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Abstract

Metformin (MET), an antidiabetic compound, has received increasing attention, as it cannot be effectively removed
during conventional wastewater treatment processes and may act as an endocrine disruptor. Electron beam irradiation
(EBI) is an eco-friendly process able to degrade and neutralize biohazardous pollution almost instantly. In this context,
this study applied EBI to MET degradation and detoxification in aqueous solutions. A 98% MET degradation rate and TOC
removal of 19.04+1.20% at a 1.0 kGy EBI dose was obtained, with up to 65% mineralization reached at 5.0 kGy. Toxicity
assays were performed with Vibrio fischeri, Saccharomyces cerevisiae, and Daphnia similis, and the findings indicate that
generated byproducts were only more toxic to D. similis. This reveals the need to assess organisms belonging to different
trophic levels. A cytotoxic assessment employing Allium cepa roots demonstrated no toxic effects concerning untreated
and irradiated samples.

Keywords Ecotoxicity - Electron beam irradiation - Metformin - Pharmaceuticals - Pollution

1 Introduction

Active pharmaceutical ingredients have received increasing attention, as they are designed to alter specific physiological
functions, making them biologically active against non-target species [1]. Metformin (MET), an antidiabetic compound, has
become a pharmaceutical of emerging concern, as it is one of the most widely prescribed anti-hyperglycemic agents world-
wide and remains the first-choice for the treatment of type 2 diabetes [2]. The International Diabetes Federation estimated
a global diabetes prevalence of 9.3% (463 million people) in 2019, with a projected increase to 10.2% (578 million) by 2030
and to 10.9% (700 million) by 2045 [3]. Brazil holds the fifth position among the countries with the highest prevalence of
diabetes mellitus [4]. This comprises both a public health and environmental issue, as Brazil presents several water-related
sanitary problems.

Metformin (MET), an antidiabetic compound, is a small molecule with various biological activities, distinguished by unique
attributes, such as five N atoms. In its hydrochloride form, electron deficiency is delocalized over these atoms, making MET
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an emerging cancer treatment for several cancer types, including colorectal, breast, pancreas, and prostate cancers [5].
This compound exhibits an oral bioavailability between 50 and 60% and is not fully metabolized, being excreted virtually
unchanged (90%) in urine [6, 7]. MET can be transformed into guanyl urea through wastewater treatment biological pro-
cesses [8]. Its routine detection in several environmental matrices indicates, however, that MET is not completely removed
by conventional treatment technologies [9-14]. Although environmental impact studies concerning MET are still relatively
recent and scarce [14, 15], this antidiabetic has been detected in wastewater treatment plant influents (14 to 95 ug L™ and
effluents (0.7 to 6.5 pug LM, surface water (upto 234 ng L™, and tap water (34 ng L Yin Germany [10]. Some assessments
indicate that MET can affect the vertebrate endocrine systems at environmentally relevant concentrations (1-100 pg L™")
[14,16-18], also inducing aggressive behavior in some fish species (40 ug L h[19.

The increasing environmental awareness taking place in recent decades has boosted an ongoing search for innovative
and more effective chemical and physicochemical technologies to facilitate the degradation of pharmaceutical residues in
water [20]. Advanced oxidation/reduction processes (AORPs) have emerged in this sense as promising water and wastewater
treatment technologies considering their ability to completely eliminate pollutants, as well as their high efficiency rates and
wide applicability [21]. AORPs are particularly represented by electron beam irradiation (EBI) and gamma irradiation [22].

lonizing radiation comprises an emerging advanced oxidation/reduction technology trend. This technique displays
the potential to degrade a wide variety of water pollutants due to the simultaneous generation of oxidizing and reduc-
ing species, consisting in an environmentally friendly method, due to its chemical-free nature [21]. Both electron beam
and y-ray ionization result in water radiolysis, generating reactive species such as -OH, e, and -H [23-25]. The hydroxyl
radical (-OH) is the main pollutant degradation initiator [26].

Electron beam irradiation is adequate for practical long-term applications [27-29]. Several studies have, in fact, dem-
onstrated the application potential of this technology in the detoxification of different organic compounds, such as phar-
maceuticals, dyes, and surfactants from complex matrices, including textile effluents and sewage wastewater [30-38]. For
instance, Garcia et al. reported a 95% color reduction alongside a 70% toxicity reduction towards D. similis and V. fischeri
when a 5 kGy dose was applied to a textile effluent [34]. In another study, Silva et al. reported that a 5.0 kGy dose applied
to a 50% v/v fluoxetine solution in raw domestic sewage resulted in 80% and 22% acute toxicity reductions towards D.
similis and V. fischeri, respectively [39].

