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Abstract

Abstract

The main goal of this thesis is to develop an efficient technology for the
degradation of pesticides. For this purpose, the widely used herbicide atrazine was
studied as a model molecule. Atrazine was degraded in water by high voltage
electrical discharge (HVED), and its degradation performance was compared with

traditional water treatment technologies Fenton oxidation and ultrasound (US).

The detection and quantification of atrazine and its metabolites were
achieved by high performance liquid chromatography-high resolution mass
spectrometry (HPLC-HRMS). An online analysis method by HPLC-HRMS
combined with automatic sampling was developed for real-time monitoring of the

degradation process.

The HVED technology efficiently degraded atrazine and reduced toxic
metabolites generated during Fenton oxidation and US processes. HVED process
has less energy consumption than US process while achieving the same 89%
atrazine degradation efficiency. The mechanism pathways of atrazine degradation

for different technologies were proposed.

The effect of real matrix (tap water) versus model matrix (deionized water)
on atrazine degradation was studied. Results showed that in HVED treatment, the
degradation efficiency of atrazine in tap water was lower than that in deionized
water, which may be related to the conductivity of the water and to the mechanism
of electric arcs generation in a conductive medium. The acute toxicity (LCso) in
Daphnia magna was used to evaluate the toxicity of different treatment solutions
initially containing atrazine. The toxicity of atrazine solution treated by Fenton
oxidation is higher than that treated by HVED and US.

Keywords: Pesticide; Atrazine; High voltage electrical Discharge; Ultrasound;

Fenton oxidation; Degradation metabolites; Mass spectrometry; Acute toxicity



Résumé

Résumeé

L'objectif principal de la thése est de développer une technologie efficace
pour la dégradation des pesticides. L'herbicide atrazine a été étudié comme
molécule modéle. L'atrazine a été dégradée dans I'eau par décharge électrique de
haute tension (DEHT), et ses performances de dégradation ont été comparées aux

technologies traditionnelles d'oxydation de Fenton et d'ultrasons (US).

La détection et la quantification de I'atrazine et de ses métabolites ont été
réalisées par chromatographie liquide haute performance et spectrométrie de
masse a haute résolution (HPLC-HRMS). Une méthode d'analyse en ligne par
HPLC-HRMS combinée a un échantillonnage automatique a été développée pour

un suivi en temps réel du processus de dégradation.

La technologie DEHT a dégradé efficacement l'atrazine et a réduit les
métabolites toxiques générés au cours des processus d’oxydation de Fenton et
d’'US. Le procédé de DEHT est moins consommateur d'énergie que le procédé
d’'US tout en atteignant la méme efficacité de dégradation de I'atrazine de 89%.
Les mécanismes de dégradation de l'atrazine pour les différentes technologies ont

été proposés.

L'effet d'une matrice réelle (eau du robinet) par rapport a une matrice
modeéle (eau déminéralisée) sur la dégradation de l'atrazine a été étudié. Les
résultats ont montré que dans le cas d’un traitement par DEHT, l'efficacité de
dégradation de l'atrazine dans I'eau du robinet était inférieure a celle de I'eau
déminéralisée, ce qui peut étre lié a la conductivité de lI'eau et au mécanisme de
génération des arcs électriques dans un milieu conducteur. La toxicité aigué (CLso)
chez la daphnie Daphnia magna a été utilisée pour évaluer la toxicité des
différentes solutions de traitement contenant initialement de I'atrazine. La toxicité
de la solution d'atrazine traitée par oxydation de Fenton est supérieure a celle
traitée par DEHT et US.

Mots-clés: Pesticide; Atrazine; Décharge électrique a haute tension; Ultrason;
Oxydation de Fenton; Métabolites de dégradation; Spectrométrie de masse;

Toxicité aigué
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General Introduction

General Introduction

Nowadays, in order to increase agricultural production, more and more
pesticides are used. It is reported that the global average annual pesticide
consumption is 2 million tons [1], and the average annual sales of pesticides in the
EU is 360,000 tons [2]. France is the second largest pesticide consumer among
EU member states, and the extensive use of pesticides has led to widespread
pesticide residues in French soil [3]. There is pesticide contamination in French
groundwater, including triazine herbicide (e.g. atrazine) and organochlorine
pesticides (e.g. chloridazon) [4]. In this thesis, atrazine was chosen as the model

molecule, and its chemical structure shows as follow.

Cl

Ll Ao
NH "N~ °NH
Atrazine
(2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine)

Atrazine is one of the commonly used herbicides for corn, sorghum and
sugarcane cultivation in the United States, Brazil, China and other countries [5].
Although atrazine was withdrawn from the European market in 2003 [6], the
concentration of atrazine in groundwater still exceeded 0.1 pg/L in some European
areas [7-9]. As a general precautionary limit value, the quality standard of
groundwater for each pesticide is set as 0.1 ug/L [10]. The French government
“Ministry of Solidarity and Health” have collected the data of health control of water
distributed commune by commune, updated on September 2023 [11], according to
which the maximum concentrations of atrazine and its metabolites detected in tap
water exceeded 0.1 ug/L in some French cities. It is reported that atrazine causes
reproductive dysfunction [12] and disrupts the endocrine system [13], and may lead
to breast cancer [14]. Due to its chemical stability, atrazine has a long half-life in
water, 30-100 days [15]. Residues of atrazine in aquatic environment remain a

concern.

There have been many attempts to degrade atrazine in aqueous
environments. The existing atrazine degradation methods can be broadly divided
into three categories: chemical methods, including Fenton oxidation [16, 17], ozone

oxidation [18, 19], sulfate-radical-based oxidation [20, 21], etc; biological methods,
12



General Introduction

including microbial degradation [22, 23] and phytodegradation [24, 25]; physical
and chemical methods, including ultrasound [26, 27], high voltage electrical
discharges [28, 29], microwave [30], etc. However, these methods lead to diverse
degradation pathways of atrazine and generate degradation metabolites with
different toxicities, some of which are even more toxic than the substrate atrazine,
causing greater harm to humans and the environment [15]. So, it is significant to
study the degradation efficiency, metabolism, and toxicity of atrazine in different

degradation processes.

Since atrazine has high antioxidant capacity and is resistant to some
common reactive oxygen species such as hydrogen peroxide H>O2 and ozone O3,
it is necessary to convert H-02 and ozone Oz into non-selective and highly reactive
hydroxyl radicals HO- [31, 32]. Generally, hydroxyl radical HO- is the main reactive
oxygen species responsible for the degradation of refractory pollutants [33]. As
consequence, the advanced oxidation processes (AOPs) came into consideration,
which was proposed in 1987 based on the emphasis on generating hydroxyl
radicals HO- [34]. The following three AOPs were used in this thesis: Fenton
oxidation, ultrasound (US) treatment and high voltage electrical discharges (HVED)

treatment.

In Fenton oxidation, hydrogen peroxide H-O> generates hydroxyl radicals
HO- under the catalytic activation of Fe?* ferrous ions [31]. In order to reduce the
consumption of Fenton reagent and improve degradation efficiency, the
combination processes of Fenton oxidation and other technologies are favored,
such as sono-Fenton [35], photo-Fenton [36] and electro-Fenton [37]. In these
combination processes, hydrogen peroxide H>O. acts as a source of radicals
through a dissociation process and also acts as a scavenger of the generated
radicals [38]. Besides, for hydrogen peroxide H20, generated in situ in a system
such as ultrasound, the additional addition of ferrous ions Fe2* promotes
degradation of contaminants [39]. So, in this thesis, the effect of hydrogen peroxide
H>02 and ferrous ion Fe2* concentration during Fenton oxidation was studied, as
was the effect of additional ferrous ions Fe2* during US and HVED treatments.

In US treatment, bubbles in liquids cyclically form, grow and implode, which

means that contaminant degradation occurs in reactional areas: the cavitation

13



General Introduction

bubble, the bubble/solution interface, and the bulk of the solution [40]. The
chemical bonds of water molecules H20 are homogeneously split under the high
energy of ultrasonic cavitation bubble rupture, producing hydroxyl radicals
HO- ejected towards the solution bulk to oxidize hydrophilic pollutants [41]. The
solubility of atrazine is 34.7 mg/L in water [42]. In this thesis, the initial
concentration of atrazine is fixed at 20 mg/L, so radicals HO- in the solution bulk
play an important role in atrazine degradation. In addition, in 2017 & 2022, Barthe
et al [43, 44]. have studied the effect of ultrasound frequency on sonochemistry
and found that high frequency is the first choice because: although the cavitation
threshold increases at high frequency (>100 kHz) and the energy released by
cavity collapse decreases, the acoustic period required for bubble resonance
becomes shorter, cavitation events occur more frequently; bubbles collapse faster,
which is conducive to free radicals (e.g. HO-) escaping before recombination. So,
this thesis studies the effect of low and high frequency (50 kHz and 525 kHz)

ultrasound on the degradation of atrazine.

In HVED treatment, the violent electrical discharges cause water molecules
H20 to dissociate under the bombardment of high-energy electrons, promoting the
generation of highly reactive oxidative species such as hydroxyl radicals HO-,
singlet 'Oz, ozone O3, UV photons, etc [45]. Although the reactive oxygen species
generated during the electrical discharges process are complex, hydroxyl radicals
HO- play a dominant role in the treatment of water solutions [46]. The degradation
of atrazine by HVED is still under development. Most of the existing HVED
treatments [47-49] focuses on the design of the electrical discharge reactor and
atrazine degradation efficiency, without comparison with other technologies. So, in
this thesis, a comparative study was conducted on atrazine degradation treated by
HVED, US treatment and Fenton oxidation to evaluate the degradation
performance during the processes, including atrazine degradation efficiency,
metabolites formation kinetics, degradation mechanism pathways, toxicity and

energy consumption.

In order to achieve the above evaluation of degradation performance, a
good analytical method is necessary. The commonly used analytical method for

tracking the evolution of atrazine and its metabolites is liquid chromatography-

14
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mass spectrometry (LC-MS) with a UV detector [50, 51]. High-resolution mass
spectrometry (HRMS) provides extra selectivity and high-resolution accurate-mass

full-spectrum acquisition [52], which has enhanced performance in terms of

confirmatory capabilities than low-resolution tandem mass spectrometry (MS/MS)
[53]. So, in this thesis, HPLC-HRMS was adopted for analysis.

Therefore, the goal of this thesis is to develop an innovative and efficient
technology for degrading pesticide atrazine, as well as a new analytical method for
monitoring the evolution of atrazine and its metabolites during the degradation
processes. This thesis is divided into five chapters and accompanied by four

publications:

Chapter | provides a literature review on atrazine degradation technologies
over the past two decades. This part of work has been published in journal Foods
[15].

This chapter concludes the research works of atrazine degradation in
aqueous solutions classified by chemical method, biodegradation and
physicochemical methods. These methods are compared by their degradation
performance (atrazine degradation efficiency, metabolites formation Kkinetics,
degradation mechanism pathways, toxicity, treatment time and energy

consumption). The research objectives are concluded.
Chapter Il describes methods and protocols of this thesis.

