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ABSTRACT

Assessment of reaction pathways, kinetics and water toxicity during the photocatalytic degradation
of glyphosate and myclobutanil pesticides has been performed in different aqueous matrices of
increasing complexity, from the single pesticides to the mix of their commercial formulations. Using
Aeroxide®-TiO,-P25 as reference UV-A (Ultraviolet A) light photocatalyst, the ability of photocatalysis
to degrade glyphosate and myclobutanil pesticides in water was evidenced independently of the
aqueous matrix complexity, complete mineralization into CO,, phosphate and chloride ions being
achieved. Further, an unusual volcano-like TOC evolution profile resulting from the proposed
glyphosate degradation pathway was observed whatever the aqueous matrix. Increasing the water
matrix complexity from single pesticides to the commercial formulation mix reduced the degradation
kinetics and consequently extended the time necessary for complete mineralization but, did not
influence the overall pesticide fate profiles. This behavior was associated to the competitive
adsorption of the organic matter onto the catalyst and to the presence of ions and inorganic matter.
The co-presence of glyphosate and to lesser extent of Roundup® formulation additives strongly
impacted the myclobutanil fate profile, due to preferential adsorption/degradation of glyphosate. By
contrast, despite their impact on the degradation pathway, the inorganic additives of the Systhane®
formulation influenced to a lesser extent both myclobutanil removal duration and TOC removal
compared to glyphosate/Roundup® products. The treatment allowed for most of the cases a strong
reduction of acute toxicity to aquatic invertebrate test organisms (D.magna) whatever the water

matrix complexity, while the ecotoxicity was reduced by half for the complex formulation mix.

KEYWORDS: photocatalysis, glyphosate, myclobutanil, oxidation pathway, wastewater matrix effect
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1. INTRODUCTION

Synthetic pesticides have been intensively used worldwide since half a century for protecting
crops. In the center of Europe, particularly in the surroundings of the Upper Rhine river, viticulture
remained one of the crops most subjected to pesticide treatments for protecting from local pests
and consequently maintaining exploitation yields. Within this area, the main fungicide treatments
applied generate 70% of the total grapevine growing costs [1]. For instance, French vineyards
represent 30% of the overall pesticide use, while they account for only 3% of all farmland.
Unfortunately, while their use allowed a strong increase in the crop yields and the development of
intensive farming, their appearance in freshwater bodies and soils negatively affects the
environment and the human health. One important sources of these compounds for the natural
water bodies is the washing water arising from the cleaning of agricultural spraying machineries

following application.

While wastewater effluents should therefore be treated prior to discharge, conventional
treatments based on mechanical, physical, chemical or biological processes are facing with the
increase in the volume and the load of the pollutants in these effluents, the reduction of the
biodegradability of the pollutants, as well as with the heterogeneity of the water matrix [2-4]. Among
the Advanced Oxidation Processes (AOPs) that are emerging as feasible alternatives or complements
to conventional wastewater treatment plants for treating waters contaminated by refractory
compounds [5], photocatalysis has gained important attention due to a high efficiency and relatively
low costs, when working with low charges of pollutant, as well as to its ability to degrade the
biorecalcitrant and emerging contaminants [6, 7]. It allows achieving a complete mineralization of
refractory substrates thanks to its ability to oxidize short-chain acids and enables operating
efficiently in an extended working pH range, while taking advantage of a versatile and

environmentally-friendly implementation [5].
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Although intense efforts have been made to enhance the degradation rate of pesticides and
more generally the mineralization yields of photocatalytic processes, TiO, still remains the
photocatalyst par excellence provided that a UV-A (Ultraviolet A) light irradiation is targeted, so that
it has been employed in the photodegradation of a large variety of pesticides in the last decades [1,
8-11]. The process time necessary for removing and mineralizing pesticides from water and
consequently for reducing the associated toxicity is known to strongly differ depending on the active
substance, since both composition and chemical structure of the target pesticide impact on the
degradation pathways and the reaction intermediates [9, 12]. Furthermore, pesticides often occur as
mixtures in surface waters, and they are always applied as commercial formulations containing
various kinds of organic and/or inorganic additives in addition to the active substance. Therefore, the
ability of photocatalysis for treating water containing pesticide mixtures [10, 11] and commercial
pesticide formulations [1, 13], as well as the influence of the water matrix complexity, eg. the
amount and composition of extra-load [14], on the pesticide degradation process and more generally

on the efficiency of the water treatment, are highly worth being investigated.

The herbicide glyphosate and the fungicide myclobutanil are two fundamentally different
compounds among the pesticides that are most frequently detected in the Upper Rhine river area
[15], glyphosate being a P- and N- containing aliphatic substrate, while myclobutanil is a N- and Cl-
containing substrate with both C-C and N-C aromatic rings and aliphatic branch. Used as the
commercial formulations Roundup® and Systhane®, respectively, they appeared at relatively high
concentrations in wastewater because of their prolonged use. Glyphosate (CsHgsNOsP) is a broad
spectrum organophosphate systemic herbicide that has shown resistance to natural degradation
pathways due to its inert C-P bond. Recent studies have demonstrated that glyphosate has negative
effects on ecosystems and humans. It provokes severe effects to many non-targeted organisms, with
for instance effects on reproduction in soil invertebrates, changes in the zooplankton behavior,
reduction of fertility in some fishes [16, 17]. Furthermore, anxiety and depression have been

