorination [12]. This disinfection method is effective in
eliminating pathogens responsible for waterborne diseases and also contributes to the
removal of micropollutants [13-15]. Nevertheless, unlike advanced oxidation methods,
chlorination does not lead to complete oxidation of organics. Therefore, transformation
products (TPs) with a variety of structures (chlorinated or non-chlorinated) may form.
These TPs could pose a risk to the environment or human health, sometimes even more
than the parent compounds, due to an increase in toxicity upon chlorination [16,17]. The
studies focused on the chlorination of antivirals reveal that Nevirapine and Efavirenz were
removed by more than 90%, while trihalomethane (THM) formation was observed during
the chlorination of these antivirals [18]. Additionally, Ribavirin was effectively oxidized
by free chlorine, resulting in the formation of 12 TPs, 7 of which increased toxicity in the
bioluminescence of Aliivibrio fischeri [19].

Although analysis of TPs through nontarget screening can provide insight into the
structure of these compounds, conducting a bioassay to study the ecotoxicological effects of
all the compounds in the wastewater effluent could be more useful for understanding the
possible effects upon its discharge or during its reuse. A. fischeri, a bioluminescent marine
microorganism, has been widely used to study the effects of pharmaceuticals [20-22] as
well as TPs formed during chlorination in water matrices [19,23]. When reuse of treated
wastewaters is considered, one possible beneficial use is irrigation, which, in general, is
more acceptable for the public compared with direct reuse. Enchytraeus crypticus, a soil
invertebrate, has been comparatively less studied for organic micropollutants [24-26] and
mostly used for the evaluation of the toxic effects of metals in soils [27-30]. Nevertheless,
E. crypticus plays an important role in soil ecosystems, and any toxic effects on E. crypticus
could result in serious problems for the whole ecosystem.

In addition, the COVID-19 pandemic has caused an increase in the use of plastic
masks and gloves not only by healthcare personnel but also by the general public. This
increased use caused direct plastic pollution and contributed to secondary microplastic
pollution in aqueous environments [31-34]. The global leakage of plastic pollution into
the environment reached 22 million tons in 2019, 12% of which consists of microplastics
(MPs) [35]. Although the presence and transport of MPs have mostly been investigated
in marine systems [36-39], several types of MPs have been detected in different matrices,
from drinking water [40,41] to soil environment [42,43]. The main pathway for MPs to
enter the environment is WWTPs which account for 25% of global MPs release [44]. In
Tiirkiye, 4.6 billion m® of wastewater (85% of the total collected by the sewer system) was
treated in 2022. However, only 1.5% of the treated water was reused for industrial and other
purposes, while the remainder was discharged into rivers, the sea, dams, lakes, land, and
other ecosystems [45]. The number of MPs previously recorded in Tiirkiye demonstrates
that the release of MPs has reached 4.76 x 10'% and 1.42 x 10'° MP/day in WWTPs effluent
with primary (8 WWTPs) and secondary treatment (7 WWTPs), respectively [46]. Even
if WWTPs are capable of removing MPs with high efficiency depending on the treatment
processes involved [47,48], the vast majority of MPs removed from wastewater are retained
in sewage sludge [49,50]. Ustiin et al. found the abundance of MPs in sludge cake to be
95 + 22.8 x 10> MP/kg, with 40.8% being polyethylene [51]. Polyethylene (PE) from
industrial and domestic products is one of the most common types of MPs that reach
receiving waters through treated wastewater discharge [52,53] or soil through the reuse of
sewage sludge for agricultural purposes [54]. The presence of PE microspheres has gained
importance in recent years, especially due to their effect on increasing the toxicity of other
pollutants on Zebrafish, earthworms, and plants [55-57].
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Although the optimal conditions for applying chlorination to wastewater, its effects on
pollutants, and the TPs it may generate have been well studied, chlorination continues to be
used widely in economically disadvantaged areas, and studies that investigate its behavior
in complex matrices such as wastewater and soil in the presence of MPs are still needed.
The main aim of this paper is the evaluation of the effect of chlorination on the removal of
two antivirals, Favipiravir and Oseltamivir in wastewater, both for concentration decrease
and ecotoxicological effects. The ecotoxicological effects of chlorination were evaluated
through the use A. fischeri and E. crypticus, used for aquatic and soil toxicity, respectively.
The experiments were also conducted in the presence of 0.1 mg/L polyethylene to observe
the effect of MPs on the removal and ecotoxicity of antivirals. PE concentration was selected
based on concentrations observed in treated wastewaters and those used in experimental
studies in the literature [58-60].