Chapter lll develops a new analytical method for monitoring the evolution
of atrazine and its metabolites by HPLC-HRMS. The results of this chapter
demonstrate the feasibility of HPLC-HRMS for real-time monitoring of the kinetics
of atrazine and its metabolites during the Fenton oxidation and US processes.
Automatic sampling coupled with the HPLC-HRMS system increased the sampling
frequency and decreased the sample analysis time. The degradation of potentially
unstable metabolites was prevented. The results of chapter Ill were published in
the journal Molecules [54].

Chapter IV studies the effects of different technologies (HVED, US and
Fenton oxidation) on atrazine degradation. The results of this study describe a

comparative study on atrazine degradation by HVED treatment, US treatment and
15



General Introduction

Fenton oxidation, followed by the proposed atrazine degradation pathways. HVED
treatment proved to be more advantageous due to the higher degradation
efficiency, less-toxic generated metabolites and lower energy consumption. The
results of the chapter IV were published on the international journal RSC
Sustainability [55].

Chapter V describes the practical application of atrazine degradation in tap
water and the toxicity test of experimental wastewater. This experimental study
evaluates the effect of a real matrix (tap water) compared to the model matrix
(deionized water) for atrazine degradation by HVED and US techniques, followed
by the normalized statistical analysis of the differences in metabolites between
different treatments. The results of the chapter V were summarized in an article

and prepared for publication.

16



Chapter I. Literature review

Chapter I. Literature review

Atrazine, an herbicide used to control grassy and broadleaf weed, has
become an essential part of agricultural crop protection tools. It is widely sprayed
on corn, sorghum and sugar cane, with the attendant problems of its residues in
agri-food and washing water. If ingested into humans, this residual atrazine can
cause reproductive harm, developmental toxicity and carcinogenicity. It is therefore
important to find clean and economical degradation processes for atrazine. In re-
cent years, many physical, chemical and biological methods have been proposed

to remove atrazine from the aquatic environment.

In this chapter, works on atrazine degradation technology in the two
decades are introduced by method classification. These methods are then
compared by their advantages, disadvantages, and different degradation pathways
of atrazine. Moreover, the existing toxicological experimental data for atrazine and
its metabolites are summarized. Finally, the directions for future research and
major challenges are proposed. This part of work has been published in journal
“Foods” [15].

[.1. Introduction

Atrazine (Figure 1) is a triazine herbicide with a wide range of applications,
for grassy and broadleaf weed control in corn, sugarcane, sorghum and certain
other crops [56-59]. Due to of its efficiency and low cost, its average consumption
worldwide is 70,000 to 90,000 tons per year [60]. If shopping for conventional
groceries, consumers are likely to have eaten food that has been sprayed with
atrazine. Since atrazine is applied to crops used as livestock feed, its residues are
found not only in crops, but also in milk and meat. According to the consumer risk
assessment performed by the European Food Safety Authority [61], atrazine input
values used for the dietary chronic exposure calculation of maize and other cereals
except maize are 0.025 mg/kg and 0.05 mg/kg, respectively, based on the mean
consumption data representative for 22 national diets. Although not considered
acutely toxic to people, atrazine affects long term human health. Atrazine can act
as the endocrine disrupting chemicals (EDC) [62] that can produce damage to the

endocrine system, and cause a series of pathological changes and reproductive

17



Chapter I. Literature review

abnormalities [13]. Additionally, atrazine is also a potential carcinogen due to
negative impact on human health such as tumors, breast, ovarian, and uterine
cancers as well as leukemia and lymphoma [63]. For these reasons, atrazine was
banned in the European Union (EU) in 2003 [6]. However, the commercial
formulations of the herbicide atrazine (such as Gesaprim 90% WG) are still widely
employed in Latin America. For example, herbicides were the main pesticide class
used in Brazil between 2009 and 2018, with oscillations from 52.4% (2011) to 62.5%
(2012), and atrazine was the top two active ingredient in this period [64]. Brazil is
the world’s third biggest exporter of agricultural products and organic food market
leader in Latin America [65]. In addition, Brazil's main export markets are the
European Union and the United States [66]. So, the residual problem of atrazine
still remains a concern. Atrazine is chemically stable with long half-life in water (30—
100 days) [67, 68], and its microbial degradation in soil environments is a relatively
slow process (the range of field half-lives is 18 to 148 days [69, 70]). It is also
slightly soluble in water (33 mg.L™" at 22 °C) and has low adsorption in soil [71].
Thus, it contaminates both surface and ground water [72]. The upper limit for
atrazine in drinking water is 3 pg/L in America whereas in Europe, it is fixed as 1
Mg/l [73, 74]. However, investigations [75-77] have shown that concentrations of
atrazine exceed the authorized limit of water contamination in surface water and
ground water. Lots of works [78-83] have been conducted on the detection and
quantification of atrazine in water, which is important to the food safety and quality
control. Controlling the pollution of residual atrazine in agri-food and washing water

has become a major issue.

Figure 1. Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine).

So far, many treatment technologies of aqueous atrazine have been
developed, including microwave assisted photo reactions, advanced oxidation
processes (AOPs), bioremediation, etc. This review summarizes recent
degradation progress of atrazine in water, with an emphasis on current chemical
methods (Fenton/Fenton-Like Method [17, 31, 84-88], Sulfate Radical Oxidation

18
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[20, 89-94], Photocatalytic Method [95-99], Electrocatalytic Method [100-104],
Ozone Oxidation Method [105-109]), Biodegradation (Microbial Degradation [110-
114] and Phytodegradation [115-119]) and physicochemical methods (High Voltage
Electrical Discharges [45, 47-49, 120-122], Ultrasound [41, 123, 124], Microwave
[125-127] and lonizing Radiation [128-130]). Although two recently published
reviews [131, 132] also describe atrazine degradation techniques, they do not
cover degradation methods comprehensively. This review not only expands the
atrazine degradation techniques, but also compares them in terms of degradation

pathways, atrazine mineralization, and metabolite toxicity.
[.2. Chemical methods for atrazine degradation

1.2.1. Fenton/Fenton-Like Method

The classical Fenton reaction describes the activation of hydrogen peroxide
(H,0,) by ferrous (Fe?") ions to generate hydroxyl radicals (H0) [58]. The hydroxyl
radical abstracts a hydrogen atom from organic substrate (R-H), and generates
an organic radical (R), which subsequently undergoes a series of chemical

transformation to form various oxidation products. The reactions are as follows:
Fe?* + H,0, > Fe3t + HO- + OH™ (1)
RH + HO-— H,0 + R - — further oxidation (2)

Although the classic Fenton oxidation achieves the generation of free
radicals and has strong oxidizing ability under ambient conditions, insoluble ferric
hydroxide precipitates are generated during the process, which reduces the overall
oxidation efficiency and requires continuous addition of Fe2* salt. Therefore,
Fenton-like methods with higher oxidation efficiency have been developed. For
example, photo-Fenton, electro-Fenton and sono-Fenton are improvements of
Fenton oxidation combined with photochemistry, electrochemistry, and ultrasound,
respectively, and they have been used for the degradation of aqueous atrazine. In
2002, Venturaet et al. [31] designed an electro-Fenton system and used it for the
degradation of atrazine. The electro-Fenton system could continuously produce
the ferrous iron and the hydrogen peroxide, thereby allowing more efficient

generation of- OH, which led to a more thorough oxidation of atrazine. In the same
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year, Saltmiras et al. [84] published a similar work using anodic Fenton treatment

to degrade 70% of atrazine in 3 min.

In 2020, Yang et al. [133] prepared a heterogeneous Fenton catalyst
Fe/TiO, using Ti0, synthesized by sol-gel method as carrier and ferric nitrate as
Fe source, which could effectively remove atrazine under visible light, achieving
over 95% removal efficiency within 30 min. In 2020, Shi et al. [134] reported Fe3S,
Fenton oxidation of atrazine using visible light, and atrazine was completely
degraded within 35 min. In 2021, Fareed et al. [135] adopted the UV/FeCl;/H,0,
system and achieved a 97% degradation rate of atrazine. In addition, the use of
iron-modified mesoporous molecular sieve materials to degrade atrazine using
UV-vis irradiation was reported by Benzaquén et al. [136]. Additionally, there are
other related photo-Fenton systems, using tantalum (oxy)nitrides to prepare
photocatalytic materials, on the degradation of aqueous atrazine [86, 87, 137, 138].
In the past two years, there have been new attempts at photocatalysts on atrazine
degradation by photo-Fenton. In 2023, Cai et al. [17] used lron—doped bismuth
oxybromides Fe-BiOBr to degrade atrazine under visible light (97% degradation
efficiency in 120 min). In the same year, Carmelo da Rocha et al. [88] used basalt
powder as a natural heterogeneous catalyst for degrading atrazine under ultra-

violet irradiation (96% degradation efficiency in 180 min).

The stepwise-Fenton’s processes for the degradation of atrazine were
developed by Chu et al. in 2007 [85]. And according to the system models built
through the examination of reaction kinetics, they found that the performance of
stepwise- Fenton’s processes was better than that of conventional Fenton’s

processes.
1.2.2. Sulfate Radical (S0, ) Oxidation Method

Compared with OH, the sulfate radical SO, has a higher redox potential,
longer half-life, and higher selectivity for electron transport reactions, receiving
increasing attention on the degradation of pollutants [89]. So far, there are many

generation methods of SO, for atrazine removal (Table 1).

Table 1. Generation methods of SO, -for atrazine removal.
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Generation Methods Removal Effect

97.2% of atrazine was removed by the
system within 20 min, when the
concentration of persulfate was 2 mM [89].

Carbon sheet fabricated from corn straw
and potassium oxalate activated persulfate.

Biochar supported nZVI composites The atrazine removal rate was up to 93.8%
(nZVI@BC) activated persulfate. [90].

Siderite/CaS05 system was used to provide >90% atrazine was removed within 6 min at
Fe?* to activate sulfite. 45 °C [91].

100% of atrazine was degraded in 45 min
Pyrite activated persulfate. and the TOC(total organic carbon) removal
efficiency was 26% within 7 h [92].

Mechano chemically synthesized S-ZVIP™ The degradation of atrazine was up to 90%,
composites activated persulfate. which was pH-independent [93].

Atrazine (23 pM) was removed completely
Nanoscale LaFe1-xCuxO3-6 perovskite within 60 min in the presence of 0.5 g/L
activated peroxymonosulfate. catalyst and 0.5 mM peroxymonosulfate
[139].

92.1% of atrazine was removed within 21
min using mass ratio of 5:1 nanoscale zero-
valent iron (nZVI) to graphene (GR) [140].

Composite of nanoscale zero valent iron
and graphene activated persulfate.

Natural negatively-charged kaolinite with  When the kaolinite dosage increased to 1.0
abundant hydroxyl groups activated g/L, the degradation of atrazine exceeded
peroxymonosulfate. 90% at 60 min [141].

Cobalt-impregnated biochar activated 99% of atrazine was degraded within 6 min
peroxymonosulfate. [142].

Co-doped mesoporous FeP0, activated 100% of atrazine was degraded for CoFeP-
peroxymonosulfate. 0.1 after 30 min at pH =7 [143].

Under the optimal conditions, the removal
rate and mineralization efficiency of ATZ

LaCo0Oa3/Al,O3 activated peroxymonosulfate. reached 100% and 30.8%, respectively

[144].
, : The degradation of atrazine was up to
Copper sulfide activated persulfate. 91.6% [145]
Hydroxylamine drinking water treatment The removal efficiency of atrazine was
residuals activated peroxymonosulfate. 95.5% in 30 min [146].

