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Abstract: In the present study, the photocatalytic oxidation and detoxification of aqueous matrices
contaminated with boscalid using g-C3Nj catalyst and UV-A light was investigated. The UV-A/g-
C3Ny process was found to achieve higher than 83% removal of boscalid in both matrices, with
h* and O]~ being the main species. UHPLC-HRMS analysis allowed the identification of five
TPs, while the main degradation pathways involved hydroxylation, cyclization, and dechlorination.
Scenedesmus rubescens microalgae species was exposed to boscalid solutions and lake water spiked
with the fungicide before the photocatalytic treatment and inhibition in the growth rate was observed.
An increase in the toxicity was also observed during the first stages of the treatment. The results
from the in silico study correlate with the observed evolution of ecotoxicity during the application of
the process, as some of the identified TPs were found to be toxic or very toxic for aquatic organisms.
However, prolonged application of the process can lead to detoxification. It was also observed
that the g-C3Ny catalyst can retain its photochemical stability and activity after at least three cycles.
However, a slight decrease in the activity was observed when repeated another two times. This study
demonstrated that the suggested photocatalytic process can both decrease the harmful effects of

boscalid as well as effectively lower its concentration in water.
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1. Introduction

Heterogeneous photocatalysis is one of the most well-studied advanced oxidation
processes (AOPs). Numerous studies have been conducted in the last thirty years that have
proved its efficiency for the removal of different contaminants from water and wastew-
ater [1]. The first studies focused mainly on the efficiency of the process using different
semiconducting inorganic oxides such as TiO; and ZnO [2]. The high efficiency of this
process to remove organic contaminants and heavy metals from aqueous matrices led to
the investigation of alternative catalysts with the aim to overcome some limitations [3].

In recent years, graphitic carbon nitride (g-C3Ny) possessing a layered structure simi-
lar to graphite has become a promising organic semiconductor with high photocatalytic
activity in visible light (bandgap of ~2.7 eV). It has been used for various environmental ap-
plications, such as water and wastewater treatment, CO, and NOx reduction, and hydrogen
production, amongst others, due to its interesting and unique physicochemical properties
such as good chemical and thermal stability [4-13]. In addition, compared with other
photocatalysts, g-C3Ny can be easily synthesized by various synthesis techniques using
melamine, cyanamide, urea, thiourea, and ammonium thiocyanate as raw materials [14,15].
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The rapid increase in industrialization and the population explosion have led to water
pollution as various contaminants are introduced into the aquatic environment by different
sources. The worry over chemical contamination of water is a significant issue in the
twenty-first century [6,16]. Recently, various categories of pollutants have been found in
water, such as metal ions, personal care products, pharmaceuticals, pesticides, and dyes,
among others. The presence of these pollutants in the aquatic systems poses a threat to
ecosystems and humans [6,16].

Pesticide contamination has raised great concern worldwide, and pesticide residues
can be found in soil and aquatic systems, exerting detrimental effects on the environment
and human health [17,18]. Boscalid [2-chloro-N(4’-chloro-biphenyl-2-yl)-nicotinamide] is
a carboxamide fungicide used against fungal plant diseases in agriculture. Following its
application, excessive amounts of this fungicide can be adsorbed on soil particles or/and
introduced into aquatic systems [18]. It has been widely found in a variety of environmental
compartments and is thought to be persistent. Through spray drift, leaching, and runoff
following its application, boscalid can penetrate the soil and reach surface- and ground-
waters, with dissipation half-lives (DT50) in the range of 322 to 365 days [19]. Boscalid has
also been characterized as a moderate leacher and consequently can pollute surface- and
ground-water [20].

Boscalid has been detected at a frequency of 72% in the USA in surface- and ground-
waters [18], and in the coastal watersheds of California, USA, it has been detected at
concentrations of up to 36 pg L~ [21]. Moreover, it has been detected in fish and crab sam-
ples collected from the Californian estuary [22]. The long-term accumulation of boscalid in
water can have various negative effects on aquatic organisms. For instance, it is toxic to
zebrafish embryos [23] and presents various effects in Daphnia magna [24], microalgae such
as Chlorella vulgaris [25], and the amphipod Gammarus fossarum [26].