observed for mice following chronic exposure. Detected in surface and groundwater, myclobutanil
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(C1sH17CIN,) is a triazole pesticide used to avoid fungi infection, the main environmental risk of which
being related to the potential formation of bioactive (toxic) metabolites [18]. Moreover, fungicides
are generally known to be capable of causing endocrine activities [19] and chronical effects [20] even
at low concentrations of 3 pg/L. It has to be mentioned that no direct and straightforward
relationship is established between the Total Organic Carbon (TOC) depletion and the toxicity
reduction of an effluent [21-23], mainly due to formation of potentially-harmful reaction
intermediates, to the presence in the commercial formulations of non-inert inorganic additives, as
well as to synergistic interaction effects between the aqueous substances along the treatment. For
instance, Kohler et al. obtained 80% of TOC reduction with simultaneously an important increase in
the toxicity [21], while Supowit et al. treated fipronil-contaminated water and indicated that the
generation of harmful intermediates provoked a rise in toxicity values [23]. Therefore, the toxicity
assessment of the effluent has to be performed along the process simultaneously to the

determination of the reaction kinetics and of the TOC removal efficiency.

The ability of photocatalysis to degrade both glyphosate [24-27] and myclobutanil [27, 28]
pesticides has already been demonstrated. Therefore, the novelty of this work is to study their
photocatalytic degradation in different aqueous matrices of increasing complexity, from the single
pesticides to the mix of their Roundup® and Systhane® commercially available formulations, and to
assess the reaction pathways that take place in different matrices, the kinetics and the water
ecotoxicity during the treatment. We highlighted that, in addition to its influence on the reaction
kinetics, the aqueous matrix complexity strongly impacted on the reaction pathways followed for
reaching the mineralization of the substrates. To this end, the study has been performed using the
well-known commercial Aeroxide® TiO,-P25, considered de facto as the reference photocatalyst
under UV-A light, as a first step necessary for shedding light on the influence of the aqueous matrix
complexity on the water treatment efficiency during the degradation of glyphosate and myclobutanil

pesticides.
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2- MATERIALS AND METHODS

2.1 Materials and formulations

Analytical grade reagents were used without any further purification. Glyphosate (N-
(phosphonomethyl)glycine, >99%) and Myclobutanil ((RS)-2-p-chlorophényl-2-(1H-1,2,4-triazole-1-
ylméthyl)hexanenitrile, >99%) were purchased from HPC High Purity Compounds (Cunnersdorf,
Germany).

Roundup®-720 and Systhane®-200 products were commercially available formulations from
Monsanto and Dow agrosciences, containing 720 g/L glyphosate and 200 g/L myclobutanil pesticides
as active compounds, respectively. Table 1 and Table 2 show the composition expressed in mass
percentage of the Roundup® and Systhane® products and the main physico-chemical parameters of
the ready-to-use diluted formulations. Roundup® and Systhane® formulations displayed very distinct
compositions. Beside the presence of their respective active compound, in both formulations with a
ca. 40 wt.% fraction, Roundup® has been reported to contain additional carbon-containing molecules
such as isopropylamine and surfactants, whereas by contrast Systhane® was characterized by the
presence of several oxides and salts. Therefore, as a result of the diversity of the carbon sources
within the Roundup® formulation, the glyphosate active compound amounted only for a fraction of
the total TOC recorded for the commercial formulation, while in the case of the Systhane®
formulation, the TOC only resulted from the myclobutanil itself. Both Roundup® and Systhane®
solutions were prepared with a concentration of the active compound similar to that of the synthetic
pesticide mixed solution, i.e. at 25 mg/L and 35 mg/L, respectively. We have to stress that the highly
viscous nature of the commercial Systhane® paste somehow jeopardizes the initial myclobutanil
concentration in the case of the degradation tests with the commercial products. This has been
specified where appropriate.

Commercial Aeroxide® TiO,-P25 was obtained from Evonik. The isoelectrical point of the
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TiO,-P25 powder has been measured at 6.3 by zeta potential measurement.

2.2 Typical reaction procedure

Experiments were carried out in a batch beaker-type glass reactor at atmospheric pressure,
room temperature (20 °C) and using O, from the atmosphere as oxidant, air being pumped into the
reactor at 150 mL/min for preventing from any oxygen deficiency into the reaction media. The
reactor was placed in a thermostated chamber for maintaining a constant temperature during the
tests. The photocatalytic tests have been performed under stirring at 600 rpm with a reaction
volume of 250 mL at a 1 g/L Aeroxide© TiO,-P25 catalyst load. Independently of the agueous matrix
complexity, stirring the suspension for 0.5 h in the dark enabled the establishment of the dark
adsorption/desorption equilibrium before turning on the irradiation (Figure S1). The suspension was
further exposed to a 60 W/m? irradiance UV-A light centered at 365 nm, provided by Philips
24W/10/4P lamps. At each time interval, the solution has been sampled and further filtered through
0.20 um porosity filter for removing the photocatalyst powder, before being analyzed. All glyphosate
and myclobutanil degradation experiments have been triplicated, with standard deviation remaining
within the £3% relative range, so that no standard error bars have been reported on the graphs for

sake of clarity.

Regardless of the water matrix, neither glyphosate or myclobutanil degradation, nor TOC
reduction has been observed in the absence of the photocatalyst. This indicated that the photolysis
of the pesticides or of the carboned additives in the commercial formulations can be neglected under

UV-A in the experimental conditions.