71.6% of atrazine and 20% of solution TOC

FesOs-sepiolite activated persulfate. were removed after 60 min [147].

CoMgAl layered double oxides activated The degradation of atrazine was up to
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peroxymonosulfate. 98.7% [148].

The atrazine removal was 72.3 % in 360

Cysteine and FesO; activated persulfate. min [20].

Hydrangea-like NiCo2S4 heterogeneous
catalyst activated peroxymonosulfate
(PMS).

Atrazine was degraded into intermediates
with reduced toxicity in NiCo2S4/PMS [94].

In addition, there are processes that combine sulfate radical oxidation with
other technologies such as UV-vis [149-151]. The photocatalysis technology is
needed for the activation of sulfite to generate SO, effectively at the neutral pH
condition without any precipitation of metal-hydroxyl species, thus greatly

improving the degradation rate of atrazine.
1.2.3. Photocatalytic Method

Photocatalysis generally refers to a photochemical reaction with the
participation of a catalyst. Under the irradiation of ultraviolet or visible light,
electron—hole pairs are created by photocatalysts, which generate free radicals
such as OH able to oxidize and decompose organic pollutants. The image below

(Figure 2) refers to reference [152].
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Figure 2. Schematic representation of mechanism of photocatalysis.

The general photocatalysts are N-type semiconductor materials, which have
the characteristics of low band gap, such as TiO,, Zr0,, Zn0, CdS, W05, Fe, 05,
Bi, 05, etc. Among them, Ti-based, W-based, and Bi-based materials and their

oxides are commonly used in the photodegradation of aqueous atrazine (Table 2).
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In addition, photoelectrocatalysis (PEC), which combines both
electrochemistry and photocatalysis, has also used in the degradation of aqueous
atrazine. In 2018, Fernandez-Domene et al. [153] reported the degradation of
atrazine by photo-electrocatalysis using a photoanode based on W05 nanosheets.
And atrazine was completely degraded after 180 min. In 2021, Xie et al. [154] used
the bias potential applied on the photo-anode to achieve a 96.8% removal

efficiency of atrazine.

The photocatalytic method has received widespread attention because of
its high efficiency, non-toxicity, and lack of secondary pollution. It is recommended
to use visible light catalytic process to degrade atrazine, because the use of solar

energy is sustainable and environmentally friendly.

Table 2. Photodegradation of aqueous atrazine.

Photocatalyst Preparation Light Source Removal Effect
TiO,@rGO The complete
nanocomposites were degradation and
In, S-TiO,@rGO  synthesized based on Visible-light, a 300 W 95.5% mineralization
nanocomposite a new ultrasonic- tungsten xenon lamp.  of atrazine was
assisted hydrothermal achieved within
method. 20 min [95].

Visible-light, a 350 W
(15 A) Xenon lamp
Used a one-step  with a 300 nm cutoff
calcination method. filter (CHF-XM-350 W,
Beijing Trusttech. Co.,
Beijing, China).

The degradation of
atrazine was up to
95% [96].

Boron-doped TiO>

Tetra (4-
carboxyphenyl Visible-light, an open :
yF.) .y) . .g ' PEN 8504 of atrazine was
. porphyrin with borosilicate (Pyrex) .
Metalloporphyrins . : degraded using Cu(ll)
: different metal glass cell with an L
supported on TiO; : . porphyrin within 1 h
centers and metal- optical window of 11
) [97].
free was adsorbed on cm- area.
TiO surface.

UV irradiation, two 15
W Philips UV light
Use a PEG-assisted lamps (365 nm
hydrothermal method. wavelength, intensity:
247 £0.16 mW
cm™).

Crystal TiO;
nanowires with high
specific surface area

The degradation of
atrazine is up to 60%
in 1 h [98].
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Photocatalyst Preparation

Light Source

Removal Effect

TiO2 nanoparticles

UV irradiation, a UV

The degradation of

atrazine is up to 60%

in 70 min. The

involved boron lamp (400 W, A = removal of atrazine
enrichment waste 250-570 nm). followed a pseudo-
first-order reaction
kinetic [99].
Visible-light, a

Mesoporous Ag-
WO3/SBA-15
composite

broadband light
source (450 W Xe arc
lamp) fitted with a
neutral density optical
filter to allow light of
wavelength above
400 nm.

70% of atrazine was
degraded in 18 min
[155].

Platelet-like BiVO4

Heterojunction BiVO4- was synthesized by

Visible-light, a

The heterojunction
efficiently

Bi,O; hyperbranc.he.d mercury 250 W High- removed >90% of
polyethyleneimine Pressure lamp. .
atrazine [157].
[156].
CdS/BIg?r:;?IZOZC% Used a simple one Visible-light, a 250 W The degradation of
heterostru}cl:ture pot hydrothermal xenon lamp with a atrazine was up to
. method. 400 nm cutoff filter. 95% in 30 min [158].
materials
Visible-light, a 300 W
Xe lamp (Beijing .
BiOBr/UIO-66 Usedaninsitu  Zhongjiacjinyuan, ¢ degradation of
. . atrazine was up to
composite growth method. CEL-HXF300) with a .
90% in 3 h [159].
400 nm cut-off glass
filter.
UV irradiation, a
Steripen Mercury UV _ .
Cu-BiOC Used a one-pot lamp with emission 29% of atrazine was

solvothermal method.

wavelength of 254
nm.

degraded [160].

1.2.4. Electrocatalytic Method

Electrocatalysis is a catalytic process involving oxidation and reduction

reactions through the direct transfer of electrons, which requires electrocatalysts

to lower the overpotential of the reactions [161]. Electrocatalytic oxidation
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technology can produce -OH in situ and no additional chemical reagent is required,
which can remove atrazine from wastewater efficiently and environmental-friendly
[100]. Electrode materials play an essential role in the progress of electrocatalytic
oxidation. Various types of electrodes have been exploited for the degradation of

atrazine in water (Table 3).

Table 3. Electrocatalytic oxidation of aqueous atrazine.

Electrodes Removal Effect

The maximum degradation rate of 92.6%
and the chemical oxygen demand (COD)
removal rate of 84.5% are achieved in
electrolysis time 3 h [100].

Co/Sm-modified Ti/PbO, anode

90.1 % atrazine was degraded in 30 min

Fly ash-red mud particle electrode [101].

The removal of atrazine reached 100% in
Bifunctional nickel foam composite cathode 105 min under the given conditions, the
co-modified with CoFe@NC and CNTs removal efficiency of TOC after 420 min was
78.7 £ 2.6% [102].

Around 100% removal rate of atrazine was

Boron Doped Diamond (BDD) anode achieved in 4 h [103].

Permanganate was in situ electrochemical
generated for the treatment of atrazine.

BbD anode Atrazine degradation increased significantly
with permanganate production [104].
H . . . )
BDD anode A high mineralization rate of 82% was

obtained [71].

BDD completely removes atrazine, and rest
of anodes reached approximately 75%
atrazine removal [162].

BDD, Carbon Felt, and Mixed Metal Oxides
Anodes with Iridium and Ruthenium

In addition, electrochemistry has also been combined with ozone oxidation
to degrade aqueous atrazine [163]. In 2016, Zhou et al. proposed a novel oxidation
process using iron electrodes and ozone in atrazine degradation [164]. Moreover,
atrazine degradation by in situ electrochemically generated ozone was reported by
Vera et al. in 2009 [165]. The combination of electrochemistry and ozonation
exhibited higher removal efficiency for ATZ than ozonation and electrocoagulation
[164].
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Moreover, Electrochemical Advanced Oxidation Processes (EAOPSs) is also
an efficient method to remove recalcitrant molecules. Atrazine is a very stable
molecule with a relative resistance to microbial attack. Therefore, EAOPs can be

used for pretreatment, before the biodegradation of atrazine [162].
1.2.5. Ozone Oxidation Method

Ozone is a strong oxidant, which can oxidize organic or inorganic
substances in wastewater, thereby disinfecting, oxidizing or decolorizing. Because
atrazine is resistant to the degradation by ozone, additional catalysts are required
for the ozonation of atrazine [166]. In recent years, the ozonation of aqueous

atrazine has been reported (Table 4).

In addition, using ozone oxidation combined with other oxidation processes
can improve the degradation efficiency and mineralization rate of atrazine. In 2006,
Bianchi et al., [167] studied the mechanism of atrazine degradation in aqueous
phase under sonolysis at 20 kHz, ozonation, photolysis at 254 nm and
photocatalysis in the presence of TiO2, employed either separately or in
combination. Ozonation and photocatalysis induced atrazine de-alkylation,
followed by slower de-chlorination, and simultaneous sonolysis increased the rate
of photocatalytic de-alkylation. The highest degradation rate of atrazine was

achieved when photolysis at 254 nm was combined with ozonation.

Table 4. Ozonation of aqueous atrazine.

Catalyst Removal Effect

The presence of humic substances has a
Manganese substantial influence on the Mn-catalysed
ozonation of atrazine [105].

A non-ionic surfactant, Brij35 Atrazine was completely removed after a
(polyoxyethylene (23) lauryl ether) reaction time of 2 h [106].

The degradation efficiency of atrazine was

Nano-ZnO 99% after 5 min reaction at pH 6 [107].

The removal rate of atrazine was up to 97%

Mesoporous Fe3Os [108]

80% of atrazine was degraded by ozonation

Hydroxylamine in the presence of hydroxylamine [109].
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Catalyst Removal Effect
The removal rate and the mineralization of
Rutile TiO2 atrazine was 93% and 56%, respectively
[168].

Oxygen functionalized graphitic carbon  The removal rate of atrazine was 93%, after
nitrideO@g-CsN4 5 min reaction at pH 6 [169].

Three-dimensional Co/Ni bimetallic organic

94% of atrazine were removed [170].
frameworks

|.3. Biological methods for atrazine degradation

Biodegradation refers to the partial, and sometimes total, transformation or
detoxification of contaminants by microbial, plants or enzymes [171]. It has
advantages over physical and chemical methods in terms of low costs and
environmental friendliness [172]. Since the discovery of biotic atrazine degradation

[173, 174], biodegradation has been a major method for atrazine catabolism [56].
1.3.1. Microbial Degradation

Microbial degradation exploits the ability of microorganisms for removal of
pollutants from contaminated sites [175]. That is because indigenous
microorganisms that are already present in polluted environments may transform
pollutants to harmless products via reactions that take place as a part of their
metabolic processes [176]. Generally, isolated microbes are selected for the
degradation due to nature and type of pollutants. Different atrazine-degrading
bacteria and fungi have been isolated (Table 5). Because microorganisms are
easily drained in water making their effectiveness greatly reduced, Yu et al. [114]
developed a self-immobilized biomixture (SIB) with biosorption and biodegradation

properties, that can obtain better atrazine removal rate.

Table 5. Microbial degradation of aqueous atrazine.

Strain Origin Removal Effect
Arthrobacter s The removal rate of 100 mg/L atrazine reached 95%
DNS10 P~ Black soil [110] and 86% in 0.05 mM Zn?* and 1.0 mM Zn?*,

respectively at 48 h. [111].