2. Materials and Methods

FAV and OSE used in the study were provided in kind by Atabay Pharmaceuticals and
Fine Chemicals Inc. (Istanbul, Tiirkiye) without any fee. [13C,15N]-Favipiravir and [2H5]-
Oseltamivir hydrochloride salt, which are isotope-labeled standards of these antivirals,
were obtained from Alsachim company (Illkirch-Graffenstaden, France). Other chemicals
used were purchased either from Merck (Darmstadt, Germany) or Tekkim Kimya (Bursa,
Tiirkiye). Nitrogen gas was supplied from Hat Sinai ve Tibbi Gazlar A.S. or Linde Gaz
(Kocaeli, Ttirkiye). All solvents were LC-MS grade and Merck brand. Polyethylene type
MPs, which are the most commonly used microplastics and are frequently detected in
natural environments, were purchased from Ugar Polymers (Izmir, Tiirkiye) in powder
form and were used as obtained. The particle size was determined using a sieve to be
<0.2 mm.

2.1. Synthetic Wastewater

Treated synthetic wastewater (SW) was prepared by running a laboratory-scale biolog-
ical treatment system (sludge age: 15 days) fed with synthetic wastewater [61,62] to ensure
that the media will contain dissolved inert microbial products to resemble secondarily
treated effluent. The synthetic wastewater was prepared using a peptone mixture (meat
extract and peptone), selected due to its standard use in the ISO 8192 inhibition test [63].
Although it lacks particulate COD (chemical oxygen demand) fractions, its biodegrada-
tion characteristics closely mimic domestic sewage. The key advantage of this mixture is
its consistent composition throughout experiments. During the installation phase of the
laboratory-scale fill-discharge type reactor, activated sludge taken from the aeration pool
of an advanced biological WWTP (41°05'58.0” N, 29°02/09.0” E) in the Marmara Region,
Tiirkiye was used as inoculum sludge. The reactor was fed with synthetic wastewater
with 500 mg/L COD/L to represent medium-strength domestic wastewater. COD and
mixed liquor volatile suspended solids were monitored daily to ensure proper operation
(Standard Methods, 40 SM 2540-E) [64]. The pH value of the reactor was controlled to be
between 6.5 and 7.5. Before chlorination experiments, the mixed liquor was settled for
30 min, and the supernatant was filtered through 220 nm membrane filters.

The conventional wastewater characterization study was conducted based on mea-
surements of COD, dissolved organic carbon (DOC), ammonia (NH3-N), nitrite (NO,™-N),
and total phosphorus (TP). Analyses of COD (SM 5220-B), NH3-N (SM 4500-NHj3-C), and
TP (SM 4500-P-D) were performed using the instructions described in Standard Methods
(SM) [64]. The DOC was determined by a total organic carbon analyzer (TOC-V CPN,
Shimadzu, Japan) and nitrite (NO, ~-N) concentrations were measured by ion chromatog-
raphy using a Dionex ICS-3000 system (Sunnyvale, CA, USA) coupled with a conductivity
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detector and an analytical column AS11HC (Dionex IonPac). The physicochemical charac-
teristics of SW used to imitate secondary effluents from municipal WWTPs are provided in
Table 1. The analysis of characterization results revealed that the characteristics of the SW
were comparable to those of secondary effluents [65,66].

Table 1. Physicochemical characteristics of SW.

COD(mg/L) DOC(mg/L) NH;3-N(mg N/L) NO;"N(mg N/L) TP(mg P/L)
475+25 17.7 £ 09 0.75 £ 0.05 0.065 £ 0.005 1.94+0.1
2.2. Measurement of Antivirals
Measurements of FAV and OSE were carried out by Thermo Scientific Fortis Model
Mass Spectrometer (MS/MS) connected to Thermo Scientific Ultimate 3000 Model Ultra Per-
formance Liquid Chromatograph (UPLC) (Thermo Fisher Scientific, Waltham, MA, USA),
operating in tandem. The column was Waters XBridge BEH C18 (3.5 um, 4.6 mm x 50 mm)
and injection volumes of 5 pL. were used. The first and second mobile phase (A and B)
both contained 0.1% formic acid in distilled water and in pure methanol, respectively. The
flow rate was fixed at 0.6 mL/min for 10 min. m/z’s for the antivirals and their isotopically
labeled standards as well limit of detection (LOD) and limit of quantification (LOQ) are
presented in Table 2.
Table 2. m/z ratios for FAV, OSE and their isotopically labeled standards and LOD/LOQ.
. . Mother Ion LOD LOQ
Antivirals (m/2) Daughter Ions (m/z) (ug/L) (ug/l)
84.97
Favipiravir 158 112.988 52 5.8
141.042
166.071
Oseltamivir 313 208.125 1.5 2.5
225.196
. o 112.97
Isotopically labeled Favipiravir 160 142.03
. L. 171.054
Isotopically labeled Oseltamivir 318 230,339

2.3. Chlorination Experiments

Chlorination experiments were carried out using glass bottles and Teflon materials
and contact of samples with plastic was avoided as much as possible. All glass materials
used in the experiments were washed with acetonitrile and distilled water before use and
non-volumetric glassware were kept in a muffle furnace at 550 °C for 4 h.