Thus, its effective removal from aqueous phases has attracted scientific interest.
Among different AOPs, heterogeneous photocatalysis has been evaluated for the removal
of boscalid from aqueous matrices using mainly TiO,-based and ZnO catalysts [27-32]. De-
spite significant advancements in photocatalysis research in recent years, the effectiveness
of this process in the removal of boscalid using alternative photocatalysts remains limited.
Additionally, previous investigations utilizing g-C3N4 have primarily been conducted in
controlled laboratory aqueous matrices rather than environmental matrices [33]. Notably,
there is a dearth of scientific literature reporting on the degradation of boscalid in water
using g-C3Ny catalysts, especially when combined with biological techniques to assess
the toxicity.

Ambiguously, the development of visible light-active photocatalysts holds promise for
leveraging renewable energy resources, potentially reducing energy consumption and over-
all costs. Consequently, in the present study the photocatalytic oxidation and detoxification
of aqueous matrices contaminated with boscalid was investigated using g-C3N4 and UV-A
irradiation (mainly 365 nm). The photocatalytic process was first evaluated in terms of its
effectiveness to remove boscalid from ultrapure water (UPW) and lake water (LW) con-
taminated with the fungicide. In the second approach, the process efficiency was assessed
by investigating the ecotoxicity potency of the treated solutions through the microalgae
Scenedesmus rubescens. Efforts were also directed toward the identification of the main trans-
formation products (TPs) using ultra-high-performance liquid chromatography coupled
with high resolution mass spectrometry (UHPLC/HRMS). The ecotoxicity of boscalid and
its tentatively identified TPs as well as assessments of the important toxicological factors
(e.g., mutagenicity) of these compounds were performed using three different publicly
available in silico tools.

2. Results and Discussion
2.1. Photocatalytic Degradation Performance

Before the evaluation of the performance of the UV-A/g-C3Ny process to degrade
boscalid from the water, control experiments were conducted. The results from the adsorp-
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tion and photolysis experiments, as depicted in Figure 1, prove that both processes cannot
significantly remove the studied contaminant under the adopted experimental conditions.
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Figure 1. Control Experiments of boscalid in UPW ([Boscalid]y = 1 mg L1, [g-C3Ny] = 400 mg L.

In contrast, the UV-A/g-C3Ny process was found to achieve higher than 83% removal
of boscalid in both matrices (UPW and LW), as depicted in Figure 2. The observed effi-
ciency can be correlated with the good characteristics of the used g-C3Ny photocatalyst
(BET SSA =35 m? g1, particle size of 25 nm, Eg = ~2.82 V), which was synthesized and
characterized in a previous work [34]. The g-C3Ny photocatalyst (2.82 eV) [34] can be
activated by UV-A light generating h* /e~ pairs (Equation (1)), which can initiate various
reactions according to Equations (2)—(5) [15,35,36]:

g—C3N4+hV — h™ + e~ (1)
O, +e — 057 (2)

05~ +H' — HO3 3)

2 HOE — Oy + H,Oy (4)

Hy,O0, + 0" — HO®* +OH™ + 0O, (5)

Similar to our results, Liu et al. (2021) [33] reports good photocatalytic activity of
urea-derived carbon nitride to remove boscalid and other fungicides, under visible light
irradiation. More specifically, approximately 90% boscalid (initial concentration=2 mg L~1)
removal was observed after 2 h using 500 mg L~! of the catalyst. In contrast, heterogeneous
photocatalysis was not found to be effective for the degradation of hexaconazole using urea-
derived carbon nitride (15%) [33]. The photocatalytic degradation of atrazine herbicide by g-
C3Ny (prepared via pyrolysis of urea) was 52.57% after 60 min of visible light irradiation [37].
A slower degradation rate was also reported by Altendji and Hamoudi (2023) [38]. Visible
light photocatalysis using g-C3Ny, synthesized via urea pyrolysis, led to only 40% removal
of atrazine after 5 h [38].