More efficient technologies have become increasingly necessary due to high contaminant concentrations in and the
complexity of industrial and urban wastewater. Previous studies have demonstrated low to moderate MET rejections
(< 60%) when applying different processes, such as ozonation, UVC photolysis, photocatalysis (TiO,/UVC) and chlorina-
tion [40, 41]. Thus, alternative processes aiming at improving MET removal rates in order to reduce biota impacts are
paramount. In this regard, ionizing radiation can be combined with other techniques or compounds to increase pollutant
removal efficiencies [42], such as persulfate [43-45], peroxymonosulfate [46], titanium dioxide [47], hydrogen peroxide
[48], or ozonation [48, 49].

Persulfate-based reactions are very powerful for the treatment of a broad range of impurities [50], enhancing contami-
nant degradation and mineralization [44, 45, 51]. In this regard, Zhang et al. demonstrated the complete degradation of
8 mg L™ triclosan in the presence of 1.5 mM persulfate at a 300 Gy dose, much lower than the dose required for control
group degradation without the addition of persulfate (600 Gy) [44].

In this context, this study aimed to investigate EBI as an alternative for MET degradation, mineralization, and detoxi-
fication. Degradation and mineralization processes were monitored by LC-MS/MS and TOC removal rates, respectively.
Ecotoxicological assays were performed to assess the toxicity of the resulting degradation products as well as the effi-
ciency of a combined EBI and persulfate process.

aq’

2 Material and methods
2.1 Chemicals

Metformin [C,H,,Ns, MM =165.62 g mol™'; 1,1-Dimethylbiguanide; CAS 1115-70-4] was purchased from Sigma Aldrich
(>97%). All aqueous solutions prepared for the irradiation experiments were diluted in ultra-pure water (Millipore Milli-
Q). Acetonitrile and formic acid (chromatographic grade) were purchased from Supelco/Millipore. Sodium persulfate
(Na,S,08; > 98%) was purchased from Merck. The MET solutions were prepared at 8.2+0.5 mg L™" in order to simulated
real conditions based on previous studies [40, 52].
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2.2 Irradiation procedure

Aqueous sample irradiations were performed in batches employing a Dynamitron” Industrial Electron Accelerator at
37.5 kW and energy set at 1.4 MeV. A 246 mL sample volume was added to a rectangular container (Pyrex’), to ensure a
4 mm thickness and guarantee maximum penetrability [30, 34, 38, 39]. The vessels were irradiated by the electron beam
twice placed on an automated conveyor at 6.72 m min~". Irradiations took place at room temperature with absorbed
doses ranging from 1.0 to 5.0 kGy. All experiments were performed in triplicate.

Concerning the combined process of EBI alongside persulfate addition, 0.5 mmol of persulfate were added to the
aqueous samples prior to the 1.0 and 5.0 kGy irradiation procedures.

2.3 Analytical determinations

UV-vis spectra were obtained employing a UV-1800Shimadzu UV Spectrophotometer. Total Organic Carbon (TOC) values
were determined on a Shimadzu TOC-L apparatus to obtain organic carbon removal rates following irradiation. Chemical
MET characterizations were performed on an Agilent HPLC 1290 equipment coupled to a Sciex 3200 QTrap apparatus.
A Restek Ultra Aqueous column (150x 2.1 mm X 3.0 um) was used maintained at room temperature. Isocratic analyses
were performed using (A) H,0+0.1% formic acid, (B) acetonitrile +0.1% formic acid (35:65 v/v) at a 350 uL min~! flow
rate and 5.0 pL injection volume. The MET retention time was of 1.34 min. A mass spectrometry assessment was per-
formed in the + ESI mode and quantifications were calculated based on the multiple reaction monitoring (MRM) of m/z
130.138 — 71.1 transitions.

2.4 Toxicity assays

Acute toxicity assays with treated and untreated MET solutions employing the microcrustacean D. similis and bacteria
V. fischeri were performed according to Brazilian ABNT Standards.