Response-surface-methodology (RSM) was used to

Bacillus badius ~ Maize fields > .
optimize environmental factors such as pH,
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ABP6 temperature, agitation speed and atrazine-
concentration on atrazine degradation by utilizing
Bacillus badius ABP6 strain. In the optimum
conditions (pH 7.05, temperature 30.4 °C, agitation
speed 145.7 rpm, and atrazine-concentration 200.9
ppm), the degradation rate of atrazine reaches a
maximum value of 90% [112].

In the optimum conditions (pH 4, temperature 28 °C,
Rotten wood  biomass 2 g, and atrazine-concentration 50 ppm),
surfaces the removal rate of atrazine was up to 92% in 5 days
[113].

Bjerkanderaadusta

After adding biochar ZXY-2 pellets, the removal rate
of atrazine reached 61% within 1 h, higher than that

Agrobacterium sp. treated by ZXY-2 pellets without biochar. The

WL-1, Jilin Pesticide addition of biochar could enhance the connection
Arthrobacter sp. Plant .
ZXY.2 between ZXY-2 and pellets-based carrier, and the

favorable biodegradation pH of ZXY-2 changed to 6
and 10 [114].

The Freshwater  Atrazine with initial concentration of 5 mg/L was
Algae Culture photocatalytic degraded for 60 min with degradation
Collection at the ratio of 31%. After an 8 d exposure of the microalga

Chlorella sp. Institute of Chlorella sp., 83% and 64% of the atrazine were
Hydrobiology, removed from the degraded solutions containing 40
China Mg/l and 80 pg/L of atrazine, respectively [177].
Myriophyllum spicatum absorbed more than 18-fold
the amount of atrazine in sediments and degraded
Wuhan atrazine to hydroxyatrazine (HA), deelthylatrazine
Myriophyllum ) (DEA), didealkylatrazine (DDA), cyanuric acid (CYA)
. Botanical g . .
spicatum Garden and biuret. The formation of biuret suggested for the

first time, the ring opening of atrazine in an aquatic
plant. The residual rate of atrazine was 6.5 + 2.0% in
M. spicatum-grown sediment on day 60 [178].

1.3.2. Phytodegradation

The phytodegradation of organic compounds take place inside the plant or
within the rhizosphere of the plant [179]. Rhizosphere, the immediate vicinity of
plant roots, is a zone of intense microbial activity, and the use of vegetation at the
waste sites can overcome the inherent limitations such as low microbial population
or inadequate microbial activity [115]. It has been reported that atrazine can be
degraded or detoxified in crops [116, 117], and the molecular mechanism for

catabolism and detoxification of atrazine in plants is a major research topic (Table
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6).

Table 6. Phytodegradation of aqueous atrazine.

Plant Gene/Enzymes Result

Within 80 days, nearly 45%

Pennisetum cladestinum Soil dehydrogenase of atrazine was degraded
[115].
Two novel : .
Atrazine degradation and
methyltransferases

Rice detoxification are regulated

LOC_0s04g09604, [118]

LOC_Os11g15040

Genes encoding
glycosyltransferases,
glutathione S-transferases or
ABC transporters

Atrazine in alfalfa can be
detoxified through different
pathways [119].

Alfalfa (Medicago sativa)

Generally, atrazine may be degraded within the plant biomass by plant

enzymes as well as in its rhizosphere by microbial biotransformation [180, 181].
l.4. Physicochemical methods for atrazine degradation

1.4.1. High Voltage Electrical Discharges (HVED)

High Voltage Electrical Discharges (HVED) is one of the advanced oxidation
processes that has been used for the treatment of wastewater. During the
discharge processes of gas and liquid system, the low-temperature plasma, high-
energy electrons and UV-radiation are generated to degrade wastewater. The
generated plasma is a conductive fluid that is electrically neutral and consists of
electrons, positive and negative ions, free radicals, neutral particles and excited-
state atoms [182]. Among them, the high-energy electrons bombard water
molecules to ionize and generate oxidants such as - OH and H,0,, which can

efficiently degrade organic substances. The main reactions include:

H,0 > H- + -OH (3)
H' +H02_) H202 (5)
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H,0, +e »-0OH+ OH™ (6)

RH +-0H - R- + H,0 (7)

The plasma reactors can be divided into three types. One is the non-
thermalizing electrical discharge applied in the air above an aqueous solution,
generating an atmospheric plasma. The second is the discharge applied into the
water, creating high-temperature plasma channels. In addition, the hybrid reactors
utilize both gas phase nonthermal plasma formed above the water solution and

direct liquid phase corona-like discharge in water [183].

In 1997, Houben et al. [120] reported a research work on the degradation of
atrazine by pulsed corona discharges above the water surface, in which 0.12 mM
atrazine was oxidized for 5 h and the degradation rate was 57%. This is the earliest
work using plasma reactors to degrade atrazine. Several years later, in 2005,
Karpel Vel Leitner et al. [48] applied the pulsed arc electrohydraulic discharge
(PAED) system on the degradation of atrazine. PAED was generated by a spark
gap type power supply (0.5 kd/pulse) with rod-to-rod type electrodes in water. The
removal rate of atrazine (0.5 ymol/L) achieved 80% with inter-electrode gap of 4
mm when the input energies were higher than 10 kJ/L. In 2007, Mededovic and
Locke [47] present an investigation of the atrazine degradation by pulsed electrical
discharge in water. Different electrolytes and electrode materials were studied. An
initial pH 3 (adjusted with H2SO4) 90% of the atrazine (2 x 10~> M) was degraded
in 1 h, and the final degradation product was ammeline. When ferrous ions were
used as an electrolyte, atrazine was degraded within 10 min due to the hydrogen
peroxide produced by the discharge which reacted with ferrous ions. In addition,
they compared their work with the above two pulsed electrical discharge works.
The comparison of energy efficiency showed that the underwater pulsed electrical
discharge had higher atrazine conversion for the same energy input than discharge
above the water surface and pulsed arc discharge (Table 7).

Table 7. Comparison of energy efficiency for the three pulsed electrical discharge

processes.
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Concentration of

Technology Atrazine (M)

Energy Efficiency (mol/J)

Pulsed electrical discharge

-5 -9
in water [47] 210 310
Pulsed corona discharges
above the water surface 0.12x 1073 7.67 x 10710
[120]
Pulsed arc electrohydraulic 2 x 10-6 156 x 10-10

discharge in water [48]

Moreover, there are four other works using dielectric barrier discharge
(DBD), a typical non-equilibrium high-voltage gas discharge. In 2014, Zhu et al. [49]
designed a novel wire—cylinder DBD plasma reactor for atrazine degradation, and
the degradation rate was up to 93.7%, and 12.7% of total organic carbon (TOC)
was removed after 18 min of discharge at the optimum conditions (input power =
50 W, air flow rate = 140 L.h™"). In 2015, Patrick Vanraes et al. combined DBD with
absorption of activated carbon [45] or nanofiber membrane [121] on the
degradation of atrazine. In 2021, Wang et al. [184] combined DBD with
microbubbles (MBs) for persulfate (PS) activation and atrazine removal in water.
Under these DBD/MBs/PS systems, the degradation efficiency reached 89% after
75 min of treatment at a discharge power of 85 W, a PS concentration of 1 mM,
and an air flow rate of 30 mL/min. And according to the calculated energy yield (EY
41.8 mg/kWh at a discharge power of 85 W), they supposed that DBD/MBs/PS

system was economically viable in treating large scale atrazine wastewater.

In addition, there is another report on the remediation of atrazine in a plasma
reactor. In 2018, Aggelopouloset al. [185] used DBD plasma at atmospheric air
pressure to treat a sandy soil polluted with atrazine. The atrazine degradation rates
of 87% and 98% were achieved after 60 min of plasma treatment, starting from
initial pollutant concentrations of 100 and 10 mg/kg, respectively. In 2023, many
works have used DBD plasma to remediate atrazine-contaminated soil [28, 122,
186].

HVED is an innovative technique, which combines sonochemistry, high-
energy electron radiation, photochemistry, etc., and can effectively decompose
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organic pollutants. Nevertheless, the use of HVED for wastewater treatment is still
under development, and further research is needed. The research on the

degradation behavior of aqueous atrazine by plasma deserves more attention.
1.4.2. Ultrasound

The main principles of ultrasonic degradation of pollutants in water are
cavitation effect and free radical oxidation. The high energy generated by the
collapse of the ultrasonic cavitation bubble is sufficient to break the chemical bond
and generate hydroxyl radicals- OH and hydrogen radicals- H, which oxidize
organic substances and transform into CO,, H,0, inorganic ions or low-toxic
organic compounds. At the same time, the rupture of bubbles enhances the
purification. In wastewater treatment, ultrasound technique is often combined with
other techniques [187] (ozone oxidation, ultraviolet irradiation, biodegradation, etc.)

to achieve efficient degradation.

The earliest report on ultrasonic treatment of aqueous atrazine was reported
by W.C. Koskinen et al. in 1994 [188], and the kinetic of sonochemical
decomposition of atrazine in water was determined. In 1996, Petrier et al. [123]
used two frequencies (20 kHz and 500 kHz) to degrade atrazine in aqueous
solution. The degradation rate of atrazine was nearly 100% after 80 min at 500 kHz
and 55% after 120 min at 20 kHz.

Later, ultrasonic treatment was combined with other techniques to degrade
aqueous atrazine, and it is common to combine US and UV, or US and ozonation.
In 2001, A. Hiskia et al. [189] published a report on US/UV decomposition of
atrazine in the presence of polyoxometalates (POM) within a few minutes, giving
common intermediates, namely, 2-hydroxy-4-(isopropylamino)-6-(ethylamino)-s-
triazine (HA), 2-chloro-4-(isopropylamino)-6-amino-s-triazine (DEA), 2-chloro-4-
amino-6-(ethylamino)-s-triazine (DIA), ammeline (AM) among others. The final
products for both methods, US and UV with POM, were cyanuric acid, NOs~, CI-,
COg2, and H20. In 2012, R. Kidak and S. Dogan [190] investigated the efficiency of
O3 and US and also of their combined application (US + Os) for the degradation
and potential mineralization of atrazine in water, leading to 95% removal for O3 and
78% for US after 90 min of treatment, and 100% for US + Os after 20 min of

treatment. In 2014, Xu et al. [41] reported sonophotolysis (US/UV) for the
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degradation of atrazine. After 60 min of sonophotolysis treatment, the complete
degradation of atrazine and 60% total organic carbon (TOC) removal rate were
achieved. In 2017, Jing et al. [124] used a pilot-scale UV/O3/US flow-through
system to remove atrazine from wastewater. The optimal atrazine removal rate
(98%) was obtained at the conditions of 75 W UV power, 10.75 g.h~! Oz flow rate
and 142.5 W ultrasound power. In 2023, Jia et al. [26] use the Chinese medicinal
residue of Acanthopanax senticosus to activate persulfate, coupled with 45 kHz

US, and atrazine was degraded 70% in 50 min.