The experimental data were fitted in pseudo-first order reaction kinetics [4,39] accord-
ing to Equation (6), and the apparent rate constants, half-lives, and correlation coefficients
of boscalid degradation in both matrices are reported in Table 1.
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An apparent degradation constant (kapp) equal t0 9.0 x 10~° min~! and a half-life of
t1/2 = 77.0 min were calculated in UPW. A lower degradation rate was observed in LW
(k=72 x 10" min~! and t; /, = 96.3 min).
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Figure 2. Photocatalytic degradation of boscalid in UPW and LW ([Boscalid]y = 1 mg L1, [g-C3Ny] =
400mg L71).

The chemical composition of LW and the coexistence of inorganic and organic chemi-
cals that can compete with boscalid for the produced reactive species can be linked to the
reduced degradation rate observed in LW [40]. Furthermore, some of the substances in
LW have the ability to be absorbed by the g-C3Ny photocatalyst, changing or blocking its
active sites [40,41]. Nonetheless, significant degradation percentages were attained in LW,
demonstrating the effectiveness of this process through the emergence of reactive species.

Table 1. Apparent rate constants (kapp), half-lives (t;/5), and correlation coefficients (R?) of boscalid
photocatalytic degradation in UPW and WW.

Matrix Kapp (min—1) t1/» (min) R?
UPW 9.0 x 1073 77.0 0.9200
LW 7.2 x 1073 96.3 0.9437

The contribution of the reactive species was further confirmed by scavenging ex-
periments (Figure 3). The addition of KI provoked a strong inhibition, highlighting the
significant role of h* in the degradation. The significant role of O~ was confirmed when a
deoxygenated experiment was conducted under N atmosphere, as its generation requires
adsorbed oxygen on the catalyst surface [15]. The tertiary alcohol t-BuOH was used as an
efficient scavenger for HO® as its reaction rate with HO® has been reported to be in the
range of 3.8-7.6 X 108 M~1s~1 [42] but based on the observed inhibition HO® contributes
only slightly to the degradation of boscalid. The results are consistent with previous stud-
ies [35,36,43] that reported that the same species (h* and O] ") contribute significantly to
the degradation of organic pollutants using g-C3Ny-based heterogeneous photocatalysis.
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Figure 3. Photocatalytic degradation of boscalid in the presence of scavengers ([Boscalid]y = 1 mg L1,
[g-C3Ny] = 400 mg L1, [t+-BuOH] = 0.1 mol L1, [KI] = 0.1 mol L™1).

As it is well known, the e in the valence band (VB) of the g-C3Ny catalyst is excited to
its conduction band (CB) after the absorption of photons with energy > to its energy gap
(Eg), with the simultaneous generation of h* in the VB (Equation (1)). Moreover, the ™ can
react with absorbed O, on the surface of g-C3Ny and generate O~ as the redox potential
of O3 /O, (—0.13 eV vs. NHE) is much higher than that of the Ecg (—1.3 eV) of g-C3Ny
(Equation (2)) [15]. In contrast, in g-C3Ny4 heterogeneous photocatalysis the formation of
HO?® cannot take place through the direct water or OH™ oxidation by holes as the VB edges
of the catalyst are less positive (+1.40 eV vs. NHE) than the redox potential of OH™ /HO®
(+1.99 eV vs. NHE) [15,36]. HO® can be formed through an indirect pathway, as depicted
in Equation (5).

2.2. Transformation Products and Pathways of Boscalid Photocatalytic Degradation

The identified transformation products (TPs) of boscalid by photocatalytic degradation
with g-C3Ny in ultrapure water (UPW) and lake water (LW) are summarized in Table S1.
Analysis under negative electrospray ionization mode did not allow the identification of
TPs. In positive ionization mode, boscalid presented pseudo-molecular ions at m/z 343.0397
[M + H]* (base peak) and 365.0216 [M + Na]* with the molecular formula C15H13N,0Cl,
and Cy13H12N>OCl;Na, respectively, while MS? and MS3 fragments are analogous to the
assignment reported elsewhere [31,44,45]. The MS spectrum of boscalid also showed
pseudo-molecular ions at m/z 345.0367 and 347.0338, corresponding to the isotopic profile
of a compound containing two chlorine atoms with peak heights in the ratio of 9:6:1.