Daphnia similis toxicity assays were performed according to ABNT NBR 12713/2016 [53] guidelines. Four replicates
consisting of five neonates (6-24 h) were placed in for each MET concentration (twenty organisms in total). After 48 h,
immobility rates were evaluated. All tests were performed in a dark room at 20+ 1 °C. The Median Effective Concentra-
tion (EC50%) was calculated from the estimated endpoint by the Trimmed Spearman-Karber method [54]. Acute toxicity
results were expressed as toxicity units (TU=100/EC50). An analysis of variance (ANOVA) was performed to evaluate the
significance of the verified differences between average values for the experimental treatments and the control group
at a significance threshold level of 5%. A post hoc Tukey test was conducted when the ANOVA revealed significant treat-
ment differences.

Acute V. fischeri toxicity assays followed ABNT NBR 15411/2019 [55] guidelines. V. fischeri bioluminescence was
detected using a Microbics 500° photometer. The tests consisted in exposing the bacteria for 15 min to a sample or a
series of sample dilutions, verifying bioluminescence emission inhibition. The results were based on the value of the
gamma effect (relation between lost and remaining light) for a given sample concentration, reported as toxicity factors
(TF). This is equivalent to the highest sample dilution, where no test organisms exhibit bioluminescence inhibitions of
over 20%. All toxicity experiments were performed in duplicate.

Saccharomyces cerevisiae toxicity assays were performed according previous works [56], based on yeast suspension
conductivity monitoring after 30 min of exposure due to fermentation inhibition under toxic conditions. The statistical
analyses consisted of F- and t-tests. The results were expressed as toxicity factors (TF), where the highest concentration
of the sample in which no inhibition greater than 10% of the test organisms is observed. Five replicates were performed
for all toxicity experiments.

In silico methods were also used to compare toxicity findings. The ECOSAR program predicts toxicity values for multiple
chemical classes based on compound structure/classes (e.g., neutral organics, aliphatic amines, esters, among others).
The toxicity of MET and that of its degradation products are based on aliphatic amine-acids, due to this compound’s
chemical structure. U.S. EPA's ECOSAR (version 2.0) models were used to predict toxicities against daphnids, fish, and
green algae [Median Lethal Concentration (LC50) or Median Effective Concentration (EC50)].
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2.5 Cytotoxic determinations

Cytotoxicit MET potential was assessed using meristematic Allium cepa cells according to an adapted methodol-
ogy [57-59]. Initially, a set of onion bulbs obtained from a local market were grown in distilled water. After 72 h,
the grown roots were exposed to untreated MET samples and samples irradiated at 5.0 kGy along with a negative
control (distilled water) for 48 h. Roots with a cap size of approximately 2 cm were collected for each sample. The
root meristems were then placed in microtubes, and the meristematic cell hydrolysis was performed in 1.0 mol L™
HCl at 60 °C for 10 min. The root tips were then cut and placed on three slides per sample (triplicate) for a mitotic
division analysis. The meristematic cells were dyed using the Panético Rapido” kit and assessments were conducted
by optical microscopy. Cytogenetic analyses were performed employing the mitotic index (M), concerning the ratio
between the total number of cells in the division process and the total number of observed cells. An ANOVA test was
performed at a 5% significance threshold level to detect significant differences.

3 Results and discussion
3.1 Electron beam irradiation metformin aqueous solutions removal and mineralization

The effects of EBl on MET were monitored by UV-Vis as depicted in Fig. 1. The characteristic MET absorption band at
233 nm was noted in all the samples [60]. After treatment, an absorbance decrease at 233 nm was verified, indicating
MET removal. Moreover, absorbance increases at 207 and 258 nm were verified in the irradiated samples, indicating
the formation of intermediates. According to Collin et al. [61], an absorption peak at 258 nm may be associated with
the formation of 4,2,1-AIMT (4-amino-2-imino-1-methyl-1,2-dihydro-1,3,5-triazine), considering this is a characteristic
aromatic compound wavelength [60, 62].

Chromatographic analyses are paramount in pharmaceutical degradation studies, due to their ability to identify
both the investigated compounds and their radiolysis products. The electrospray ionization mode of the LC/MS-MS
technique prevents the identification of radiolysis products, due to their low energy. Degradability can be calculated
by comparing the peak area of the investigated compound before and after the irradiation process. Herein, the MET
removal efficiency was calculated employing the peak area (cps, counts per second). A 98.08 + 0.05% removal was
achieved at the 1.0 kGy dose. Degradation increased by increasing the absorbed dose, reaching 99.30 +£0.06 and
99.41£0.10% at 2.5 and 5.0 kGy, respectively.