Wastewater samples spiked with FAV and OSE (end concentration: 50 ug/L) were
chlorinated at two different chlorine concentrations for two different contact times
(30 min and 120 min). The chlorine concentration defined as ‘low’ (10 mg/L) was chosen to
fall within the chlorine dosage range (5-20 mg/L) that is used for chlorination of typical
domestic wastewater, while the concentration characterized as ‘high” (50 mg/L) was used
to represent extreme conditions such as a pandemic [67] and examine the treatment of
the samples with excess amount of chlorine. In addition, chlorination experiments were
repeated with wastewater samples containing 0.1 mg/L polyethylene in addition to FAV
and OSE. Dosing solution was prepared using concentrated sodium hypochlorite solution
(6-14% active chlorine) and its concentration was measured daily. Standard Methods,
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4500 Cl DPD Ferrous Titration or Thiosulfate titration methods were used for chlorine
determination [64].

Chlorine concentrations were adjusted after measurement of the chlorine requirement
of synthetic wastewater (Standard Methods, 2350 B Chlorine Demand /Requirement) and
increased accordingly [64]. In this way, the chlorine concentrations remaining in the samples
after providing the chlorine demand of the SW were adjusted to be 10 and 50 mg/L. At
the end of the contact period, 20 g/L ascorbic acid solution was added to samples as
1 mL of acid /100 mL of sample to stop the chlorination reaction. The suitability of ascorbic
acid addition was checked by residual chlorine measurement and the added amount was
sufficient for chlorine removal even during high concentration chlorination. After the
chlorination reaction was stopped, isotopically labeled OSE and FAV standards were added
to the samples, and the samples were passed through a 0.22 um pore diameter filter prior
to injection into the LC-MS/MS.

Chlorination experiments were performed in duplicates. The results were expressed
as the percentage of removal efficiency for FAV and OSE separately and evaluated using
pairwise comparisons with a Students f-test at a 0.05 significance level (p = 0.05).

2.4. Ecotoxicological Assays
2.4.1. A. fischeri Bioluminescence Inhibition Test

Acute toxicity tests were performed according to the standard method,
BS EN ISO 11348-3 [68]. The BioTox™ WaterTox™ EVO kit was used to assess the toxicity
in chlorinated samples by determination of inhibitory effect of the samples on the light
emission of A. fischeri (NRRL B-11177).

pH value of the samples was adjusted to 7.0 £ 0.2 by dropwise addition of sodium
hydroxide and proper salinity (2% NaCl, w/v) was obtained by adding 20 g of sodium
chloride per liter to samples. Required oxygen amount were supplied by strong agitation.
3,5-Dichlorophenol (purity > 99%) and potassium dichromate solutions were prepared as
reference solutions for validity check with the criteria of 20-80% inhibition after 30 min
of contact time. Thermostatically controlled thermo-block and luminometer (Lumitester
C-110, Kikkoman Biochemifa, Tokyo, Japan) were used to determine the toxicant-induced
inhibition of luminescence after 5-, 15- and 30 min exposure.

The test was performed in duplicates, where each sample comprised two technical
replicates and a positive control (2% NaCl, w/v) was included in each set. The results
were expressed as the percentage of bioluminescence inhibition and evaluated by pair-wise
comparisons using the t-test with a 0.05 significance level (p = 0.05).

2.4.2. E. crypticus Survival and Reproduction Test

Toxicological effects on the survival and reproduction of the E. crypticus organism were
determined using ISO Guideline 16387 [69] and OECD Guideline 220 [70] methods, modi-
fied by Castro-Ferreira et al. (2012) [71] to carry out the experiments in 3 weeks. Toxicity
tests were conducted as reported in detail in the study of Topuz and van Gestel (2015) [72].

Lufa 2.2 soil (Lufa Speyer, Speyer, Germany) was spiked with chlorinated wastewater
samples based on half of the water holding capacity of the soil as 4 mL/20 g dry soil.
Ten adult E. crypticus, approximately 1 cm long and identified as mature by the presence
of white spots (in the clitellum region), were added to the contaminated soil surface.
After addition of finely ground oats to supply food to E. crypticus, each jar was weighted
and put in a cabinet for a 21-day incubation period. Studies suggest that extending test
durations to 56 days for E. crypticus is important for evaluating the long-term effects of
substances [73,74]. However, as the test duration increases, the rise in population density
can become a confounding factor in assessments. To prevent this issue, adaptations such as
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using larger vessels and increasing soil volume or removing adults after the first generation
should be implemented [75]. Because this study was the first study on the effect of antivirals
on E. crypticus, it was decided to use the most commonly used exposure time instead of
a multigenerational study, which also prevented overcrowding and ensured an accurate
assessment of results. Humidity control was made twice a week by weighing, and food
availability was checked visually. At the end of the incubation, toxicity experiments were
terminated by the addition of 10 mL of 96% ethanol followed by 50 mL of tap water, and the
staining process was achieved by contacting 200 uL of bengal rose solution (1% in ethanol)
with soil content. Then, the adults and juveniles were separated by sieving and counted on
a white plate divided into equal areas.