All the identified TPs revealed a smaller retention time than boscalid, denoting the
more polar character. Firstly, TP_307 provided a peak at m/z 307.0628 [M + H]* with a
molecular formula of C1gH1,N,OC], corresponding to [M-36]* ion generated due to the
loss of HCI from molecular ion. The second TP identified (TP_325) at m/z 325.0264 with ion
formula C;gH;1N»Cl; corresponds to that of boscalid minus 18 a.m.u., suggesting water
elimination from the latter. The losses of HCI and H,O suggest subsequent cyclization,
which provides a more stable cation including an additional six-centered ring in which
the charge is well delocalized on three sites. Positive holes (h*) generated by g-C3Ny4 can
react with the electron-rich parts of the boscalid compound by electron transfer, resulting
in the formation of TP_307 and TP_325. The significant role of h* was also verified by
the scavenging experiments mentioned above. Cyclized compounds TP_325 and TP_307
have also been reported in a previous study devoted to the photolytic degradation of
boscalid [46].
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TP_309, a degradation product with [M+H]" at m/z 309.0795 and suggested formula
C18H14N2OCl, was rationalized to a dechlorinated product after the detachment of chlorine
from the pyridine ring of boscalid in accordance with the previously identified compound
after the biodegradation of boscalid [47]. Moreover, TP_289 presented a molecular formula
C18H13N,0; according to the molecular ion at m/z 289.0974 [M + H]" and can be ratio-
nalized to that of TP_307 (C1gH;2N»OCI) with a substitution of chlorine by the hydroxyl
group. The degradation process also comprises the addition of the hydroxyl group onto one
of the three available aromatic rings, TP_359, presenting a peak at m/z 359.0369 with the
molecular formula C18H;3N20,Cly. However, the exact site of the hydroxylation cannot
be proposed. This hydroxylation pathway has also been identified by other researchers
in photocatalysis by nitrogen-doped /undoped TiO, and persulfate ions [32]. A possible
reaction network for boscalid degradation is shown in Figure 4. Based on the areas deter-
mined in the analysis, TP_307 was the most abundant in both UPW and LW. The other TPs
showed quite similar areas. Moreover, most of the TPs started to be formed at 15 min and
attained their maximum between 30 and 60 min in UPW and LW, accordingly. Thereafter, a
progressive decrease in their areas was observed.

“/‘ N
Boscalid c =
TP_359 ";
C
HN-—=0 CI\ = OH

N
TP_307 | N
—

TP_309
cl
HN N
&/ ) =0
l o _
TP_289
HN / N
N\
o) .

Figure 4. Proposed photocatalytic degradation pathways of boscalid.

2.3. Photocatalytic Detoxification Performance

The evaluation of toxicity during the application of AOPs is a very important issue
that needs investigation. The importance of toxicity evaluation is related with the potential
formation of toxic TPs. Various aquatic microorganisms are used as bioindicators in differ-
ent ecotoxicity tests. Algae are the base of the aquatic food chain, and potential detrimental
effects to them can significantly affect the higher trophic levels [48]. Among the freshwater
microalgae, Scenedesmus rubescens has been widely used in ecotoxicology studies [49,50].
The evolution of toxicity during the photocatalytic process against freshwater microalgae
Scenedesmus rubescens was evaluated in UPW and LW (Figure 5a,b). The microalgae were
exposed to untreated and treated solutions for 24, 48, and 72 h.
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Figure 5. Toxicity evolution during the UV-A/g-C3Ny process in (a) UPW and (b) LW using
Scenedesmus rubescens.