Ultrasonic treatment has a strong effect on the degradation of organic
substances, but it has the problem of high energy consumption. For the
degradation of aqueous atrazine, more consideration can be given to combine
ultrasonic treatment with other techniques, such as biodegradation,

electrochemistry, Fenton oxidation, etc.
1.4.3. Microwave

Microwave treatment is a breakthrough, innovative, and broad-spectrum
water treatment technique. It achieves the effect of decontamination and
sterilization through the selective heating, low-temperature catalysis, and rapid
penetration by the microwave field. The principle is that microwave heating
generates efficient internal heat-transfer by penetrating subjects and causing
uniform energy distribution throughout the material irradiated, which leads to an
even chemical reaction [191]. Microwave irradiation can cause atrazine
degradation through formation of micro-scale “hot spots” on the pore wall surface

that pyrolyze the absorbed organic molecules [192].

In existing reports, microwave is often used as an auxiliary technique for the
treatment of atrazine. The earliest work was on the microwave-assisted extraction
of atrazine from soil, reported by Xiong et al. [125] in 1998. The combination of
microwave (MW) power and ultraviolet (UV) light can improve the photochemical
process, thereby making the degradation of atrazine more efficient. In 2006, Ta et
al. [126] reported the degradation of atrazine by microwave-assisted electrode less
discharge mercury lamp (MW-EDML) in aqueous solution. Microwave improved
the photolysis of atrazine under UV-vis irradiation, so that it was completely

degraded in a relatively short time (i.e., t12 = 1.2 min for 10 mg/L). Additionally, the
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main degradation products during atrazine degradation process were identified by
gas chromatography mass spectrometry (GC-MS) and liquid chromatography
mass spectrometry (LC-MS), according to which the degradation mechanism
including four possible pathways for atrazine degradation was proposed. In 2007,
Gao et al. [127] reported a method of microwave-assisted photocatalysis on TiO,
nanotubes for the degradation of aqueous atrazine. Atrazine was completely
degraded in 5 min and the mineralization efficiency was 98% in 20 min, which
superior to many other atrazine degradation works (they cannot achieve complete
atrazine degradation with the formation of many toxic intermediates such as
Deethylatrazine, Deisopropylatrazine, ammeline, etc.). High mineralization
efficiency means that atrazine was released in soluble inorganic forms such as
CO2, H20, NH4* and small acids, which is beneficial to the non-toxic treatment of
wastewater. Therefore, for the degradation of atrazine, not only a high degradation
efficiency, but also a high mineralization rate is very important. In 2011, Chen et al.
[193] used a microwave photochemical reactor to degrade atrazine in the presence
of hydrogen peroxide H,0,. The optimal condition of atrazine degradation by
MW/UV/H20:2 process was 53 °C, 300 mg/L H202, MW power Pappi = 30 £ 0.3 W
(half-life ti2 = 1.1 min for 20.8 mg/L initial concentration). Comparing with other
processes such as UV alone [193] (half-life t12 = 9.9 min for 20 mg/L initial
concentration), UV/H202 [194] (half-life ti2 = 1.2 min for 8.4 mg/L initial
concentration with 343.4 mg/L H202) and MW/UV [193] (half-life t12 = 2.2 min for
20.8 mg/L initial concentration), microwave-assisted photocatalytic method is
better than traditional photocatalytic methods, and adding H202 can achieve high-

efficiency degradation of aqueous atrazine.

In addition, for traditional adsorption, its degradation efficiency highly
depends on the adsorbent, while microwave heating can modify the adsorbent to
bring about highly efficient adsorbent performance. Therefore, the adsorption and
degradation of aqueous atrazine under microwave heating has attracted attention.
Hu et al. [192, 195] reported the adsorption and degradation of atrazine in transition
metal-loaded microporous under microwave induction. In 2017, Wei et al. [196]
enhanced adsorption of atrazine using a coal-based activated carbon modified with
sodium dodecyl benzene sulfonate under microwave heating. In the same year,

Sivarajasekar et al. reported a fixed-bed column towards sorptive removal of
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Atrazine from aqueous solutions using microwave irradiated Aegle marmelos

Correa fruit shell.
1.4.4. lonizing Radiation (y-Rays, Electron Beams)

In recent years, due to environmental protection, ionizing radiation
treatment of pollutants has received more and more attention. lonizing radiation
can cause displacement of electrons from atoms and breaks in chemical bonds,

and y-rays and electron beams are most commonly employed forms [197].

In 2009, Basfaret al. [128, 129] reported the degradation of atrazine
herbicide in humic substances (HS) aqueous solutions and distilled water solutions
on a laboratory scale upon y-irradiation from a °Co source, which can achieve 90%
degradation rate of atrazine. And they later use y-irradiation to degrade atrazine

present in natural ground waters on a laboratory scale.

In 2015, Khanet al. [130, 198] studied the kinetics, degradation pathways,
influence of hydrated electron and radical scavengers in the degradation of
aqueous atrazine by y-irradiation, and the degradation rate can reach 69% under

optimal conditions.

In addition, electron beams induced degradation of atrazine in aqueous
solution was reported by Xu et al. [199] in 2015. Atrazine can be almost completely
degraded (95%) and completely mineralized without any residue of cyanuric acid

in aqueous solution.
[.5. Atrazine degradation pathways, atrazine mineralization and metabolites toxicity

The degradation of atrazine is a complex process with different pathways
through different biotic or abiotic water treatment processes. Regarding the biotic
degradation processes, there are two stages [200] (Figure 3). In the first stage,
hydrolytic dichlorination and N-dealkylation of atrazine generate cyanuric acid in
the role of the enzymes that have broad substrate specificity [201]. For hydrolytic
dichlorination of atrazine, enzyme atrazine chlorohydrolase (AtzA) [202] or
hydrolase triazine (TrzN) [203] catalyzes hydrolytic dichlorination of atrazine, but
they display substantial differences in their substrate ranges: AtzA is restricted to
atrazine analogs with a chlorine substituent at carbon 2 and N-alkyl groups, ranging
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in size from methyl to t-butyl[204], and TrzN hydrolyzes a range of leaving groups
(e.g., OCHs, —SCHs, —ClI, —F, —CN) from both triazines and pyrimidines [203]. For
N-dealkylation of atrazine, hydroxyatrazine N-ethylaminohydrolase (AtzB) [205]
catalyzes the hydrolytic conversion of hydroxyatrazine to N-isopropylammelide,
and N-isopropylammelide isopropylaminohydrolas (AtzC) [206] catalyzes the
hydrolysis of N-isopropylammelide to cyanuric acid. In the second stage, cyanuric
acid is converted to ammonium and carbon dioxide by a set of enzymes AtzDEF
[207, 208] and TrzD [207, 209].

er L e o
N” NN N7 NN
k PR AL L AL
AtzA/TrzN NH N NH AtzB HO N NH
Atrazine Hydroxyatrazine N-isopropylammelide
H,O
AtzC /L
NH,
NH;+H"  H,0 HCO,” +H* 2H,0  on

AtzF[TrzF ’\ﬁ 3 ‘E / /I\Iiz JNHz ‘E / N)QN
2NH, + 2CO _ N |
3 2 ) 07 >NH \o AZE 07 NH YO AzzD/TrzD HO)\N/)\OH

H,0 Allophanate Biuret Cyanuric acid

Figure 3. Degradation pathway of atrazine through biotic treatment process.

The above discussion is based on the enzymatic steps catalyzed by the
gene products. In actual operation, atrazine degradation may be achieved by a
consortium of organisms harboring the appropriate combination of enzymes, for
example, the enriched mixed culture as well as the isolated strain, designated as
Arthrobacter sp. strain GZK-1, mineralized 'C-ring-labeled atrazine up to 88% to
14C02 in a liquid culture within 14 d. [210].

In addition, for abiotic water treatment processes, as shown in Sections 2
and 3 of this article, many advanced oxidation processes (AOPs) have been
involved in the degradation of atrazine in water. These AOPs can be used
individually or in combination to improve efficiency such as US/UV [41, 211],
US/UV/Os3 [167, 212], electrochemistry (EC)/O3[164], UV/H202 [213], UV/US/PS
[214], UV/MW [215, 216], UV/Fenton [135], etc. Generally, AOPs rely on the in situ
formation of reactive species[130], such as hydroxyl radical (|OH) [217], sulfate
radical (SOs™) [218, 219], singlet oxygen ('O2) [185], superoxide radical anions
(O27) [92], hydrated electron (eaq”) [130] and hydrogen radical (H*) [130]. These
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reactive species have different redox potential and reaction selectivity. Therefore,
the degradation pathways of atrazine vary from different AOPs. The general
involved mechanisms were de-chlorination, hydroxylation of the s-triazine ring, de-
alkylation of the amino groups, oxidation of the amino groups, de-amination and
the opening of the s-triazine ring [41] (Figure 4). In most previous works [41, 144,
167, 185, 219], the final products of atrazine degradation tend to be cyanuric acid,
ammelide and ammeline, because it is difficult to cleave the s-triazine ring [220].
At present, few studies [101, 127, 133, 221, 222] have reported the complete
mineralization of atrazine, in which s-triazine ring-cleavage produced the less toxic
compound biuret [221], and biuret hydrolyzed to allophanate, followed by the final
generation of CO2, H20, NH4* and small acids. The complete mineralization of

atrazine thus reduces the toxicity of the treated wastewater for subsequent release.

cl OH

HZN)‘\N/)\NHJ\ HZN)‘\N/)\NHJ\__

Deethylatrazine 4 Deethylhydroxyatrazine Q .
2 . @ A
cl OH cl OH oH o

N)%N ....... b» NJ%N N)%N _b> N7 SN L» N)sN L» N)sN
O O P U P R =N L AT
ZSNH SN NH NH °N NH H,N N NH N NH, HO N oH

, H,N" N7 NH, HO

-

Hydroxyatrazine ™.

Didealkylatrazine 4 Ammeline Ammelide Cyanuric acid

Atrazine .
Y b N‘)%N CO,, H,0, NH,’
R A <N 21 MY, 4
/\NHJ\N/)\NH2 /\NHJ\N/)\NHZ and small acids

Deisopropylatrazine Deisopropylhydroxyatrazine

Figure 4. General involved degradation mechanisms of atrazine: (a) dealkylation of the
amino groups; (b) dechlorination and hydroxylation of the s-triazine ring; (¢) oxidation of

the amino groups and deamination; (d) the opening of the s-triazine ring.

Toxicity studies on atrazine degradation are still incomplete, because some
atrazine metabolites such as ammeline lack toxicological data. According to the
book “Pesticide residues in food: 2007, toxicological evaluations”, published by the
World Health Organization [223], atrazine, and its chloro-s-triazine metabolites are
of moderate or low acute oral toxicity in male rats (LDso), 1870-3090, 1890, 2290
and 3690 mg/kg bw for ATZ, DEA, DIA and DDA, respectively; and the acute oral
toxicity of hydroxyatrazine in male rats (LDso, >5050 mg/kg bw) is lower than that
of atrazine or its chlorometabolites. However, toxicity comparisons based on these

LDso values are still inaccurate, as the results of toxicity tests vary based on
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different subjects (plants, animals, human cells, etc.) or different concerns

(reproductive or developmental toxicity, liver toxicity, etc.). More toxicity tests data

are shown above (Table 8). Combining these data, the following toxicity ranking

can be roughly obtained: atrazine

(ATZ) > deethylatrazine (DEA)

>

deisopropylatrazine (DIA) > ammeline (AM) > didealkylatrazine (DDA) >

hydroxyatrazine (HA).