For each sample, four replicates and a control sample were prepared. Survival and
reproduction of E. crypticus were assessed by one-way analysis of variance (ANOVA)
using the SPSS Statistics software, version 28.0 (p = 0.05). The performance of the test
was evaluated according to the validity criteria provided in the guidelines: number of
juveniles per replicate, adult survival, and coefficient of variation for reproduction within
control replicates.

3. Results and Discussion
3.1. Effect of Chlorination on ATVs

Synthetic wastewater samples with a chlorine demand of 5 mg/L were spiked with
FAV and OSE to a final concentration of 50 pug/L of each antiviral. Furthermore, to check
for any potential in situ chloramination, ammonia concentrations were measured and
determined as 0.7 mg N/L. Chlorination experiments were carried out by adding the
chlorine demand of the samples to the predetermined chlorine concentrations. The effects
of chlorination on the ATVs were evaluated with (w/) and without (w/0) MPs presence in
the matrix and removal efficiencies (%) of FAV and OSE are provided in Figure 1.

B Low oxidant conc. w/o MPs [ High oxidant conc. w/o MPs Low oxidant conc. w/MPs @ High oxidant conc. w/MPs

60 40+

g m g 30 —

E E«; 20- %

=} o

= 20 : /

j>: ; 10 %
o

} 0- 0- |

120
Contact time (min) Contact time (min)

(a) (b)

Figure 1. Removal efficiencies of antivirals by chlorination applied in different conditions.
(a) Favipiravir; (b) Oseltamivir.

The results obtained in the absence of MPs show that the removal efficiency of FAV
reaches 47 £ 2.0% after 30 min chlorination with low concentration and the prolonged
contact time of 120 min does not significantly affect the FAV abatement (p > 0.05). In
addition, high chlorine concentration applied for 120 min does not provide an improvement
on FAV removal compared to the low concentration treatment (p > 0.05). The slightly worse
abatement with high chlorine concentration for 30 min-contact time could be explained
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by the decomposition of chlorine at high concentrations [76-79] since a similar decrease
in removal was also observed in the same sample for OSE. Since FAV removal behavior
does not vary with increasing oxidant concentration or contact time, it can be stated that
the chlorination reactions are almost completed in 30 min (p > 0.05), and there is no need to
supply higher oxidant concentrations to enhance FAV removal. Previous studies indicate
that oxidation of FAV with ozonation was not affected by the experimental conditions such
as ozone dose or pH [62], and the photodegradation of FAV to more than 50% of the initial
concentration occurred within 1 h [3]. These results suggest that some moieties in FAV
are readily oxidizable; there are recalcitrant parts in its structure that are not affected by
increasing oxidant concentrations.

In the presence of MPs, the results demonstrate that FAV removal efficiency increases
with the increasing chlorine concentration in 30 min treatment, leading to a statistically
significantly high removal of FAV (33 £ 4 vs. 43 + 0.4% for low and high chlorine concentra-
tions, respectively). For 120 min chlorine contact time, there was a low (5%) but statistically
significant difference (p < 0.05) between low and high concentration chlorination with low
concentration resulting in slightly high removal efficiency, which again could be caused
by the in situ self-destruction of chlorine at high concentrations. Unlike the reaction in
the absence of MPs, the degradation of FAV by chlorination seems to proceed for 120 min
in the presence of MPs and the difference in contact time-dependent elimination is more
remarkable at low concentrations compared to the high concentration treatment, showing
the limitation effect of free chlorine on reaction rate. The reason for FAV degradation
to take longer in the presence of MPs can be explained by the chlorine consumption for
MPs’ oxidation leading to a decrease in concentration of free chlorine. In a recent study,
chlorination of MPs led to the formation of oxidized and chlorinated bonds as well as
chlorine-destructed surfaces on the MPs [80,81].

The effect of chlorination on OSE removal was different than on FAV. In the absence
of MPs, the results suggest that the removal efficiency of OSE significantly increases with
increasing contact time (p < 0.05). In the cases where chlorine contact is provided for
30 min, increasing chlorine concentration does not have a significant effect on the elim-
ination of OSE (p > 0.05). With longer contact time and higher oxidant concentration, a
statistically significant improvement is observed in OSE degradation (p < 0.05), and the
removal efficiency of OSE is calculated as 30 &= 1%. Although chlorination was not found
to be effective in OSE removal in the literature, even the chlorine concentration increased
up to 4 mg/L [82], at least 20% removal efficiency was achieved with the concentrations
applied in our study, which are quite high compared to 4 mg/L.

The chlorination results obtained in the presence of MPs indicate that increasing
contact time during low-concentration treatment does not achieve a significant improve-
ment on OSE removal (p > 0.05), which is obtained as 27 &+ 2% on average. On the other
hand, in the high-concentration applications, there was a low (4%) but statistically signif-
icant difference (p < 0.05) between the removal efficiencies obtained in the samples after
30 min and 120 min exposure to chlorine, with longer contact time leading to a higher
removal efficiency.