Control tests (UPW-g-C3Ny irradiated solutions, LW-g-C3N} irradiated solutions)
were also performed and showed a negligible to slight toxicity (~4-14% of inhibition)
to Scenedesmus rubescens after 24, 48, and 72 h. Thus, concerns regarding the toxicity of
nanoparticles can be excluded. The LW water was also found to provoke approximately
13.2% inhibition. According to the results depicted in Figure 5, a significant effect of
5% v/v untreated solutions of boscalid was observed during the first 24 h, reaching ap-
proximately 40.5% and 55.5% inhibition of growth rate in UPW and LW, respectively. In
contrast, significantly lower was the inhibition after exposure for 48 and 72 h. This phe-
nomenon is correlated with the microalgal adaptation mechanism after exposure to toxic
compounds [51]. This trend was also observed at the first stages of the process (30 and
60 min in UPW and 30, 60, 120, and 240 min in LW), where the toxicity levels increased,
probably due to the formation of the identified TPs.

Based on the results obtained in Figure 5, the TPs were found to contribute to the
overall toxicity, while probable synergistic effects between them can also be considered. The
general tendency of pollutant mixtures to show synergistic effects due to their complexity
compared to individual compounds is reported in the literature [52]. This was further
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verified by the evaluation of the toxic response of boscalid in concentrations equal to those
calculated during the photocatalytic process. As depicted in Figure S1, as the concentration
of boscalid decreases, the toxic responses against the microalgae Scenedesmus rubescens also
decline. However, with the prolonged application of heterogeneous photocatalysis the
toxicity reduced significantly.

2.4. In silico Predicted Ecotoxicity and Toxicological Endpoints of Boscalid and Its TPs

The potential effects of boscalid and its identified TPs were also evaluated using in
silico tools, which required knowledge of the exact chemical structure of boscalid and its
tentatively identified TPs to perform QSAR-based predictions. Of all the detected TPs, only
the structure of TP_359 could not be fully elucidated, as the exact hydroxylation site could
not be determined from the results of high-resolution mass spectrometry. Therefore, the
four most probable hydroxylation sites of boscalid were taken into consideration and are
presented in Figure S2, based on whether the functional groups of the A, B, and C rings
were either ortho-, para-, or meta-directors, and the resulting structures were used by the
in silico tools. However, all acute and chronic toxicity values, as well as other endpoints
predicted by ECOSAR v2.2, TES.T. v5.1.2, and Toxtree v2.6.13, for these four possible
TP_359 structures showed little to no variation, and the results presented for TP_359 are
averages to reflect more realistic data.

The acute and chronic toxicity values of boscalid and its TPs, which were assessed
in silico for the three different aquatic trophic levels, are presented in Table S2. Although
the software classified these compounds into more than one category, only the “Amides”
classification was considered as it was the most common for the parent compound and its
TPs (except for TP_325), and therefore the data could be more comparable.

The results generated by ECOSAR indicate that boscalid is a rather toxic compound
for all three classes of aquatic organisms. These predicted data coincide with the findings
of in vitro studies, which report that boscalid causes adverse effects in aquatic organisms
such as Daphnia magna and Danio rerio, further supporting the fact that the presence of this
fungicide could potentially pose a threat to aquatic ecosystems [25,53,54]. However, this is
not the case for most of the tentatively identified TPs, because TP_307, TP_289, and TP_359,
which were detected in both studied aqueous matrices (UPW and LW), are evaluated as less
toxic than the parent compound. Interestingly, TP_325, along with TP_309, which was only
detected when LW was utilized as a matrix, are the only TPs predicted to pose a greater
ecotoxic threat than boscalid to fish, daphnids, and algae.