Table 8. Chemical structures and toxicity tests data of atrazine and its metabolites.

Atrazine Deethylatra

(ATZ)  zine (DEA) 2trezine

(DIA)

Name

Deisopropyl

Dideal-
Kylatrazine
(DDA)

Ammeline
(AM)

Cyanuric
Acid

Hydroxy-
Atrazine
(HA)

Chemical structure Py fjw\ } JN‘\)BN\ )N‘\)jw\
NN NH N/ NH,  H,N N/ NH N

NH N

OH
A

XN
|

H,N

_ \
N™ NH, HO

lAcute oral toxicity 1870-3090
in male rats (LDso) malk
[223] 9’9

1890 mg/kg 2290 mg/kg

3690 mg/kg

>5050
mg/kg

Median lethal
concentrations
(LCso) for
Pseudokirchneriell 1600 pg/L 2000 pg/L >3000 pg/L
a Subcapitata in 96
h of exposure
[224]

Concentration for
50% of maximal
effect (ECso0) on

algal
photosynthesis for

A. variabilis [225]

0.1 ppm 0.7 ppm 4.7 ppm

100 ppm

>100 ppm

Acute oral toxicity
in rats (LDso) [225]

>5000
mg/kg

Adverse effects in
sheep [226]

An average

daily intake No adverse
of ammeline effects at
296 mg/kg doses from
body weight 198 to 600
per day for mg/kg body
42 days for weight per

sheep day for 77
caused half  days.
death.
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In addition, Banghai Liu et.al. [142] used the ECOSAR program to predict
the acute and chronic toxicity of atrazine and its transformation intermediates, and
it was found that although the vast majority of detected products possessed lower
toxicity compared to atrazine, they remained classified as very toxic compounds to

aquatic organisms.

The degradation mechanism, atrazine degradation rate, mineralization rate
and main products are different for different treatment process. For better

elaboration, the following discussion is based on treatment process type.

(a )
00U,
HVED xdation m ) .
- Phytodegradation Dzlg;(r);(c)ite):t?:)n
[ Fenton/Fenton-Like Method ]

Treatment time from short to long

(b)

[ *S0,” Oxdation ] [ us ]

[ HVED ] [ Fenton/Fenton-Like Method ]

[ Microbial Degradation ] Phytodegradation

CO,, H,0O, NH,* ... HA, DIHA, DEHA ... Cyanuric acid AM DDA DEA, DIA |
L ] J ( X J ATZ
Ring cleavage Dechlorination Dealkylation

Toxicity from low to high

Figure 5. Comparison of different methods: (a) treatment time (b) product

distribution.

As the Table 9 shows, generally, different methods can achieve high
degradation rates (>90%) of atrazine by filtering the optimal conditions, but the
treatment time needed and atrazine degrading capacity vary. Figure 5 is a
comparison of treatment time and atrazine product distribution of different methods
based on the data listed in Table A1. We can see that the processing time required
for biodegradation is significantly more than other methods, while HVED and
Fenton/Fenton-like method take less time (Figure 5a). In addition, ring cleavage
can be achieved by microbial degradation as well as HVED (Figure 5b). Compared
with the Fenton method, HVED has the advantages of short processing time, high
atrazine degrading capacity and low toxic product distribution.
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[.6. Conclusion and research objectives

As a widely used herbicide, atrazine is widely sprayed on many crops.
Atrazine remaining in agri-food can cause physiological toxicity for a long time if it
is ingested by humans. Additionally, because of chemical stability, atrazine in agri-
food washing water flows into surface or groundwater and persists to be difficult to
degrade. It is therefore of significant interest to develop clean and economical

degradation processes for atrazine.

At present, biological processes are the common methods for the
degradation of aqueous atrazine due to environmental protection, but
biodegradation has its own limitations, such as slow degradation kinetics, and low
remediation efficiency. Therefore, many studies have been focused on more highly
efficient treatment technologies of aqueous atrazine, especially advanced
oxidation processes (AOPs) that generate powerful nonspecific oxidant, hydroxyl
radicals OH. Previous research reported the treatment of aqueous atrazine using
- OH generated by physicochemical methods and chemical methods. In these
methods, a single technology processing or a co-processing of two or more
technologies will be used, and often the latter can achieve a more ideal degradation
rate. In addition to pursuing a high atrazine degradation rate, it is also significant
to improve the degradation ability to achieve full mineralization. Therefore, more
and more innovative technologies have been investigated, especially High Voltage
Electrical Discharge (HVED). However, these new methods for the degradation of

atrazine are still being explored, and further research is needed.

Atrazine is a widely used herbicide. Although the European Union has
banned it, it is still used in other countries such as Brazil and the United States.
Atrazine has a long half-life in water and low adsorption in soil, causing residual
contamination of groundwater and surface water. The detection and quantification
of atrazine in water is of great significance for quality control. In addition, because
atrazine acts as an endocrine disruptor and is harmful to human health, the
development of efficient atrazine degradation technology is a research focus.
However, the antioxidant capacity of atrazine makes its degradation challenging.
The advanced oxidation process (AOP), which generates the powerful nonspecific
oxidant hydroxyl radical HO-, is more favored in atrazine degradation. High voltage
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electrical discharge (HVED) technology, which is still in the development stage, has
good research prospects because of its rapid degradation kinetics, efficient

degradation ability, and low-toxic degradation metabolites.

Therefore, this thesis focuses on the degradation of atrazine in water by

HVED technology. The research objectives include:

1) Develop and validate an online monitoring analysis method for the
detection and quantification of atrazine and its metabolites.

2) Study and compare the impact of different degradation techniques
(HVED, Fenton oxidation and sonication) on atrazine degradation.

3) Propose the degradation mechanism pathways of atrazine under
different technologies, based on the formation kinetics of degradation
metabolites.

4) Study the effect of real matrices such as tap water on atrazine
degradation.

5) Perform toxicity analysis of treatment solutions on atrazine degradation

by different technologies.
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Table 9. Comparison of different methods (degradation mechanism, atrazine degradation rate, atrazine mineralization rate and main products).

Atrazine

Atrazine

Method Degradation Mechanism Straln/Plant/Gene_rate Initial Atrazine Concentration Trea}tment Degradation Degrading Products Reference
d Reactive Species and Some Notes Time . s
Rate Capacity
Chelatobacter heintzii
Citl
Chelatobacter heintzii
Sall-3
— No residual
ChelatoE;cst_eSr heintzii atrazine Ring cleavage  CO2, H20 ...
detected
Chelatobacter heintzii
LRA
Chelatobacter heintzii  The initial atrazine concentration is
Microbial Microbes’ express atrazine- salB 0.5 mg per kg of soil. The bacteria
Dearadation 9€9rading enzymes that degrade —— described were isolated from 12 | 131 days — [227]
9 atrazine. Chelatobacter heintzii cuyltivated and grassland soils from 56% Dechlorination | P€chlorinatio
Lous2-3 different areas in France. n products
Chelatobacter heintzii —— Dechlorinatio
Dechlorination
Sal2 n products
Pseudc/)Ach;)nas sP- No residual Ring cleavage  CO2, H20 ...
atrazine
Arthrobacter detected
cristallopoietes Cit2 Cyanuric acid c ] "
broduction yanuric aci
Nocardioides sp. SP12
Phytoextraction: atrazine in soil 49 days after planting, the soils 88.6-96.7%
and groundwater can be taken up . )
inside ol - i Tall fescue were spiked with aqueous
Phytodegra Inside plant t_|ssues, . Ryegrass solutions of atrazine to achieve .
. Phytotransformation: atrazine . 16 days 96.6-99.6% Dealkylation DIA and DEA! [228]
dation L . Barley concentrations of 2, 5 and 10 mg of
inside plant tissues can be . . ka of soil. The ol
transformed by plant enzymes: Maize atrazine per kg of soil. The plants
' were harvested after 65 days, that 96.4-99.4%

Rhizoremediation: pollutants in soil
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can be degraded by microbes in

is, 16 days after atrazine

the root zone. application. 97.2-98.6%
The optimal mixture, 2.69 mM (1:1)
FeS04:H:02, degraded [2,4,6-1*C]- <30's 100% Dealkylation DDA [229]
atrazine (140 pymol).
The photo-Fenton process: 10
mg/L atrazine was degraded, using .
1g/L Heterogeneous Fenton 30 min 95% gno%ciﬁ;/:\?; Cyamanc acid [230]
Fenton/Fent H20> reacts with Fe2" to generate catalyst Fe/TiOz, 1.6 mM H202 and rate 18%) ’
on-Like reactive radicals ‘OH, which ‘OH pH = 3. The light intensity at 420
Method degrade atrazine. nm was 30 W/m?.
The initial concentration of atrazine
was 23 pumol/L. The electro-Fenton
process: the simultaneous 4h 100% Dealkylation DDA [231]
reduction in ferric ions and oxygen
at a simple electrode allowed the
subsequent production of "OH.
The initial concentration of atrazine
: . 0
With the activation of persulfate was 50 pmol/L. Copper sulfide 40 min 91.6% [232]
) T (CuS)/persulfate (PS)
Sulfate {(PS), sulfate radical (SO4™") can be — : -
Radical enerated by the cleavage of O-O The initial concentration of atrazine Dealkylation and
il y Age ol - SOs~and‘OH  was 10 mmoliL. Magnetite FesOs- . 1h 72.3% ion AM [233]
(S047) bond of PS. Meanwhile, SO4 o Dechlorination
T ) _ sepiolite/ persulfate (PS)
Oxidation i could react with water and OH™ to The initial concentration of atrazine
produce hydroxyl radicals (‘OH). was 20 mg/L. Pyrite (FeS>) 45 min 100 % [234]
/persulfate (PS)
Hiah HVED can not only generate
9 radical species, such as *OH, HO>", L . . . S
Voltage . The initial concentration of atrazine Ring cleavage :Dechlorinatio
; and H', ions, and free electrons ; - . .
Electrical N ' - ‘OH was 11.9 mg/L. Dielectric barrier 18 min 93.7% (TOC removal | n products, [235]
. (e"), but also generate physical .
Discharges ) discharge (DBD) rate 12.7%) | COg, H20 ...
agents, such as UV, shock waves,
(HVED)
and heat.
The high energy generated by the
Ultrasound collapse of the ultrasonic cavitation The initial concentration of atrazine DEA. DIA
(US) bubble leads to the generation of ‘OH was 0.1 mmol/L. Ultrasound 80 min 100% Dealkylation DbA ’ [236]

hydroxyl radicals ("OH) and
hydrogen radicals (‘H).

frequency: 500 kHz
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[I.1. Methodology

Atrazine (ATZ) with a triazine ring structure is chemically stable and
refractory to degradation. The existing atrazine degradation technologies have
limitations (slow degradation kinetics, low remediation efficiency, etc.), and the
research on the degradation mechanism is still incomplete. So, this thesis aims to
develop an innovative and highly efficient method for atrazine degradation and
compare it comprehensively with conventional methods. The experiments
described in this thesis cover three parts: atrazine degradation, metabolites
analysis and toxicity analysis. The experimental design of this thesis is shown in

the following schematic diagram (Figure 11.1).
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Figure 1l.1. Schematic diagram of the experimental design in this thesis.