Although the removal efficiencies of OSE for both chlorine concentrations were similar
after 120 min of contact, there was a significant difference between the removal efficiencies
obtained with low and high concentrations after 30 min of chlorination (p < 0.05). If
chlorination were the only process affecting the removal of OSE, then the removal efficiency
during high-concentration chlorination would be higher. However, since low-concentration
chlorination results in higher efficiency, there might be another process in addition to the
oxidation of OSE by chlorine that enhances OSE removal. Recent studies conducted to
examine MPs under chlorine attack show that chlorination creates micro-cracks and uneven



Processes 2025, 13, 866

8 of 21

marks on MPs surface resulting in increased surface area, which promotes adsorption
of micropollutants such as antibiotics and heavy metals onto MPs [81,83]. Therefore,
OSE could be absorbed on the fractured surface of MPs in addition to being oxidized.
Nevertheless, the effect of adsorption is weakened at high chlorine concentrations due
to the increase in the floating tendency of MPs, especially polyethylene at high chlorine
concentrations [80], which in turn decreases their interaction with the aqueous samples
and the ATVs therein. With increasing chlorination times, OSE can be absorbed on MPs
even if the MPs are floating due to the increased time of contact between OSE and the
adsorbent, MPs.

Micropollutant adsorption on MPs occurs through various mechanisms such as in-
termolecular van der Waals forces [84], micro-pore filling mechanisms [85], formation
of chemical bonds [86], and electrostatic interactions [87,88]. These mechanisms are in-
fluenced by characteristics of MPs (particle size, pore size distribution, surface charge,
etc.), physico-chemical properties of micropollutants (molecular size, chemical structure,
hydrophobicity, etc.), and environmental factors such as pH, presence of competitive ions,
and temperature. In studies focused on polyethylene MPs suggest that the adsorption of
pharmaceuticals is mainly due to electrostatic attraction and hydrophobic behavior of the
pharmaceuticals [86,89]. While the hydrophobicity can be characterized by octanol-water
partition coefficient (Koyw), electrostatic interaction in a complex system can be defined
through the evaluation of each component by using the acid dissociation constant of sorbate
(Ka), pH of aqueous environment, and the point of zero charge of sorbent (pHp,.). Based on
the neutral pH of the samples (6.8 & 0.1), the surface of MPs becomes negatively charged
due to the point of zero charge of polyethylene being 4.3 [90]. The charged surface is
electrostatically attracted to substances present as positively charged molecules. The pK,
values of FAV and OSE are 5.3 and 9.3, respectively [91,92], and at neutral pH, only OSE is
positively charged. Hence, adsorption through electrostatic interactions is only effective on
OSE, and therefore these interactions selectively eliminate OSE from the aqueous phase,
whereas FAV, which is negatively charged at neutral pH values, cannot be adsorbed to the
negatively charged MP surface through electrostatic interactions.

3.2. Effect of Chlorination on A. fischeri Bioluminescence

As a preliminary evaluation, acute toxicity of samples prepared with distilled water
containing ATVs at a concentration of 50 pg/L was examined. The individual and combined
inhibitory effects of FAV and OSE were determined after 15 min exposure. Moreover, the
effect of the presence of MPs was investigated by the addition of 0.1 mg polyethylene
particles to a one-liter sample, and bioluminescence inhibition results are provided as
%Inhibition in Figure 2.
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Figure 2. Individual and combined inhibition of FAV and OSE on A. fischeri bioluminescence in the
presence and absence of MPs (Matrix: Distilled water).
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The results demonstrate that individual inhibitory effects of FAV and OSE do not
significantly differ from each other (p > 0.05). Previous studies that examined the acute
toxicity of pharmaceuticals show that the presence of these compounds in a mixture could
create an antagonistic [93,94] or synergistic effect on A. fischeri bioluminescence [95,96]. The
results reveal that the combined effect of FAV and OSE is significantly higher (p < 0.05) than
the effects observed individually.

For bacteria exposed to only MPs at a concentration of 0.1 mg/L, a low decrease in
bioluminescence was observed. This negligible effect can be explained by the previously
estimated EC20 (effective concentration that lowers bacterial luminescence by 20%) of
polyethylene beads of 3.6 mg/mL [97], which is much higher than the studied MPs con-
centration in our study. It was also observed that the presence of MPs did not significantly
induce the individual effects of FAV and OSE on bioluminescence (p > 0.05). Nevertheless,
it should be noted that the addition of MPs doubled the inhibition effect of the binary
mixture of ATVs compared to the results obtained from samples without MPs.