2.3 Analysis techniques
The analysis of glyphosate and of both aminomethylphosphonic acid (AMPA) and primary

amine (sarcosine) intermediates was performed by mass spectrometry with an Agilent 1260 Infinity
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HPLC Quadrupole Time of Flight Mass Spectrometer 6530A. Myclobutanil was analyzed by UV-Visible
spectrophotometry (Cary-100 Scan Varian Inc.) by following the disappearance of the main
absorption peak at A =220 nm as reaction samples were withdrawn from the reaction medium, while
the analysis of the main high carbon number reaction intermediates was performed by mass
spectrometry with an Agilent 1260 Infinity HPLC Quadrupole Time of Flight Mass Spectrometer
6530A. A typical chromatogram obtained during the photocatalytic treatment of a solution
containing glyphosate and myclobutanil pesticides can be seen in Figure S2. Anions and cations as
well as the short-chain acids were analyzed by ion chromatography (Metrohm 790IC) using a
conductivity detector. A Metrosep A supp 5-250 column (25 cm length, 4 mm diameter) was
employed as stationary phase, while an aqueous solution containing 3.2 mM Na,;CO; and 1 mM
NaHCOs was employed as mobile phase at a flow rate of 1 mL min™. Total Organic Carbon (TOC)
measurements were performed using a TOC analyzer (Shimadzu, model TOC-L) for determining the

organic carbon load.

2.4 Ecotoxicological tests
The ecotoxicity of the aqueous pesticide solutions (untreated and after photocatalytic
treatments) was addressed after filtration by performing 48 h acute toxicity tests with Daphnia
magna according to the OECD guideline 202 (2004) [29]. In the following, the aqueous pesticide
solutions will be named test items. Prior each test, the test item was serially diluted in the test
medium (daphnia culturing water (ASTM-medium [29]). The highest possible concentration was 50%

test item and 50% test medium, since the daphnids do not survive in deionized water.

Briefly, juveniles (age < 24 h) were exposed in groups of five organisms (n=4) to the dilution
series of the test item in the test medium. At the end of each test, immobile organisms were counted
and if applicable the ECso value (ie. the test item concentration (in %) at which 50% of the daphnids

were immobilized) was calculated for each test item by applying a dose-response modeling. Thereby
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the ECso values were expressed as percent of test item (% v/v) within the total test solution (= %TI).
So, the lower the %TI, the higher is the toxicity. This enables a direct comparison of the toxicity
before and after photocatalytic treatment without having the information about i) the exact
concentration of the active ingredient and ii) further implications such as eg. the impact of additional

formulation ingredients.

However, the toxicity outcomes (= 48 h-ECso values (%)) were statistically compared using
confidence interval testing to unravel a potential change of toxicity during the photocatalytic

treatment of the pesticide-containing solutions.

3- RESULTS AND DISCUSSION

3.1 Degradation of single pesticides

3.1.1. Degradation of glyphosate

Figure 1 shows the evolution with time under irradiation of both the glyphosate removal and the
phosphate release in %, of the TOC and of the pH value. The evolution of the concentration of the
short-chain acids, of both nitrate and ammonium ions, and of the aminomethylphosphonic acid
(AMPA) intermediate has been also reported. A high adsorption of glyphosate onto the TiO; surface
has been observed during the adsorption/desorption equilibrium period in the dark (=50%), that was
accompanied with a notable rise in pH from 4.2 to 6. This resulted from the favoured interaction at
the initial acidic pH of the negatively-charged glyphosate (pK,=0.8) with the positively-charged titania
surface. After the adsorption/desorption equilibrium has been reached, a complete glyphosate
depletion has been observed within the first 30 min of reaction. By contrast, an unusual volcano-like
profile was observed for the TOC evolution during the course of the photocatalytic process, that
exhibited a maximum at tso before the complete mineralization of glyphosate was achieved at t40. It

was worth noting that this initial increase of TOC was occurring together with the glyphosate
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disappearance, the simultaneous release of phosphates that closed the phosphorous balance and
the detection of reaction intermediates such as AMPA and acetic acid. This suggested that the
initially produced radicals were employed preferentially for cleaving bonds such as P-C or N-C rather
than C-C bonds, since no reduction of the overall carbon content was observed at the beginning of
the process. So, the increase in TOC observed for 60 min was proposed to be due to the desorption
of the first reaction intermediates resulting from the P-C and N-C bond cleavage. Following the
cleavage of these bonds to yield lower molecular weight compounds, typical oxidation steps took
place, provoking the appearance of other short-chain acids (formic and oxalic acids) as a
consequence of a classical oxidation route, and leading to the total mineralization of the initial
compound after 240 min (Figure 1) [30-32]. This was in agreement with the pH evolution profile
during the test, with an initial drop at the beginning of the test, and a subsequent increase back to 6,
as a result from the oxidation of the short-chain organic acid intermediates and potentially from the

formation of ammonia.

The glyphosate degradation has been suggested to occur through two different pathways
(Figure 2), both involving the breakdown of the glyphosate molecule into smaller compounds with no
reduction of the overall carbon content. The first pathway may consist in the hydroxylation of the
electrophilic N-C bond, that led to the formation of AMPA (aminomethylphosphonic acid, one of the
most frequently detected degradation intermediates of glyphosate in natural water bodies) and to
acetic acid (Figure 2A-right), in agreement with Assalin et al. [24]. Please note that the AMPA
pathway may bypass acetic acid and form glyoxalic acid directly, as proposed by Jaisi et al. [33]. In
the second pathway, the attack of the P-C bond by the oxidizing radicals (HOe or O,e-) would result
in the cleavage of the molecule with the direct release of phosphate to water and the formation of
the sarcosine (2- (Methylamino)acetic acid) intermediate (Figure 2A-left). The formation of sarcosine
was reported notably by Jaisi et al. [33] and Echavia et al. [26]. The carbon-containing compounds

suffered from further degradation yielding the corresponding aliphatic structures (Figure 2B),
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subsequently completely mineralized into their corresponding ions and CO, (Figure 2C). The

proposed degradation route was in agreement with previous studies [26].