II.2. Development and validation of analytical methods for real-time monitoring

atrazine degradation process by HPLC-HRMS

In this part, the first task is to optimize and validate a new analytical method
for atrazine degradation monitoring. Considering the low water solubility of atrazine
(34.7 mg/L in water, 25 °C) and the detection limit in chromatography, an initial
concentration of atrazine of 20 mg/L was adopted in atrazine degradation process.

This concentration is prepared by adding 1 mg of atrazine, purchased from Sigma-
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Aldrich (St. Quentin Fallavier, France) per 50 mL of deionized water (conductivity
0.055 uS/cm at 25°C) acquired from a water purification device Rephile Direct-
Pure® UP 10 (MA, USA).

Table I.1. Preparation of calibration solution.

ATZ Preparation of ATZ solutions (L1-L8)
Target Volume of ) )
Calibration point concentration Mother solution | mother solution Final soiutlon
(M) (mL) (mb)
L8 90 90 uM ATZ stock solution
L7 60 L8 1 1.5
L6 30 L7 0.5 1
L5 20 L7 0.5 1.5
L4 10 L5 0.5 1
L3 5 L4 0.5 1
L2 2.5 L3 0.5 1
L1 1 L2 0.5 2

In order to overcome the uncertainty of the measurements related to the
sample preparation and mass spectrometry stages, the calibration curve will be
produced by internal calibration. As shown in Table 1.1, atrazine stock solution with
a concentration of 90 yM was used to prepare 8 different concentrations of atrazine
solutions (L1-L8), that is, 8 calibration points. The internal standard (IS) was
atrazine-D5 (atrazine labelled isotopically with 5 deuterium), purchased from
Sigma-Aldrich (St. Quentin Fallavier, France). To prepare IS solution, 0.15 mg
atrazine-D5 was dissolved to 6 mg/L with acetonitrile, LC-MS grade solvents and
formic acid were bought from Biosolve Chimie (Dieuze, France). Each calibration
point will contain the same quantity of IS solution, corresponding to a volume of 20
pL. The final dilution of the calibration points will be performed with a total volume
of 200 uL (180 yL atrazine solution + 20 uL IS solution) in 1-ml vials, analysed by

high performance liquid chromatography coupled with high resolution mass

68



Chapter Il. Methods and protocols

spectrometry (HPLC-HRMS). Figure 1.2 shows a linear relationship between the
response and the concentration.

ATZ - B Levels, 8 Levels Used, & Points, 8 Points Used, 0 QCs
9 3107 | v = 7.085644E-004 "« +0,066728

12 R"2=099895039%

Type:Linear, Origin:lgnore, Weight:None
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Figure I1.2. Calibration curve of atrazine.

Atrazine and its metabolites detection and semi quantitative evaluation were
per-formed by HPLC-HRMS. The HPLC system (Infinity 1290, Agilent
Technologies, France) with DAD, was connected to a Q-TOF micro hybrid
quadrupole time of flight mass spectrometer (Agilent 6538, Agilent Technologies,
France) with electrospray ionization (ESI). HPLC was carried out on a Thermo
Hypersyl Gold C18 (USP L1) column (100 x 2.1 mm, 1.9 ym, 175 A), connected to
an Agilent Infinity 1290 HPLC at 40 °C.
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Figure 11.3. The gradient program of HPLC-HRMS.

As Figure 1.3 shown, the solvent system was A: 0.1% formic acid in Milli-Q
water and B: Acetonitrile. The gradient program began with 5% B, held at 5% for

0.25 min and ramped to 95% at 3.50 min, held at 95% for 0.5 min. The flow rate
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was set at 0.600 mL/min. All compounds’ responses were measured in ESI+ and
were calibrated externally. The ESI Gas Temp was 350 °C, at electrospray voltage
+3800 V. Drying Gaz was set at 10 L/min and Nebuliser was at 30 psi. Fragment
voltage was set at 110 V. HRMS spectrum was registered at 5 Hz in the mass range

of 50 to 1200 m/z with internal calibration.

Because this new analytical method is fast, efficient, highly sensitive and
accurate, it was used to monitor the degradation process of atrazine in real time.

For more details see chapter lll.

[1.3. Effects of different technologies (HVED, US and Fenton oxidation) on atrazine

degradation

After validating the analytical method, it was possible to study the effects of
different technologies (HVED, US and Fenton oxidation) on atrazine degradation,
including degradation efficiency, metabolite kinetics and reaction mechanism. This
study focused on one single compound atrazine in deionized water, and the initial
concentration was maintained at 20 mg/L. Initially, atrazine was separately
degraded by three technologies (HVED, US and Fenton oxidation), and a
horizontal comparison was conducted between them. This was to explore how
technologies affect the degradation pathways of atrazine, such as dechlorination-

hydroxylation, dealkylation and alkyl oxidation.

Considering that hydroxyl radicals *OH play an important role on atrazine
degradation and can be more activated in the presence of Fenton's reagent,
combined approaches, namely alternative techniques (HVED and US) coupled
with Fenton oxidation were conducted. Theoretically, the combination method can
stimulate the generation of hydroxyl radicals more and achieve a high degradation
rate in a short time. For example, for “US+Fenton” combined treatment, the
addition of Fenton reagent is beneficial to the release of hydroxyl radicals «OH from

its self-combination product hydrogen peroxide.

In short, the advanced oxidation treatment (HVED) was compared with
physical treatment (US) as well as traditional chemical treatment (Fenton oxidation)
for atrazine degradation. By monitoring the degradation pathways of atrazine
during these three treatments, a more reasonable proposal for the reaction
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mechanism can be obtained. In addition, kinetic studies on the degradation
metabolites were also performed, which helped to evaluate the toxicity before and
after atrazine degradation. Attention was also focused on the energy consumption

during treatment. For more details see chapter IV.

II.4. Practical application of atrazine degradation in tap water & toxicity test of

experimental wastewater

This part considers the interaction between the degradation technology and
the actual environment, including two aspects. The first aspect is a degradation
application in a real environment, degrading atrazine in tap water. The second
aspect is environmental assessment through toxicity testing of experimental

wastewater.

For the first aspect, the HPLC-HRMS analysis method was used to
determine and quantify atrazine and its metabolites. Besides, to explore the effect
of a real matrix (tap water) compared to the model matrix (deionized water), four
comparative experiments were carried out, one was the degradation of only tap
water, the second was the degradation of atrazine's tap water solution, the third
was the degradation of only deionized water, and the fourth was the degradation
of atrazine's deionized water solution. Due to the abundance of impurities in tap

water, the degradation process of atrazine is affected by other competing reactions.

In order to verify the metabolite differences between different treatments,
normalized statistical analysis was performed on each HPLC-HRMS data. Some
new untargeted metabolites appeared, but interference from other impurities will
affect their resolution. Therefore, comprehensive untargeted molecular data
acquisition is required, and the open-source software MS-DIAL can achieve this
through mass spectrum deconvolution. The MS-DIAL program was used to
normalize data imported from MS raw data and perform principal component
analysis (PCA). PCA score plots help to clearly observe the distribution of sampling
points for each treatment, so as to know the difference in degradation metabolites

between treatments.

For the second aspect, the crustacean D. magna was used to test the

potential toxicity of experimental wastewater after degradation treatment. This part
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of the work was carried out in collaboration with Dr. Messika REVEL (associate
professor in ecotoxicology, UniLaSalle, campus de Rennes, France) and Dr.
Stéphane FIRMIN (deputy director research unit AGHYLE UP2018.C101,
UniLaSalle, campus de Beauvais, France). D. magna was cultured artificially in the
laboratory. The experimental wastewater needs to be diluted before conducting
toxicity tests to prevent D. magna from being unable to survive due to ultra-high
concentrations. All toxicity tests were conducted in a chamber under the same
abiotic conditions as the culture and protocols and analyses were carried out in
accordance with the Organisation for Economic Cooperation and Development
(OECD) guidelines for immobilization test of D. magna. Lethal concentration 50
(LCs0) is used as a toxicity indicator, which represents the average concentration
that induced death in 50% of the test organisms. According to the LCso value, the
toxicity ranking of the experimental wastewater after degradation treatment can be
evaluated. From this we can judge which degradation technology is more
environmentally friendly. Additionally, this result can be compared with previous

toxicity assessments based on metabolite kinetics. For more details see chapter V.

All'in all, an ideal atrazine degradation technology should consider not only
high degradation efficiency but also environmental friendliness. This is also the

direction of our future work.

[1.5. Organization of chapters lll, IV, and V.

As mentioned above, the experimental and results part of this manuscript
includes chapters lll, IV, and V. For each chapter, it consists of chapter introduction,
materials and methods, results and discussion, chapter conclusion and chapter
references. The work of chapter Ill and IV have been published, and the work of
chapter V was summarized and prepared for publication. These three publications

are inserted into the chapter results and discussion.
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Chapter lll. Development and validation of analytical methods for real-time

monitoring atrazine degradation process by HPLC-HRMS
[11.1. Chapter introduction

The herbicide atrazine is a commonly used chlorinated s-triazine herbicide
for the prevention of broadleaf and grassy weeds [1]. The triazine ring structure of
atrazine makes it chemically stable and refractory [2]. Compared with the
challenging triazine ring cleavage pathway, the degradation of atrazine is more
prone to other pathways, such as dechlorination-hydroxylation [3], N-dealkylation

[4], alkyl-oxidation [5], etc. In these diverse atrazine degradation pathways, its

degradative metabolites are numerous and complex. For example, atrazine can be
converted into hydroxyatrazine (HA) by dechlorination-hydroxylation, and can be
converted into deethylatrazine (DEA) and deisopropylatrazine (DIA) by N-
dealkylation, which are metabolites commonly jakinaladetected in agricultural soils
[6], surface, and groundwater [7]. But according to the known acute oral toxicity
LDso value in male rats [8], the metabolites DEA (1890 mg/kg) and DIA (2290 mg/kg)
are much more toxic than atrazine (3090 mg/kg). The formation of highly toxic
metabolites should be avoided during the degradation process; however, this is not

easy to achieve because it will be affected by the treatment process used.

Conventional degradation technologies include biodegradation [9,10] and
chemical degradation [11], but the former generally require more treatment time
and the latter uses chemical oxidants that maybe not environmentally friendly.
Advanced oxidation processes (AOPs), such as ultrasound [12], microwave
radiation [13], photocatalysis [14], etc., have received widespread attention. AOPs
are broadly defined as a serious of alternative treatment procedures that degrade
organic contaminants in wastewater through reactive oxygen species, primarily
hydroxy radicals «OH [15]. Most of these works use liquid chromatography—mass
spectrometry (LC-MS) to study degradation kinetics of atrazine and formation
mechanism of metabolites [5,16,17]. Problems with their analytical methods are
low resolution and delayed detection of degradation kinetics after samples are
transferred and stored. So, in order to solve these problems, it is necessary to

create and validate a new analytical method for real-time monitoring during the
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degradation process.
Therefore, this chapter will mainly focus on:

1) optimization and validation of high-performance liquid chromatography
coupled with high-resolution mass spectrometry (HPLC-HRMS).