To distinguish the inhibitory effects of ATVs and chlorinated SW, which includes
a wide array of organics, including extracellular organic material, it was necessary to
investigate the inhibition that may arise only from the chlorination of SW. For this purpose,
SW was chlorinated under predetermined experimental conditions and the inhibition
results are presented in Figure 3.
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Figure 3. A. fischeri bioluminescence inhibition (%) after 15 min exposure to synthetic wastewater
(without FAV and OSE) chlorinated in several conditions.

The results show that non-chlorinated SW has an inhibitive effect, which significantly
increases in the presence of MPs (p < 0.05). This inhibition-inducing effect of MPs, as well
as other particulate/suspended compounds, may occur through their hindering effect on
the intercellular communication mechanism called quorum sensing [97]. Moreover, the
release of the chemicals, which are added to MPs in order to improve their characteristics
during the manufacturing step, may cause MPs to have a toxic effect on A. fischeri [98].
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In the absence of MPs, the inhibition effect of SW treated with low chlorine concen-
tration for 30 min (16 + 0.5%) is almost the same as the effect of non-chlorinated SW
(17 £ 0.1%). The negative impact on bioluminescence increases up to 28 & 0.1% with
increasing contact time, suggesting that toxic TPs formed during prolonged chlorination
time may be responsible for this rise in inhibition. Similarly, when chlorine concentration
was increased, 23 & 2% of inhibition was observed at the end of 30 min of contact and this
value is considerably higher than the inhibition effect seen as a result of contact with low
concentration for the same duration. On the other hand, the results obtained after 120 min
chlorination of SW with high oxidant concentration show that the inhibitive effect may
be eliminated by further oxidation of toxic TPs assumed to have formed within the first
30 min or during chlorination with low concentration.

Due to the fact that chlorination experiments are carried out in the presence of MPs,
it is important to consider the possible effects of chlorine on MPs in terms of toxicity.
For example, when the inhibition values obtained after low-concentration chlorination in
the presence and absence of MPs are compared, the presence of MPs does not increase
inhibition as it is observed for MPs in non-chlorinated samples. The decrease in inhibi-
tion in the presence of MPs may be related to the consumption of free chlorine for MPs’
oxidation [80,99], leaving less chlorine in the sample for the production of toxic TPs, which
are most probably formed through the reaction of chlorine with the organic moieties in
SW. In addition, the enhanced adsorption capacity of chlorinated MPs [81,83] may be
responsible for the removal of toxic TPs from the media. Since penetration of MPs into the
bacterial cells is not possible due to their size [98], the adsorbed substances on MPs are not
expected to have a negative impact on A. fischeri, leading to a decrease in toxicity. A similar
result is expected for the comparison of high concentration chlorination in the absence and
presence of MPs, with the latter showing less inhibition. However, contrary to expectations,
an increase in inhibition is observed. This increase in the inhibition may be explained
by the high toxicity of the disinfection by-products formed through the chlorination of
organic matter released from MPs at high chlorine concentrations [100] which overwrites
the previously described inhibition-reducing factors.

The same chlorination conditions were applied to SW samples containing FAV and
OSE at a concentration of 50 pug/L and the chlorinated samples were used to evaluate the
bioluminescence inhibition effect of A. fischeri. The results are illustrated in Figure 4.

For samples without MPs, comparison of the inhibition of chlorinated SW with and
without added ATVs (27 & 1% and 28 + 0.6%, respectively) indicated that the presence
of FAV, OSE, and their TPs does not significantly affect the inhibition on A. fischeri after
120 min low-concentration chlorination (p > 0.05), although the presence of ATVs causes a
6% increase in inhibition observed after the 30 min treatment (from 16 & 0.4 to 22 + 0.1%).
When chlorination is conducted with high chlorine concentration, the ATVs cause a 7% and
10% increase in inhibition after 30 min and 120 min of treatment, respectively. Overall, the
highest inhibition to A. fischeri was obtained in samples that are chlorinated with a high
chlorine concentration for 30 min and the resulting inhibition was approximately 30%. The
effect of the concentration of chlorine on bioluminescence was also reported in a study
that demonstrated a significant correlation between ascending chlorine dose (5-50 mg/L)
and enhanced inhibition on A. fischeri, due to the increase in oxidation capacity of chlorine
species (free or combined) and formation potential of toxic disinfection by-products [101].
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Figure 4. A. fischeri bioluminescence inhibition after 15 min exposure to chlorinated synthetic
wastewater samples containing FAV and OSE.

The experiments carried out in the presence of MPs show that the ATVs and their
TPs do not significantly affect the inhibition in low-concentration treatment (p > 0.05)
regardless of the contact time. An increase in inhibition is expected with increasing chlorine
concentration applied to the samples containing FAV and OSE compared to the inhibition
observed with high-concentration treatment of SW without ATVs. However, contrary to
expectations, a 6% and 7% decrease in inhibition is observed for 30 min and 120 min of
chlorination, respectively. This reverse trend can only be explained by the presence of MPs
and the changes in physical and chemical properties of MPs due to their contact with high
chlorine concentration, resulting in the elimination of toxic effects on A. fischeri. Studies in
the literature have shown that the presence of MPs reduced the disinfection efficiency of
NaClO [102] and caused an increase in the oxidant concentration or contact time required
to achieve adequate disinfection [103].