Initially, the glyphosate solution showed no toxicity for daphnids (ECso > 50 %TI; Table 3),
since the initial glyphosate concentration of 25 mg/L was below the 48 h-ECso for aquatic
invertebrates (40 mg glyphosate/L) according to the toxicity information from the Pesticide
Properties Data Base. However, a moderate increase in toxicity was observed for the sample treated
for 120 min with an ECso value of 41 %TI, before the solution exhibited again subsequently no toxicity
after 240 min of treatment (no 48h-ECso determinable), in good agreement with the complete
oxidation of the different intermediate compounds (Figure 1). This toxicity profile could be ascribed

to the formation of potentially toxic reaction intermediates.

3.1.2. Degradation of myclobutanil

Figure 3A shows the evolution with time under irradiation of the myclobutanil removal rate
in %, of the TOC and of the pH value, while that of the concentration of short-chain acids as well as of
both nitrate and ammonium ions is shown in Figure 3B, together with that of the chloride release in
%. First, the establishment of the adsorption/desorption equilibrium in the dark evidenced a removal
of 20% of myclobutanil (pK,=2.3). Myclobutanil was subsequently removed within 150 min of
reaction while the TOC evolution displayed a usual decreasing profile since the beginning of the
reaction for reaching a complete mineralization within 240 min of reaction. The complete
mineralization was confirmed by the presence of short chain acids during the reaction, intermediates
generated at the latest oxidation stages, as well as by the complete closure of the chloride balance
by chloride ions at 240 min, that evidenced the absence of any residual organochloride species at the
end of the reaction. No formation of chlorinated short-chain organic acids was observed throughout

the test.
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While other authors have reported that the chloride elimination was the first step in the
oxidation of aromatic substrates [34, 35], in the present study the chloride release was only observed
after 60 min of reaction. A similar delayed chloride release was observed by Lai et al. [36] during the
photodegradation of oxazaphosphorine with titania. Figure 4 shows the reaction intermediates and
the final products detected during the photocatalytic degradation of myclobutanil, and Figure S3-A
shows the intensity profile of the main aromatic intermediates detected by HPLC/MS, that displayed
the typical profile for sequential reactions with intermediate compounds. First, the formation of Cis-
Cl and Ci0-Cl organochloride intermediates during the reaction corroborated the late release of
chlorides. By considering that the attack modes of HO® on aromatic heterocyclic compounds can be
summarized as hydroxylation, group substitution and H-abstraction, we suggested that myclobutanil
was firstly hydroxylated - as in a typical mechanism -, providing an intermediate with a higher
molecular weight than the parent compound (MW=304). This intermediate has been proposed to
follow two degradation routes. In the route A, it would undergo a second hydroxylation producing a
MW=221 Cl-containing Cjo intermediate with the elimination of an aliphatic compound, while the
route B would form a MW=192 Cl-free Cs compound with the release of a Cl-phenol molecule. In
both cases, sequential hydroxylation steps would provoke the opening of the aromatic rings, with
consequently the formation of short-chain organic acids, further mineralized to CO,. The detection in
the reaction media of chloride, nitrate and ammonium ions coming from the pesticide heteroatoms
corroborated this ring-opening and so the complete mineralization. Independently from the
degradation routes proposed, this evidenced that the photocatalytic degradation of myclobutanil did
not differ phenomenologically from the usual photo-oxidation of aromatic ring-pollutants via

different AOPs [37].

The ecotoxicological investigations with myclobutanil showed a total detoxification of the
solution single substance for daphnids already after 60 min of photocatalytic treatment. This is
evidenced by a significant increase of the 48 h-ECso value from 6 %TI to not measurable effects above

56 %TI. In the literature, 48 h-ECso values for myclobutanil were found to be dependent on its

13



302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

individual enantiomers. However, for the rac-compound the value was calculated to be 9.24 mg/L,
which is approximatively 7.5 times higher than the value in the present study (which is 1.2 mg
myclobutanil/L). This, however, is not in a sharp contrast when also considering the 95% Cl ranging
from 0 to 7.2 mg myclobutanil/L of the ECs values. In the study of Sun et al., there is unfortunately
no error provided for the ECso of myclobutanil [38]. However, the comparably wide confidence
interval (Cl) in the present study let suggest that a statistically significant difference between both

ECso values may not be given.

3.2.Degradation of glyphosate and myclobutanil pesticide mixture

The influence of the co-presence of both glyphosate and myclobutanil in water on the treatment
performances was first screened using pesticide concentrations identical to those used for the single
pesticide degradation tests (ie. at a glyphosate and myclobutanil initial concentration of 25 mg/L and
20 mg/L, respectively, and the results are shown in Figure S3). The unusual TOC and myclobutanil
concentration profiles obtained - with a slight increase in TOC and a delayed myclobutanil removal
after an initial concentration plateau -, led us to further perform the study with a twice higher
myclobutanil initial concentration while maintaining unchanged that of glyphosate, in order to
highlight and to make this unusual behavior more visible, i.e with a glyphosate and myclobutanil

initial concentration of 25 mg/L and 40 mg/L, respectively.