Organic pollutant decomposition can be controlled through the absorbed dose to achieve partial or complete
decomposition [23, 63]. Although the findings indicate increased TOC removal with increasing doses (Fig. 2), up to
5.0 kGy, the EBI process was unable to complete pharmaceutical mineralization, resulting in the several intermedi-
ate byproducts. TOC removal rates of 19.04 + 1.20%, 39.69 + 2.28%, and 65.41 + 0.71% were achieved at 1.0, 2.5, and
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5.0 kGy, respectively. Furthermore, lower MET solution pH values were verified with increasing absorbed doses, from
6.93+1.5t04.9+0.2 at 5.0 kGy (Fig. 2).

The findings indicate that MET degradation by EBI was achieved even at low doses. Although some authors have
demonstrated efficient removal by AOPs [64, 65], low to moderate MET removal rates have been reported for different
processes. For instance, Gartiser et al. removed only 35% of MET employing an ozone-based treatment (0.5 mg L' MET
initial concentration) [40], while Quintao et al. reported the removal efficiencies for 10 mg L™' treated MET samples of
60% after 30 min of ozonation, 9.2% after 30 min UVC photolysis; 31% after 30 min of photocatalysis (TiO,/UVC), and
60% after 5 min of chlorination [41].

Electron beam irradiation is based on water radiolysis, in which water molecule excitation and ionization effects
produce highly reactive radicals, such as hydrated electron (e~aq), hydroxyl radicals (-OH) and the hydrogen atom (H-.
These can, in turn, react and result in rapid organic pollutant degradation [24].

Notably, toxicity decreases and harmful organic pollutant mineralization are not necessarily correlated with their
degradation. Therefore, toxicity assessments of intermediate degradation products becomes crucial, as more harmful
degradation products may emerge compared to the original contaminant [66].

3.2 Toxicity of untreated and irradiated aqueous metformin solutions

Although incomplete pollutant oxidation by AOPs may produce more hazardous byproducts, toxicity changes following
treatment are still unknown [67] and should, therefore, be monitored.

Possible degradation products reported in the literature are listed in Table 1. In this sense, oxidation products may
vary with experimental conditions prior to irradiation. For instance, MET hydroperoxide was obtained under aerated
conditions, while MET dimers were obtained under non-aerated conditions, and 1-methylbiguanide and 4,2,1-AIMT,
under both aerated and non-aerated conditions [61, 62].

Initially, the LC50, and EC50 were predicted by ECOSAR for fish, green algae, and daphnids to investigate the toxic
effects of the generated MET intermediates. Only two intermediates (P4 and P10) were more toxic than the parental
compound, indicating the need for critical assessments concerning MET disposal in aquatic environments.

Experimental and in silico MET toxicity data were also compared. Previous studies reported EC50,,, >77.2mg L™
and>320 mg L™ for Desmodesmus subspicatus and Raphidocelis subcapitata algae, respectively [68, 69]. Cleuvers esti-
mated an EC50,g, of 64 mg L™' for D. magna [69], while Godoy et al. and Tominaga et al. estimated EC50,4, values of
143 mgL™"and 20.4 mg L™ for D. similis [70, 71]. In other assessments, EC504, >86.0 mg L™" and LC504, of 1315.5 mg L™
were reported for Danio rerio fish [68, 70]. Concerning the in silico and experimental data, Table 1 indicates that the results
obtained for daphnids and fish are not accurate for MET toxicity predictions, as lower experimental data values are noted.

Producing correct predictions across a wide range of chemical compounds is still a challenge [72], as not all endpoints
of a specific chemical are available and the predictive ability of (Quantitative) Structure Activity Relationship (QSAR) for
the combined toxicities of mixed organic pollutants still requires further improvements [66]. In this regard, Sanderson
and Thomsen evaluated the acute toxicity data of 275 pharmaceuticals and noted that > 92% of the determined acute
toxicities were predictable using a generic QSAR [73]. Previous studies also verified that ECOSAR was not accurate to
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Table 1 Intermediate
metformin products reported
in the literature during
ionizing radiation and ECOSAR
predictions concerning the
toxicity of metformin and its
transformation products