According to the bioconcentration factors presented in Figure 6a, the applied process
generally led to the formation of compounds that are less likely to accumulate in living
organisms, except for the very toxic TP_325, whose bioconcentration factor was found
to be 4.5 times higher than boscalid, denoting that the overall ecotoxicological effect of
this particular TP should be further investigated through in vitro approaches. The TE.S.T
estimations regarding developmental toxicity and mutagenicity (Figure 6b,c) indicate that
photocatalysis with g-C3Ny does not limit these two toxicity-related problems significantly
because, apart from TP_325, which was classified as a “developmental non-toxicant”,
all the other TPs were predicted as both “developmental toxicants” and “mutagenicity
positive”, with values similar or higher to those of boscalid. Therefore, from the results
of both ECOSAR and T.E.S.T. it becomes evident that, for a greater detoxification effect,
longer irradiation periods might be required. This agrees with the experimental ecotoxicity
results presented in Section 2.3 using microalgae Scenedesmus rubescens, as the toxicity
was increased at the first stages of the process; however, long-term application showed
high detoxification.

Finally, the predictions of Toxtree, which are summarized in Table S3, do not show
significant variations between boscalid and its TPs, apart from the fact that TP_325 was the
only compound that could potentially induce genotoxicity related carcinogenesis.



Catalysts 2024, 14, 112

9 of 15

~_~
]
~—

600
===1% Pathway
E 500 - TP 325 ~---2"Pathway
5 / ’ - - = 3" Pathway
= 400 - /
2 7
-
£ 300 - ‘£
=) /
= »
o /
2 200 - /
S /
3 BSD - TP 307
g 10 — == Sh=—
= —TP=30_ Tp 289
R TP_359 |
1]
(b) (c)
0.9 1.0
- ==1%" Pathwa
TP 359 e
£ gl P TP 289 0o - = - 2" Pathway
Qo v SD TP 307 = Vel )
2 L R\ . L - - - 3 Pathway
s <3 z
Eoaqd \ = \TL;}O() ‘S ngl
= U7 \ = REEDY TP 289
- ) —
= \ % .
- o \ 3 n - ™ 200 7
= U.09 = 0.71 1I_0VU7 s
g : > 4 s
— Developmental 4
2 _|---1 Pathway \ 'r.“,?m...o o Vs P_3OZ 4
?0 0-5 -l o A VUVAIvauu 0.6 -l / P -
a - - =2" Pathway Developmental /7 - TP 359
1 \TP 325 -Toxi Z = =
0.4 = == 3" Pathway ! = Non-Toxicant 0.5 ﬂ& Z = ===—TP 325

Figure 6. (a) Bioconcentration factors, (b) developmental toxicity, and (c) mutagenicity values of
boscalid (BSD) and its TPs predicted by T.E.S.T. v5.1.2.

2.5. Reusability-Photocatalytic Cycles

The reusability of the photocatalyst is a very important issue and is related to the
catalyst’s ability to remain active after its use. Thus, to evaluate the reusability of the
g-C3Ny catalyst against the degradation of boscalid, experiments were conducted for five
cycles (Figure 7), adopting the same experimental conditions. After each cycle, the catalyst
was recovered, rinsed several times with ultrapure water, and dried at room temperature. It
was observed that the efficiency of the g-C3Ny catalyst was nearly the same, even after three
cycles using both UPW and LW, demonstrating that the g-C3Ny catalyst can be recovered
and reused, retaining its photochemical stability and activity. The performance appeared
to slightly decrease when it was repeated another two times. These results indicate that
g-C3Ny-based photocatalysis can be an alternative and sustainable option for the treatment
of aqueous matrices contaminated with boscalid fungicide because it can reduce both
operating and disposal costs by the reusability of the catalyst. Such recycling is in line with
Green Chemistry principles, particularly concerning preventing waste.
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Figure 7. Reusability experiments of g-C3Ny catalyst.

3. Materials and Methods
3.1. Chemicals and Reagents

Boscalid was obtained from Riedel de Haén. Graphitic carbon nitride (g-C3Ny),
with characteristics as depicted in Table 2, was used as the photocatalyst [34]. The syn-
thesis and characterization of the photocatalyst is described elsewhere [34]. Acetoni-
trile, isopropanol, methanol, and water of HPLC-grade solvents were supplied by Merck.
Formic acid and cyanobacteria BG-11 freshwater solution were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Ultrapure water and lake water (pH = 7.15 £ 0.02; to-
tal suspended solids = 2.17 4- 0.042 mg L~!; total organic carbon = 11.6 & 1.42 mg L™};
PO43~ =4.05 4 0.084 mg L™1; SO4>~ =22.1 £ 1.26 mg L™}, NO;~ =24.1 £ 0.78 mg L™ 1)
were used as matrices. Samples of the microalgae species Scenedesmus rubescens (strain SAG
5.95) were purchased from the bank SAG collection of Gottingen University (Germany).