Figure 5 shows the evolution with time under irradiation of both the glyphosate and the
myclobutanil substrate removal rates in %, of the TOC, of the AMPA intermediate concentration and
of the chloride release in %. The evolution profile of the short chain acids, the N-compounds and of
the myclobutanil aromatic intermediates is shown in Figure S6-A and Figure S4-B, respectively. First,
it could be seen that glyphosate preferentially adsorbed on the TiO, surface during the dark
adsorption period, while no significant adsorption of myclobutanil was observed (Figure Sic). The

glyphosate adsorption was higher than in the case of the pure glyphosate solution (80% vs. 50%), as a
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result of the less acidic pH of the solution (5.6 vs. 4.2), that increased the glyphosate dissociation and
consequently the concentration of the anionic form of glyphosate interacting with the positively-
charge surface of TiO,. Glyphosate was first removed within 90 min of reaction, whereas the
oxidation of myclobutanil only took place once the complete glyphosate removal was reached. It
seems that the glyphosate adsorption onto the catalyst surface limits the oxidation of the co-present
pesticide, due to the surface saturation by the glyphosate compound after the adsorption
equilibrium, as confirmed by the pre-adsorption experiment in the dark. Furthermore, complete
mineralization of myclobutanil and complete removal TOC were achieved within 420 min and 900

min of reaction.

The detection of AMPA as reaction intermediate and the release of phosphate with a full closure
of the phosphorous mass balance, suggested that glyphosate is being degraded via a similar
mechanism as for the single pesticide. However, the kinetic rate constant of glyphosate depletion
was reduced from 0.096 to 0.027 min? (Table 4), with a delayed on both the AMPA and the
phosphate evolution. By contrast, once the oxidation of myclobutanil has been initiated, no
significant difference was observed in terms of kinetic rate constant for the myclobutanil degradation
compared to that obtained with the pure substrate (k’ = 0.027 min* vs. 0.021 min for myclobutanil
alone), indicating that its depletion was not affected in terms of kinetics by the presence of the
phosphates and of the glyphosate degradation intermediates. The chloride balance was closed by the
release of chloride ions, indicating the absence of any residual organochloride species at the end of
the reaction. Also, it is worth noting that the TOC evolution displayed a volcano-profile in TOC values
at the beginning of the test, as in the case of the treatment of the single herbicide. The phosphorous
mass balance was closed in two steps: first, with an initial release of the 70% of stoichiometric
phosphates accompanied by the degradation of AMPA, followed by the subsequent release of the
remaining 30% of phosphates for longer reaction times (= 600 min). Also, a second maximum was
observed at = 650 min in the TOC profile after the closure of the phosphorous balance, so that this

might also be attributed to the desorption of intermediates resulting from a N-C bond cleavage (the
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experiment has been triplicated for validating the presence of this maximum, and the obtained

standard errors are reported on the TOC profile).

Indeed, the residual presence of N-C bond-containing sarcosine after 480 min and 540 min of
reaction was evidenced by LC MS/MS. The presence of intermediates from the myclobutanil
degradation might hinder the adsorption of this N-C bond-containing intermediate issued from the
glyphosate degradation, so that this volcano-profile was observed for longer treatment times, and
was not observed when glyphosate was treated as single pollutant. As far as myclobutanil
intermediates were concerned, the same metabolites were identified, indicating that the co-

presence of pesticides did not interfere in the myclobutanil oxidation routes (Figure S4-B).

For the mixture of myclobutanil and glyphosate (25:40 weight ratio), an interim but non-
statistically significant increase of toxicity for daphnia was observed after 180 min. In detail, the
initial 48 h-ECso value of 24 %TI decreased by approximately 20% down to 20 %TI (Table 3). This
toxicity increase may be related to the presence of reaction intermediates issued from the
glyphosate degradation, since an interim increase of toxicity was also observed during the case of the
single glyphosate treatment. We also cannot rule out the existence of a synergistic interaction effect
between the substrates and/or the reaction intermediates issued from the degradation of both
pesticides [39]. Hence, a treatment of 900 min was needed to decrease the toxicity until values
above calculable ECso values occurred. This is in good agreement with the complete mineralization of

both substrates at 900 min.

3.3. Degradation of active substances within commercial formulations

The degradation of the Roundup® solution was performed with an initial glyphosate
concentration of 25 mg/L and an initial TOC value of 20 mg/L, within which the glyphosate active

compound amounted only for 5.3 mg/L (Figure 1, Table 2). This extra-load of organic carbon coming
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from the components contained in Roundup will be also oxidized unselectively. However, this extra-
load did not alter the glyphosate concentration profile, and only the duration necessary for achieving
the complete disappearance of glyphosate was extended to 100 min. Like in the case of glyphosate
alone, the volcano-like TOC profile observed at the beginning of the test could be attributed to the C-
N and C-P bond cleavage. It was therefore proposed that the mechanism followed the same pathway
and that the components contained in the Roundup did not interfere into the glyphosate
mineralization routes. However, the competitive adsorption on the catalyst surface of glyphosate
and its degradation intermediates with isopropylamine, the surfactants and their degradation by-
products impacted on the kinetic rate constant of glyphosate removal (reduced to k' = 0,011 min™)
and on the intermediate evolution (AMPA, phosphate and aliphatic acids) that appeared for longer
reaction times. As a result, the reaction time necessary for achieving the complete TOC removal was
extended to 420 min, while the closure of the phosphorus balance confirmed that the total
mineralization was reached. Further, the presence of cations like Na*, K* or NH;* (corroborated by
the conductivity measurements) and of anions like COs:* in the matrix was detrimental for

photocatalysis due to the scavenging effect [5, 10].