Products Toxicity (mg L™
Chemical structure References Algae Daphnid Fish
(EC5044,) (LC50,4;) (LC504¢;,)
NH NH - 462x10° 1.93%x10° 2.77x10%
\N)kN)kNHZ
| H
[P1] HN NH [61, 62] 1.17x10° 2.46x10° 5.00x10°
CH,
HN" N N
H
HN NN
CH,
HN NH
[P2] NH  NH [61] 1.82x10% 6.45x103 1.05x10°
L l\ ,CH’
HN" "N N
H
HC. .OH
0
[P3] NH NH [61,62] 5.81x10° 2.31x103 3.40x10*
H.N N NH
H
CH,
[P4] NH [61,62] 13.1 3.70 194
CH,
N N
HN N
[P5] NH W CHy M [61] 2.24%108 2.37x107 6.81x10°
HN AN NH,
H H NH NH
i)
N \r(“ CH,
NH NH
[P6] oge [61] 2.66x10° 6.87x10* 1.26x10°
H,N J 7 NH NH
[P7] JNLH NH GHs H [61] 1.56 % 10° 3.12x10° 6.51x10°
HNT (\/ NH,
H NH NH
[P8] e [61] 2.07x10° 3.95x%10° 8.44x10°
HoN 2
v rli NH NH
[P9] NH NH [61] 2.34x10* 7.91x103 1.27x10°
H.N OOH
VI
[P10] NH, [611 17.7 454 393
Oy
H,.N)\N/)
P11] NH NH [61] 1.09x 10* 3.88x10° 6.05x10%
H.N \ NH
H

predict the toxicity of certain pharmaceuticals [38]. Therefore, experimental toxicological assessments were also carried

out herein to evaluate the toxicity of MET and its intermediates.

The toxicity of the non-irradiated and irradiated MET samples towards D. similis, V. fischeri, and S. cerevisiae, depicted in
Fig. 3, indicate that D. similis is more sensitive to MET than V. fischeri. Jacob et al. reported an EC10,,,,,, of 870.79 mg L™
for V. fischeri [74], indicating lower MET sensibility when compared to our study, as no toxic effects were noted at

82+05mgL™".
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Regarding the treated samples, the V. fischeri and S. cerevisiae toxicity assay results do not indicate increased
toxicity following EBI. In contrast, Daphnia similis was more sensitive to the formed byproducts, with increased tox-
icity followed by decreased toxicity following EBI. An increase from 1.35+0.0 TU to 4.42+0.59 TU was noted at the
1.0 kGy dose. Conversely, decreases to 2.98 +0.07 TU and 3.09+0.23 TU were achieved at higher doses (2.5 kGy and
5.0 kGy, respectively).

Heightened toxicity has been reported following irradiation treatment by several studies. Zhang et al. reported
that MET chlorination byproducts in drinking water are toxic to worms, human cells, and mice [75]. These byproducts
were not genotoxic, although toxicities to living worms and human HepG2 cells at millimolar doses were noted.
Furthermore, the evaluated byproducts were harmful to mice at 250 ng/L, destroying small intestine integrity. In
addition, distinct situations have been reported following treatment by different AOPs. Macerak et al. for example,
reported increased bioluminescence inhibition in V. fischeri following UV and UV/H,0, treatment [65]. Quintao et al.
on the other hand, verified no cytotoxicity increases for HepG2 human hepatoma cells for both ozonation, UVC
photolysis, photocatalysis (TiO,/UVC), and chlorination untreated and treated MET samples [41]. In another study,
Carbuloni et al. (2020) demonstrated decreased toxicity, in the form of increased Lactuca sativa germination, follow-
ing TiO, photodegradation [60]. Toxicity assessments should, therefore, be conducted with different trophic level
representatives to achieve safe treated wastewater disposal.

3.3 Cytotoxic assessments

Cytotoxicity assays employing A. cepa were performed for untreated and irradiated MET samples irradiated at 5.0 kGy.
No significant effects were noted for either compared to the control (Fig. 4).

Previous studies have demonstrated genotoxic MET potential [76-78]. For instance, Yuzbasioglu et al. reported that
MET increased the frequency of chromosome aberrations and sister chromatid exchanges in human lymphocytes,
especially at the 48 h exposure time point [78]. Moreover, it has been demonstrated that MET affects stem cell dif-
ferentiation and enhances immunomodulatory stem cell properties, while also exerting anti-aging, anti-oxidative,
and anti-inflammatory effects [79-82]. In contrast, other assessments have demonstrated that MET inhibits cancer
cell growth [83, 84]. Al-Zaidan et al. for example, reported that MET specifically targets cancerous cells, with more
significant effects compared to normal cells [85]. In another assessment, the lifespan of Caenorhabditis elegans was
increased and cancer cell growth inhibition was induced following MET treatment [86]. These contrasting data indi-
cate that further studies should be performed to investigate potential genotoxic MET biota effects.