Table 2. Surface area, particle size, and bandgap (Eg) of g-C3Ny catalyst [34].

Surface Area (m? g—1) Particle Size (nm)

Eg (eV)

g-C3Ny 35 25

3.2. Photocatalytic Experiments

Photocatalytic experiments were conducted using cylindrical pyrex glass cells with a
total volume of 100 mL of aqueous solution containing the target compound in ultrapure
water and lake water at a natural pH of 6.53-6.67 and 25 °C. Standard conditions were
maintained across all experiments, with initial concentrations set at [Boscalid]y = 1 mg L™},
[g-C3Ny4]p = 400 mg L~1. The concentration of the catalysts was selected based on pre-
liminary experiments, and the optimum concentration was found to be 400 mg L=1. A
relatively higher initial concentration of boscalid (1 mg L~!) than the typical values found
in surface waters has been selected in this study to obtain slower kinetics and provide

favorable conditions for the identification and structural elucidation of the TPs.

UV-A illumination (315400 nm) was administered using a custom-built “illumination
box” equipped with four F1I5W /T8 black light tubes from Sylvania, emitting maximally
at approximately 365 nm. Before the illumination, the boscalid solution containing g-
C3Ny underwent a 30-min stirring period on a magnetic stirrer (Stuart SB 161-3, United
Kingdom) in darkness to attain adsorption-desorption equilibrium. Sampling was carried
out at specific intervals, with subsequent filtration using a Millex-GV PVDF 0.22 pum before

further analysis.
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The contribution of HO® and h* to the degradation mechanism was evaluated using
t-BuOH (0.1 mol L™1) and KI (0.1 mol L™1), respectively [42,55]. The role of superoxide
anion radicals (O,°~) was studied in an experiment conducted under N, atmosphere [55].

3.3. Analytical Methods
HPLC and UHPLC/HRMS Analysis

The concentration of boscalid was quantified by a Dionex HPLC system. The iden-
tification of transformation products (TPs) was performed by UHPLC/HRMS. More
details about HPLC and UHPLC/HRMS analysis are available in the Supplementary
Materials (SM 1).

3.4. Algal Biotest

Algal bioassays were conducted using Scenedesmus rubescens (strain SAG 5.95) ac-
cording to OECD 201 protocol [56]. BG-11 was used as the culture medium, and sterile
conditions and continuous illumination (4300 lux) were adopted. All the samples in con-
centrations of 5% v/v were tested in triplicate and the inhibition (% I) growth rates were
calculated. The results are expressed as the mean + SD.