For the untreated Roundup formulation, no toxicity for daphnia was observable, likely due to
a too low initial concentration of 12.5 mg/L (equal to 50 %TI, Table 3). This is in line with the
information from the product safety data sheet of Roundup®, which indicates a 48-h LCso for Daphnia

as high as 930 mg/L [40].

A Systhane® solution with a myclobutanil concentration of 35 mg/L and a TOC value of 22
mg/L was treated (Figure 6B). Although the TOC measured was only related to the active compound,
the reaction time needed for reaching the complete myclobutanil conversion and mineralization was
slightly increased up to 240 min and 420 min, compared to 150 min and 240 min, respectively, in the
case of myclobutanil alone, with a decrease by half of the apparent kinetic rate constant for

myclobutanil removal down to k’=0,013 min?. Compared to the oxidation of myclobutanil as single
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substrate, a delay in the intermediate evolution was observed too (Figure S4-C), and the inorganic
chloride was only released after 120 min of irradiation (Figure 6B), 60 min delayed compared to the
single oxidation. The total depletion of the main organochloride compounds after 180min of reaction
(Figure S4C) was corroborated by the release of chloride ions that closed the chloride mass balance
after 420 min of treatment. This demonstrated that, although Kaolin was recently employed as
adsorbent for removing pollutants from water [41-43], it did not act as sorbent for storing chloride

ions issued from the myclobutanil degradation.

The delay of the intermediates evolution has been attributed to the presence of cations and
anions present in the commercial formulation (corroborated by the detection with ionic
chromatograph), which partially inhibited the process, but also to a screening effect resulting from
the presence of inorganic particles in suspension, which reduced the light penetration into the
solution and consequently was lowering the treatment efficiency. This hypothesis was supported by
the substantial increase in the rate of myclobutanil disappearance obtained when using a filtered
Systhane® solution (Figure S5). Surprisingly, only C8 and C9 metabolites were identified as reaction
intermediates among those detected when the reaction was performed with the synthetic ultrapure
water, whether myclobutanil was as single substrate or mixed with glyphosate (Figure S4). This
indicated that the degradation pathway was forced to go via the route B (C8) (Figure 4 route B)
rather than via the route A (C10) (Figure 4 route A). This suggested that the co-existence of the
cations and anions and of the inorganic oxide particles within the Systhane® formulation matrix could
affect the oxidation pathway and so drive selectively the mineralization process towards the
oxidation route B. Recently, Meephon et al. [44] observed during the study of the linuron
degradation with ZnO photocatalyst that changes in the adsorption alignment of linuron onto the
catalyst surface led to different degradation intermediates. In this work, the authors concluded that
the exposed surface of the photocatalyst was the key-factor driving the degradation pathway. In our
case, the co-presence of inorganic and ionic substances could alter the way myclobutanil adsorbs at

the surface and consequently provoke the formation of different intermediates during the process.
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The ecotoxicity screening for the Systhane® formulation showed a successful reduction of the
toxicity of the solution already after 80 min of photocatalytic treatment (Table 3). Indeed, the 48-h
ECso value for the untreated product (40 %TIl; 13.9 mg myclobutanil/L) increased to > 50 %TI after 80

min and 360 min of treatment.

Finally, the mixture of both commercially available items was treated and the results are
shown in Figure 6C and in Figures S6 and S7. The initial myclobutanil concentration was
approximatively half that of the single Systhane® tests, due to the highly viscous nature of the
commercial Systhane® paste that somehow slightly jeopardizes the initial concentration. This
explained the more visible initial adsorption of myclobutanil when compared to the single Systhane®
solution test. While the results showed that glyphosate was the first pesticide to be degraded within
120 min of test, a delay in both the myclobutanil and TOC reduction was observed, together with a
delay in the intermediate appearance, similarly to the above-reported cases. While both
phosphorous and chloride balances were fully closed by the release of phosphate and chloride ions,
respectively, it is worth noting that only the intermediates corresponding to the proposed
degradation route B have been observed, similarly to the case of the pesticide mix. Also, probably
due to the lower kinetic rates in the case of the complex matrix, the presence of sarcosine was
evidenced during the test (Figure S7). Interestingly, full mineralization was achieved faster than in
the case of the glyphosate and myclobutanil mixture, ie. 420 min vs. 900 min. This might possibly
result from a positive role of adsorbent played by the inorganic Kaolin additive from Systhane® that
might reduce the strong competitive adsorption occurring between the different carboned molecules
observed in the case of the pesticide mix. The apparent kinetic rate constant for glyphosate
degradation was not affected by the co-presence of Systhane®, and although an additional drop of
the kinetic rate constant for the myclobutanil degradation was observed compared to Systhane®
(with k' = 0,002 min™, Table 4), both the complete removal of the target pesticides and the reduction
in the acute toxicity with the treatment time were observed. This confirmed the viability of the

photocatalytic process to treat complex commercial formulation-containing wastewaters in the case
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of glyphosate and myclobutanil pesticides.