Electron beam irradiation is an eco-friendly and high-tech process in the field of health product sterilization, and
its application to water treatment has been increasingly discussed. lonizing radiation displays many advantages, such
as the ability to treat large water flows, the lack of excess redox agents in the treated water and the use of a minimal
amount of chemicals. Because of this, important automation advances and increased water treatment control, as well
as the ability to neutralize biohazardous pollutants almost instantly, have been performed with EBI [87].
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p<0.05)
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3.4 Effects of electron beam irradiation and persulfate on metformin toxicity

The effects of EBI combined with persulfate were monitored by UV-Vis spectrophotometry (Fig. 5). Decreases in
absorbance values at 233 nm were noted following irradiation at 1.0 kGy (Fig. 5a). A slight improvement in MET
degradation employing EBI/PS was noted when compared to EBI. Moreover, increased in absorbance values at 207
and 258 nm were noted in both irradiated samples, indicating the formation of intermediates. However, increased
absorbance values were verified only at 207 nm for EBI/PS-treated samples (Fig. 5b).

The persulfate-based process involves the in situ generation of highly reactive and short-lived sulfate radicals
(SO, ) [88]. The observed MET removal improvement is related to the higher production of oxidative sulfate radicals
formed from the reaction between persulfate and solvated electrons (Eq. 1) [43, 89]. In addition, persulfate can also
react with H- to produce sulfate, though H- production is not as significant as the production of the solvated electron
(G (H-)=0.06 and G(e‘aq)=0.27) and H- is much less reactive (k=2.5x 107 M~! s7) [43]. In addition, persulfate also
reacts with OH- radicals to generate S,04™" radicals.

5,05 + ey, — SO; + SO )

Previous studies have demonstrated that the addition of persulfate can improve organic contaminant removal [44,
45, 51]. Nevertheless, this did not significantly affect degradation rates in the present study, with the low removal
efficiencies observed herein potentially associated to the presence of dissolved oxygen in the aqueous solutions.
Criquet and Leitner noted that dissolved oxygen concentrations comprise a limiting parameter for the degradation of
p-hydroxybenzoic acid, in which excess dissolved oxygen levels did not significantly improve p-hydroxybenzoic acid
degradation rates. The authors [90]. Thus, suggest that oxygen participates in many radical mechanisms. Herein, the

— MET (a) — MET  (b)
3 — EBI 3 — EBI

s — EBI/PS < — EBI/PS

3 3

5 5

£ g

< <

240 260 280 300 200 220 240 260 280 300
Wavelength (nm)

200 220

Fig.5 UV-vis spectrum of metformin solutions treated by EBI and EBI/PS irradiated at (a) 1.0 kGy and (b) 5.0 kGy
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Fig.6 Acute toxicity data 15 — 20
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applied persulfate solution radiolysis led to the generation of dissolved oxygen, which, in the presence of persulfate,
partly balanced oxygen consumption resulting from the oxidation reaction.

Regarding toxicological performance, the toxicity of the non-treated and irradiated samples in the presence and
absence of persulfate for D. similis and V. fischeri are depicted in Fig. 6. Toxicities increased for both organisms following
the EBI/PS treatment, indicating the generation of more toxic byproducts.

Wastewater toxicity can be affected by oxidants remaining at the end of the reaction and, in some cases, by oxidants
that recombine with reactive species during the AOP [66]. However, the effects of remaining oxidants on solution toxicity
have not been widely addressed to date. Therefore, further studies should be conducted to improve the toxicological
performance of the EBI/PS process.

4 Conclusion

The results reported herein demonstrate the potential of electron accelerators to be effectively used for the removal of
the antidiabetic MET as an environmental pollutant. Electron beam irradiation was effective in removing MET in aque-
ous solutions up to 99% degradation and 65.41% of mineralization at 5.0 kGy. The findings also indicate the need to
assess biological effects following EBI at distinct trophic levels in order to reduce biota impacts, as increased toxicity
was observed only for D. similis following exposure to an irradiated MET solution. Finally, the addition of persulfate did
not enhance MET removal and increased toxicity against D. similis and V. fischeri. Further studies employing combined
processes should be conducted to optimize MET removal and detoxification rates.
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