3.5. In Silico Toxicity Assessment Tools

Predictions regarding the ecotoxicity of boscalid and its tentatively identified TPs
as well as assessments of the important toxicological factors (e.g., mutagenicity) of these
compounds were performed using three different publicly available in silico tools. In par-
ticular, the acute and chronic toxicity of the aforementioned compounds to three different
categories (trophic levels) of aquatic organisms (i.e., fish, daphnid, and green algae) were
assessed using the Ecological Structure Activity Relationships (ECOSAR) v2.2 software,
which was developed by the United States Environmental Protection Agency (U.S. EPA) and
utilizes quantitative structure-activity relationship (QSAR) models to make predictions [57].
Specifically, the software classifies chemical compounds based on their chemical structure
and expresses acute toxicity values per organism category (after 96 h or 48 h of exposure)
either as half-maximal effective concentration (ECsg) or half-maximal lethal concentration
(LCsp), while chronic toxicity is expressed as chronic values (ChV). Depending on the pre-
dicted ChV, LCsg, and ECsg values, boscalid and its TPs were also classified as either Very
Toxic (ChV/ECsy/LCsp < 1 mg L), Toxic (1 mg L~! < ChV/ECs0/LCs0 < 10 mg L }),
Harmful (10 mg L=! < ChV/EC50/LCsp < 100 mg L), or Not Harmful (100 mg L~!
< ChV/EC5(/LCs) to each category of the aforementioned aquatic organisms in accor-
dance with the Globally Harmonized System of Classification and Labeling of Chemicals
(GHS) [58]. The mutagenicity, developmental toxicity, and bioaccumulation factor (tox-
icological endpoints) of both boscalid and its TPs were predicted utilizing the Toxicity
Estimation Software Tool (T.E.S.T.) v5.1.2, which, like ECOSAR, was also developed by the
U.S. EPA and is based on using advanced QSAR methodologies to perform estimations [59].
In general, T.E.S.T. allows the application of five different QSAR methodologies; however,
in this study all toxicological endpoints were predicted by the consensus method because,
according to the software user’s guide, it is the methodology that provides the most accu-
rate results. The environmental persistence of the previously mentioned compounds as
well as their oral toxicity and potential carcinogenicity were estimated by Toxtree v2.6.13
software, which was developed by Ideaconsult Ltd. (Sofia, Bulgaria) under a contract with
the Joint Research Center (JRC) [60]. Toxtree is generally based on the application and the
use of decision trees to perform predictions on various types of toxicological hazards (e.g.,
carcinogenicity) [61]. The results for each compound are presented as classifications accord-
ing to the investigated hazard type. For example, in the case of environmental persistence
the compounds are categorized as either Class 1 (easily biodegradable chemical), Class 2
(persistent chemical), or Class 3 (unknown biodegradability).
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4. Conclusions

In the present study, the g-C3Ny4-based photocatalytic oxidation and detoxification of
aqueous matrices (ultrapure water and lake water) contaminated with fungicide boscalid
under UV-A irradiation was studied. The effectiveness of the process was evaluated using
a holistic approach combining chemical methods, biological systems, and in silico study.
The g-C3Ny-based photocatalytic process was proved to effectively remove boscalid in both
matrices, with a maximum efficiency exceeding 83%. However, a lower degradation rate
was observed in LW (k =7.2 x 1073 min~! and t; /, = 96.3 min), attributed to the complexity
of this environmental matrix compared to ultrapure water. The assessment of ecotoxicity
by exposing the microalgae Scenedesmus rubescens to boscalid before and after treatment
was evaluated. UHPLC-HRMS analysis allowed the identification of five TPs, while the
main degradation pathways involved hydroxylation, cyclization, and dechlorination. The
identified TPs were in silico evaluated, and some of them were found to be toxic or very
toxic for aquatic organisms. Moreover, some TPs were characterized as “developmental
toxicants” and “mutagenicity positive” with values similar to those of boscalid or higher.
The results from in silico study correlate with the observed evolution of ecotoxicity during
the application of the process. Therefore, it becomes evident that, for a greater detoxification
effect, longer application of the process is required. Finally, the studied g-C3Nj catalyst
showed good reusability as it was found to retain almost the same photochemical activity
for at least three cycles. Overall, this study indicates that the efficiency of water treatment
processes needs detailed investigation using a wide range of experimental methods and
computational approaches to provide data that can promote the large-scale applicability of
a process without the generation of toxic by-products.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal14020112/s1, Table S1: LC-HRMS data for boscalid (BSD)
and its TPs in UPW and LW by photocatalysis with g-C3Ny; Table S2. Acute and chronic toxicity
values of boscalid and its TPs predicted by ECOSAR v2.2; Table S3. Oral toxicity (Cramer rules),
environmental persistence and carcinogenicity for boscalid and its TPs predicted by Toxtree v2.6.13;
Figure S1: % Inhibition of growth rate of Scenedesmus rubescens after exposure to different concen-
trations of boscalid; Figure S2: Most probable hydroxylation sites for TP_359; SM 1. HPLC and
UHPLC/HRMS analysis.
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