3.4.Evaluation of the matrix effect

Figure 7 summarizes the influence of the water matrix on the evolution of both the glyphosate
and the myclobutanil pesticide concentration upon photocatalysis. The increase in the water matrix
complexity did not alter the overall glyphosate evolution profile, with the time required for removing
glyphosate being extended from 30 min to 120 min (Figure 7A). By contrast, in addition to the
increased time necessary for the elimination of myclobutanil from 150 min to 360 min, the co-
presence of glyphosate and of its additives in the Roundup® formulation strongly influenced the
overall myclobutanil evolution profile, as a result of the preferential adsorption of glyphosate on the
TiO; surface. Indeed, the co-presence of glyphosate — and to a lesser extent of the Roundup®
additives — caused a delay in the myclobutanil disappearance before a usual disappearance profile
was observed. It was worth noting that the additives from Systhane® had a less pronounced
influence on the myclobutanil removal duration than the glyphosate and the additives from

Roundup® had, probably due to their inorganic nature.

A duration of 240 min has been selected for evidencing the influence of the water matrix
complexity on the efficiency of the photocatalytic treatment in terms of TOC removal (X240), since it
allowed the complete removal and mineralization of single pesticides (Figure 8). In the case of the
mixtures of pesticides, the X;s0 TOC removal efficiency strongly dropped down to 55% and 25% for
the 25:20 and 25:40 glyphosate:myclobutanil weight ratios, respectively, all the more pronounced as
the myclobutanil concentration increased. By contrast, a high TOC removal efficiency in the 65-85%
range was maintained in the case of the commercial formulations. Although the mineralization
efficiency was influenced by the presence of the additional organic components in the Roundup®
formulation — and in a lesser extent by that of the additional inorganic matter in the Systhane®

product, this suggested that the mineralization efficiency was more affected by the co-presence of
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myclobutanil than by the presence of the inorganic additives or by that of the organic additives that

are more easily oxidized than myclobutanil.

Both pesticides and their corresponding commercial formulations differ strongly in terms of
chemical structure and composition, glyphosate being an aliphatic-type structure while myclobutanil
is mainly constituted by aromatic rings, and either organic or inorganic additives being used in the
commercial formulations. Table 4 shows that the apparent kinetic rate constants for the pesticide
degradation were highly impacted by the presence of the matrix components, — although in a very
different way according to the substrate, the degradation mechanism for glyphosate being notably
mediated by the adsorption onto the surface catalyst — ; an overall drastic reduction was observed
from 0.096 min? and 0.021 min?! for the single glyphosate and myclobutanil degradation,
respectively, to 0.011 min? and 0.002 min* for the commercial formulation mixture. However, for
both pesticides, the degradation kinetic rate constant maintained in the commercial Roundup® and
Systhane® formulation mix about 10% of the corresponding value obtained in the case of the single

pesticide.

Interestingly, the ecotoxicity of the untreated Systhane® x Roundup® mixture was higher
than that of the single substances, being eg. approximately 3-fold more toxic for daphnids than the
untreated Systhane® solution (Table 3). As the Roundup® solution solely did not show any effects on
daphnids, this indicated the occurrence of a synergistic effect. The photocatalytic treatment of the
commercial formulation mixture statistically significantly reduced the water toxicity already after 60
min of process, and by approximatively 50% after 360 min of treatment (25 %TI vs. 54 %Tl), although
a total degradation and mineralization of the myclobutanil and glyphosate active substances in the
Systhane® and Roundup® products was analytically detected (Figure 7). This might result from the
existence of a synergistic interaction effect involving species remaining in the treated water as trace

level.
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4. CONCLUSION

Independently of the water matrix complexity, both glyphosate and myclobutanil pesticides
were degraded using Aeroxide TiO»-P25 as reference photocatalyst under UV-A irradiation, with a
complete mineralization yield into CO,, chloride and phosphate ions. The glyphosate degradation has
been proposed to occur via both AMPA and sarcosine pathways with an unusual volcano-like profile
for the TOC evolution resulting from the degradation pathway, while the photocatalytic degradation
of myclobutanil did not phenomenologically differ from the usual photo-oxidation of aromatic ring-
pollutants by AOPs. The overall pesticide evolution profiles were not affected by the water matrix
complexity, except that the time necessary for the complete removal of both pesticides increased
with increasing the matrix complexity. We showed that the myclobutanil evolution profile was
strongly influenced by the co-presence of glyphosate — and to lesser extent of its additives in the
Roundup® formulation —, as a result of the preferential glyphosate adsorption on the TiO, surface
that delayed the myclobutanil disappearance. By contrast, we provided further evidence that the
inorganic additives from Systhane® had a lower influence on the myclobutanil removal duration and
on the TOC removal efficiency when compared to that of the glyphosate/Roundup® products,

although they impacted on its degradation route.