3.3. Effect of Chlorination on E. crypticus Survival and Reproduction

As a preliminary study, individual and combined inhibitory effects of FAV and OSE
on E. crypticus survival and reproduction were studied with solutions prepared in distilled
water. Lufa 2.2 soil was contaminated by using the required amount of the solutions
containing FAV and OSE individually and in combination to obtain the ATVs concentration
as 10 mg/kg in 20 gr soil. To study the effects of MPs presence on E. crypticus, 0.1 g of
polyethylene microspheres was directly added to soil to adjust the MPs concentration to
0.5% (w/w dry soil) and a homogenous distribution of the MPs in soil was provided by
mixing with a stainless spoon. Control studies were carried out by supplying the moisture
content of the soil with distilled water without ATVs. The results for E. crypticus survival
(%) and number of juveniles are provided in Figure 5.
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Figure 5. Individual and combined effects of FAV and OSE on E. crypticus survival and reproduction
in the presence and absence of MPs (Matrix: Distilled water).

The results demonstrate that the presence of MPs alone in the soil environment does
not cause an inhibitory effect on E. crypticus survival. A recent study reveals that there was
no significant toxicological effect, even if the exposed concentration of MPs was increased
up to 5% (w/w) concentration, which is considerably higher than the concentration used
in our study [104]. The results obtained in the presence of ATVs and MPs in various
combinations show that the individual and combined presence of ATVs in both with
and without MPs does not cause a significant inhibition on adult survival (p > 0.05) in
distilled water.

The individual presence of MPs and ATVs did not result in significant inhibition on
reproduction, suggested by the lack of any decrease in the number of juveniles compared
to the control group (p > 0.05). On the other hand, the presence of ATVs in combination
caused a decrease in the number of juveniles compared to the control group, indicating a
significant inhibition of E. crypticus reproduction (p < 0.05). In light of these results, it can
be concluded that the NOEC (No Observed Effect Concentration) for the reproduction of
E. crypticus exposed to FAV and OSE mixture is lower than 10 mg/kg in distilled water.
The presence of MPs either with individual antivirals or the combination of antivirals did
not cause any change in toxicological response compared with the cases where MPs were
absent (p > 0.05). These results suggest that while MPs are expected to enhance the toxic
effects of micropollutants by acting as a carrier agent [105,106], the larger size of MPs (less
than 0.2 mm) might remain a likely limiting factor on their ingestion, evidenced by easier
uptake of smaller particles such as nanoplastics [107].

Chlorination of the wastewater itself might cause a toxicological response to
E. crypticus; therefore, the effects that may originate only from chlorinated synthetic wastew-
ater were investigated by using the specified chlorination conditions on synthetic wastew-
ater that does not include any ATVs. Samples obtained after chlorination of SW under
various experimental conditions were used to contaminate the soil and to conduct the
assessment of the effects on E. crypticus survival and reproduction (Figure 6).
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Figure 6. E. crypticus survival (%) and reproduction after exposure to synthetic wastewater (without
FAV and OSE) chlorinated in several conditions.

The results obtained with chlorinated SW with no ATVs showed that there is only
one chlorination condition (120 min- High oxidant conc.) applied to SW, which causes a
significant inhibitive effect on survival of E. crypticus compared to the control experiments
conducted with unchlorinated SW (p < 0.05). The adult survival achieved in control group
is >%90 on average. In contrast, only 70% of adults which were added to soil contaminated
with SW without ATVs which was treated with high chlorine concentration for 120 min
can survive. Also, this is the only chlorinated SW sample where a statistically significant
decrease in the number of juveniles was observed (p < 0.05). As a result, even in the absence
of ATVs, 120 min high oxidant chlorination of SW leads to toxic effect to E. crypticus.

The same conditions were repeated in the presence on MPs to evaluate their eco-
toxicological effects. When MPs were present even the condition that caused a signifi-
cant inhibition in the absence of MPs (120 min- High oxidant conc.), did not show any
changes either in adult survival or number of juveniles compared to the control (p > 0.05)
(Figure 6). Therefore, we can speculate that the presence of MPs might reduce the toxicity
to E. crypticus. This toxicity may be related to formation of toxic compounds that might
originate from treated SW and they might be absorbed on MPs since chlorine attack has
been shown to result in enhanced adsorption capacity of MPs resulting with the removal of
toxic compounds from the soil media [81,83]. Since E. crypticus probably cannot ingest the
larger MPs [107] that are used in our study that adsorbed toxic compounds are sequestrated
and are not available for uptake.