However, although the apparent kinetic rate constants for glyphosate and myclobutanil
degradation and the mineralization efficiency were globally reduced with the increase in the water
matrix complexity, complete mineralization was achieved via photocatalysis, with a full closure of the
phosphorus and chlorine heteroatom balance as phosphate and chloride ions even in the case of the
commercial formulation mix, for which a significant decrease in the acute toxicity of the water for

daphnids was consequently obtained.
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Works are ongoing for studying the reaction pathway and the influence of the aqueous
matrix complexity in the degradation of both pesticides under simulated solar light using visible-light
responsive photocatalysts, and for treating real wastewater in field experiments using immobilized
photocatalysts for demonstrating further the viability of the photocatalysis approach and increasing

the practical significance of the work.
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Figure 1. Evolution with time under irradiation of (A) glyphosate (Co= 25 mg/L, TOCo = 5.3 mg/L)

removal in %, TOC and pH, (B) Short-chain acids, nitrate, ammonium and phosphate release in %. The

dashed area corresponds to the dark equilibrium period.
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Figure 2
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Figure 2. Proposed degradation route for the removal of glyphosate by photocatalysis based on both
AMPA and sarcosine pathways with C-N and C-P cleavage, respectively, according to the reaction
intermediates and final products detected. The detected molecules are framed. A-left: phosphate
and sarcosine intermediate; A-right: AMPA and acetic acid; B: acetic, oxalic and formic acids; C:

carbon dioxide and ions.
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Figure 3. Evolution with time under irradiation of (A) myclobutanil (Co= 20 mg/L, TOCo= 12.5 mg/L)

removal in %, TOC and pH, (B) Short-chain acids, aliphatic acids, nitrate, ammonium and chloride

release in %. The dashed area corresponds to the dark equilibrium period.
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Figure 4
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Figure 4. Proposed degradation route for the removal of myclobutanil by photocatalysis, according to

the reaction intermediates and final products detected. The detected molecules are framed.
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Figure 5
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Figure 5. Evolution with time under irradiation of glyphosate (Co= 25 mg/L, TOCo = 5.3 mg/L),
myclobutanil (Co= 40 mg/L, TOCo = 24.9 mg/L), AMPA and TOC concentrations, and of both phosphate
and chloride release in % during the simultaneous removal of both glyphosate and myclobutanil
pesticides with a 25:40 weight ratio. The dashed area corresponds to the dark equilibrium period.
The experiment has been triplicated for validating the presence of a maximum in the TOC profile at =

650 min, and the obtained standard errors are reported on the TOC profile.
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Figure 6. Photocatalytic treatment of commercial pesticide solutions: (A) Roundup® (containing
glyphosate), (B) Systhane® (containing myclobutanil), and (C) Roundup® and Systhane® mix. The
dashed area corresponds to the dark equilibrium period. A lower initial myclobutanil concentration
(15 mg/L) was used in the case of the product mix, as a result of the highly viscous nature of the
commercial Systhane® paste that somehow jeopardizes the initial myclobutanil concentration of the

pesticide mix solution.
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Figure 7
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Figure 7. Influence of the water matrix complexity on the evolution with time under irradiation of (A)
glyphosate and (B) myclobutanil concentrations. The dashed area corresponds to the dark
equilibrium period. The mix of commercial formulations is obtained with a volume ratio of Roundup®

to Systhane® of 1:1.
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Figure 8. TOC conversion for the glyphosate and myclobutanil degradation in different

matrices.
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Table 1. Main components of the Roundup®-720 and Systhane®-200 commercial formulations as

identified from

the manufacturer’s

Roundup®-720

datasheets and the

literature [45, 46]

Systhane®-200

Component Mass percentage (%)
Glyphosate 41
Isopropylamine 44
Surfactants 15

Component Mass percentage (%)
Myclobutanil 40

Kaolin <40

Calcium polysilicate <5

Silica <1

Titanium dioxide 1.1

Table 2. Physico-chemical parameters of the ready-to-use diluted commercial formulations.

Roundup® Systhane®
[Active ingredient] (mg/L)? 25 35
Total TOC (mg/L)° 20 22
TOC active compound (Mg/L) © 53 22
pHo 5,5 6,3
IC (mg/L)® 3,2 1,5
Conductivity (uS/cm) 145 32

a measured concentration of the active ingredients

b obtained by TOC analysis

¢ TOC value corresponding to the measured concentration of the active compounds
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Table 3: 48-h ECso values and respective lower and upper 95% Confidence Intervals (LCI, UCI) of the

test items for Daphnia magna at different times of the photocatalytic treatment, expressed in

percentage of test item volume within the test solution (= %TI).

48 h-ECso expressed in %TI

Samples t (min) [expressed in mg/L]* 95% LCI 95% UCI
Initial > 50 [>25.0] NA NA
Glyphosate o0 > 38 72
120 41 NA NA
240 >50 NA NA
Initial 6[1.2] 0 36
Myclobutanil o0 >0 NA NA
150 >56 NA NA
240 >56 NA NA
Initial 24 12 36
Glyphosate x Myclobutanil 180 20 16 23
900 NA NA NA
Initial >50 [> 12.5] NA NA
Roundup 80 >50 NA NA
300 >50 NA NA
Initial 40 [13.9] 25 55
Systhane 80 >50 NA NA
360 >50 NA NA
Initial 25 22 27
Roundup x Systhane o0 38 > 2
180 42 34 50
360 54 47 61

NA: mathematically not assessable

*:in square brackets, the ECso values in mg/L based on the nominal concentration are given. This is only
possible for single substances and initial solutions.
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Table 4. Influence of the water matrix complexity on the apparent kinetic rate constant for

glyphosate and myclobutanil degradation

1
k Glyphosate

1
k Myclobutanil

(mint)/R? (min)/R?
Glyphosate 0.096/0.99 -
Myclobutanil - 0.021/0.99
Glyphosate and myclobutanil (25:40) 0.027/0.99 0.027/0.99
Roundup® 0.011/0.99 -
Systhane® - 0.013/0.99
Roundup® and Systhane® mix 0.011/0.98 0.002/0.99
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