In the last case, synthetic wastewater containing ATVs at a concentration of 50 ug/L
was chlorinated, then used in another series of experiments to examine the effects of chlori-
nation in the presence of ATVs as well as the complex organics resulting the wastewater
treatment. The effect of MPs was determined by presence of MPs in the matrix in addition
to ATVs during chlorination. The inhibition on E. crypticus is shown as %Adult survival
and number of juveniles in Figure 7.
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Figure 7. E. crypticus survival and reproduction after exposure to chlorinated synthetic wastewater
samples containing FAV and OSE.

The statistical evaluation of the survival results suggests that there is no signifi-
cant difference between the control group and chlorinated SW samples containing ATVs
(p > 0.05). A significant decrease in the number of juveniles was observed in the sample
120 min- high oxidant concentration (p < 0.05), even though there was no significant de-
crease in lethality for this sample (p > 0.05) (Figure 7). When the same condition was applied
in the presence of MPs, the number of juveniles increased significantly (p < 0.05). This
observed decrease in toxicity can be explained as the adsorption of the toxic compounds
onto MPs, which are sequestrated (as explained above for chlorinated SW in the absence
of ATVs). In addition, the presence of extracellular organic matter in secondary treated
wastewater probably has a positive effect on the survival and reproduction of E. crypticus.
Indeed, E. crypticus has been found to reproduce more in soils with higher organic matter
content [108] and it has also been found that increased organic matter content has a negative
impact on the bioavailability of toxic substances, reducing their toxicity [109]. As a result,
chlorination of SW with or without ATVs led to adverse effects on reproduction, while the
presence of MPs might compensate for this effect due to the adsorption and sequestration
of toxic compounds.

4. Conclusions

Increasing water demand due to population increase and climate change requires
studies to focus on wastewater treatment and reuse so that wastewater effluents can be
used as a beneficial source. This study demonstrated that chlorination was more effective
for the removal of Favipiravir (42 £ 4) compared to Oseltamivir (26 £ 3), regardless of
chlorine concentration or contact time. The presence of polyethylene microplastics during
chlorination influenced the removal of both antivirals, with effects varying depending on
chlorination conditions. These findings highlight the importance of considering MPs as a
key factor influencing chlorination efficiency for pharmaceutical removal.
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When assessing the ecotoxicological impacts of chlorination on two sensitive biological
indicators, A. fischeri and E. crypticus, in both distilled water and synthetic wastewater, it
was found that antivirals in distilled water inhibited the bioluminescence of A. fischeri and
reproduction of E. crypticus. However, in synthetic wastewater, chlorination of the medium
emerged as the main source of toxicity for both species, regardless of antiviral presence.
Therefore, these results suggest that chlorination may not be the best technology for the
removal of micropollutants and disinfection because of the possible toxic effects of several
transformation products formed during chlorination of treated wastewater. Nevertheless,
the inclusion of MPs in synthetic wastewater mitigated the toxicity effects on both species,
showing the importance of the matrix where chlorination occurs.

These results underscore the need for studies in ecotoxicology and pollutant removal
to use representative environmental samples. Mimicking real-world conditions is crucial
for both pollutant removal research and ecotoxicological impact assessments. While dis-
tilled water is convenient for experiments, it does not accurately represent the effluent from
wastewater treatment plants. For studies that aim to simulate the conditions of WWTP
effluent, synthetic wastewater without pharmaceuticals or other micropollutants should
undergo biological treatment to enhance its representativeness. Moreover, it is vital to
not only assess the removal efficiency of pharmaceuticals but also consider the broader
ecological impact of the treated effluent by including biological indicator species in the
assessment. Using multiple species as biological indicators will provide a more compre-
hensive understanding of the ecotoxicological effects, especially given the potential for
wastewater reuse in both aquatic and soil environments.

The limitations of this study are the understanding of the mechanisms of ATV removal
and mechanisms of toxicity to organisms at several trophic levels, due to the formation
of possible TPs and the presence of MPs. For future studies, a multi-species approach is
essential to evaluate the full spectrum of ecotoxicological consequences. In addition, other
oxidation techniques should be investigated so that disinfection of the treated wastewater
can be completed without an additional increase in toxicity while a possible reduction in
micropollutant concentrations is desired. Moreover, identification of the transformation
products that occur after application of disinfection/oxidation of the wastewater as well
as the identification of mechanisms for the effect of MPs on ATV removal are future
areas of studies. Nevertheless, it is also important to note that one must choose between
obtaining a representative environmental sample that allows for the observation of real
effects in a complex matrix and selecting a simpler matrix that facilitates the deduction of
reaction mechanisms.
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Abbreviations

The following abbreviations are used in this manuscript:

ATVs Antivirals

MPs Microplastics

FAV Favipiravir

OSE Oseltamivir

SW Synthetic wastewater

P Transformation product
WWTP Wastewater treatment plant
THM Trihalomethane

COD Chemical oxygen demand
DOC Dissolved organic carbon

NH;-N Ammonia-nitrogen
NO;7-N  Nitrite-nitrogen

P Total phosphorus
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