2) development of an online analytical method combining reaction system,
automatic sampling and HPLC-HRMS;

3) comparison of online and offline analytical methods, whether there is a
difference in sampling timeliness.;

4) exploration of the feasibility of atrazine degradation by Fenton oxidation and
ultrasound;

5) mechanism study of atrazine degradation kinetics and metabolites

formation kinetics.

More details can be found in the next section 1ll.2 “Real-time monitoring
of the atrazine degradation by liquid chromatography and high-resolution
mass spectrometry: effect of Fenton process and ultrasound treatment”,
which is published in the journal “Molecules’. It was conducted under the direction
of Dr. Franck MERLIER, Prof. Nabil GRIMI, Dr. Nadia BOUSSETTA and Dr. Gérald
ENDERLIN.

[11.2. Real-time monitoring of the atrazine degradation by liquid chromatography
and high-resolution mass spectrometry: effect of Fenton process and ultrasound

treatment

Abstract

High resolution mass spectrometry (HRMS) was coupled with ultra-high-
performance liquid chromatography (uHPLC) to monitor atrazine (ATZ)
degradation process of Fenton/ultrasound (US) treatment in real time. Samples
were automatically taken through a peristaltic pump, and then analysed by HPLC-
HRMS. The injection in the mass spectrometer was performed every 4 min for 2 h.
ATZ and its degradation metabolites were sampled and identified. Online Fenton
experiments in different equivalents of Fenton reagents, online US experiments
with/without Fe?* and offline Fenton experiments were conducted. Higher

equivalents of Fenton reagents promoted the degradation rate of ATZ and the
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generation of the late-products such as Ammeline (AM). Besides, adding Fe2*
accelerated ATZ degradation in US treatment. In offline Fenton, the degradation
rate of ATZ was higher than that of online Fenton, suggesting the offline samples
were still reacting in the vial. The online analysis precisely controls the effect of
reagents over time through automatic sampling and rapid detection, which greatly
improves the measurement accuracy. The experimental set up proposed here both
prevents the degradation of potentially unstable metabolites and provides a good

way to track each metabolite.

Keywords: atrazine metabolite; online sampling-LC-HRMS; Fenton; ultrasound

degradation
1. Introduction

Although the quantity of pesticides in water was significantly reduced in
France between 2008 and 2018 [18], certain molecules, such as atrazine, banned
in Europe since 2003, persist in the environment. Atrazine (2-chloro-4-ethylamino-
6-isopropylamino-1,3,5-triazine) is a triazine herbicide with a wide range of
application, for grassy and broadleaf weed control in corn, sugarcane, sorghum
and other crops [19-22]. However, atrazine is also considered as one of the most
toxic herbicides [23], because it can act as an endocrine disruptor that can produce
damage to the endocrine system, causing a series of pathological changes and
reproductive abnormalities [24,25]. In addition, atrazine is also a potential
carcinogen due to negative impact on human health such as tumors, breast,

ovarian, and uterine cancers as well as leukemia and lymphoma [26,27].

The literature reports numerous attempts aimed at degrading this water
pesticide. The reported treatments are microwave-assisted photo reactions [28],
high voltage electrical discharges [29], ultrasound [12,30], advanced oxidation
processes (AOPs) [31,32] and bioremediation [33]. However, these treatments
produce new molecules which are sometimes even more toxic to humans and the
environment [31,34]. In Fenton oxidation, hydrogen peroxide (H203) is activated by
ferrous (Fe?*) ions to generate hydroxyl radicals (HO-). In ultrasound treatment,
high energy leads to water splitting, generating hydroxyl radicals (HO-) and
hydrogen radicals (H-). Hydroxyl radicals (HO-) dominate the degradation of

atrazine in Fenton oxidation and in ultrasound treatment [12].
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In order to evaluate the performance of these treatments on pesticides
degradation in water, it is essential to use analytical techniques to follow the
evolution of its metabolites during the treatments. Most of the studies use
chromatographic techniques with UV (LC-UV) [29,31,35] detection with or without
mass spectrometry coupling (LC-MS). Compared with low-resolution tandem mass
spectrometry (LC-MS/MS) [36], high-resolution mass spectrometry (LC-HRMS) [37]
has higher accuracy in terms of metabolite characterization and exact mass
specificity. In most cases, the required sampling for the kinetic monitoring of the
degradation is carried out by spot sampling prior to transfer or storage [30,31,38].
When monitoring the kinetics of Fenton reaction, the presence of reagents in the
medium can lead to errors in the estimation of metabolite amounts due to potential
evolution of the samples and incomplete cessation of the reaction. To ensure
reliable observation of the kinetics of each metabolite, automatic sampling can be
combined with the LC-MS system [39]. Fenton reactions or ultrasound (US)
treatments were previously monitored online with detections by Fourier transform
infrared spectroscopy (FTIR) [40], illumination-assisted droplet spray ionization

mass spectrometry IA-DSI-MS [41] or fluorescence [42].

The aim of the present study is to demonstrate the feasibility of monitoring
the kinetics of a Fenton reaction or US treatment by means of LC-HRMS. This
coupling will thus make it possible to increase both the sampling frequency and to
minimize the sample analysis time, allowing access to the most unstable

metabolites [41].
2. Materials and Methods
2.1. Chemicals and Reagents

Solvents and formic acid were purchased from Biosolve Chimie with UPLC-
MS grade (Dieuze, Moselle, France). Atrazine (ATZ), atrazine-D5 (ATZ-D5),
deisopropylatrazine (DIA), deethylatrazine (DEA), deethyldeisopropylatrazine
(DEDIA), hydroxyatrazine (HA) and ammeline (AM) were purchased from Sigma-
Aldrich (St. Quentin Fallavier, France). Buffers were prepared with Milli-Q water,

purified using a Milli-Q system (Millipore, Molsheim, France).
2.2. Internal Standard (IS) Preparation
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Atrazine isotopically labelled with 5 deuterium (ATZ-D5) was used as an
internal standard. To prepare a working IS solution, ATZ-D5 solution of 2 mg/L in

acetonitrile was diluted to 15 ng/mL in distilled water.
2.3. Preparation of Calibration Standard and Quality Control (QC) Samples

Stock solutions of ATZ, DEA, DEDIA, AM, HA and DIA were prepared
separately at 50 mg/L by dissolving accurately-weighed amounts of the compound
in methanol. The working standard solutions of ATZ were prepared by serial dilution
of the ATZ stock solutions with distilled water, to give final concentrations of 10, 5,
2,1,0.5and 0.25 ng/mL. Calibration curve standard samples of ATZ were prepared
by spiking 20 pL of IS solution with 180 pL of working standard solutions. QC

samples were prepared in the same way.
2.4. Sample Preparation

An automatic sampling method was used for the online analysis. Online
samples were taken every 4 min. The reaction solution (4 uL) was automatically
injected into the HPLC, while the IS solution (2 yL) was added when switching the
sampling valve by HPLC auto injector. For offline analysis, the reaction solution (50
ML) was manually mixed with the IS solution (20 yL). Then the 1 pL mixed solution
was injected into the LC-HRMS (see Section 3.5.5).

2.5. Instrumentation and Analytical Conditions
2.5.1. Offline HFUS Experiment with/without Fe?*

Two initial solutions of ATZ (20 mg/L, 50 mL, 4.64 pmol) with/without 10 eq.
Fe?* (13 mg, 46.4 uymol FeSO+ 7H-0) were treated by ultrasound (525 kHz, 80 W)
for 2 h. After these two experiments, 2 x 9 samples were taken (1 mL of final
treatment solution was added to 1.5 mL of vial), 2 x 3 of which were used for 0-day
analysis, and the rest were stored in different refrigerators (4 °C, -20 °C, and
-80 °C). Absolute quantification was performed by LC-UV at 260 nm without
addition of internal standard.

2.5.2. Online Fenton Experiment

The initial solution of ATZ (20 mg/L, 92.72 uymol/L) was prepared by

dissolving ATZ (5 mg, 23.18 umol, 215.68 g/mol) into 250 mL of distilled water.
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Different equivalents of Fenton reagents 10 eq., 5 eq., 2 eq. and 1 eq. were added,
respectively, to four initial solutions of ATZ (15 mL, 1.392 ymol): FeSO4 7H20 (10
eq., 3.9 mg, 13.92 ymol) and 30% H:O: solution (10 eq., 1.422 mL, 13.92 ymol);
FeSO47H20 (5 eq., 1.95 mg, 6.96 umol) and 30% H20; solution (5 eq., 0.711 mL,
6.96 umol); FeS0O47H-0 (2 eq., 1.56 mg, 2.784 pmol) and 30% H->O: solution (2
eq., 0.284 mL, 2.784 pmol); FeSO4+7H20 (1 eq., 0.39 mg, 1.392 ymol) and 30%
H20:2 solution (1 eq., 0.142 mL, 1.392 pmol). Those four reactions were incubated
for 2 h with a magnetic stirrer at 500 rpm. The time t = 0 min corresponds to the

first LCMS sample tested. Fenton reagents were added at t = 4 min.
2.5.3. Online LFUS Experiment with/without Fe?*

The initial solution of ATZ (15 mL, 1.392 umol) without Fe?* was treated by
ultrasound (50 kHz, 70 W) for 2 h. Then, in another controlled experiment with Fe?*,
the initial solution of ATZ (15 mL, 1.392 pmol) was treated by ultrasound (50 kHz,
70 W) in the same way, but after 4 min FeSO4+7H>0 (10 eq., 3.9 mg, 13.92 pmol)
was added. As the temperature rose during ultrasonic treatment, a water circulating

cooling device was used on the outer wall of the reaction system.
2.5.4. Offline Fenton Experiment

Nine initial atrazine solutions (7.5 mL, 0.696 umol) were divided into three
groups, and then different equivalents of Fenton reagents 10 eq., 5 eq. and 2 eq.
were added, respectively. The reactions were incubated on a magnetic stirrer at
500 rpm. Samples were takenat0 h, 1 h, 2h,4 h, 8 hand 22 h. Attime t = 0 min,

Fenton reagents were not added. At time t = 4 min, Fenton reagents were added.
2.5.5. HPLC-HRMS

Atrazine and metabolites detection and semi quantitative evaluation were
performed by LC-HRMS. The HPLC system (Infinity 1290, Agilent Technologies,
France) with DAD, was connected to a Q-TOF micro hybrid quadrupole time of
flight mass spectrometer (Agilent 6538, Agilent Technologies, France) with
electrospray ionization (ESI). HPLC was carried out on a Thermo Hypersyl Gold
C18 (USP L1) column (100 x 2.1 mm, 1.9 um, 175 A), connected to an Agilent
Infinity 1290 HPLC at 40 °C. The solvent system was A: 0.1% formic acid in Milli-
Q water and B: Acetonitrile. The gradient program began with 5% B, held at 5% for
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0.25 min and ramped to 95% at 3.50 min, held at 95% for 0.5 min. The flow rate
was set at 0.600 mL/min. All compounds’ responses were measured in ESI+ and
were calibrated externally. The ESI Gas Temp was 350 °C, at electrospray voltage
+3800 V. Drying Gaz was set at 10 L/min and Nebuliser was at 30 psi. Fragment
voltage was set at 110 V. HRMS spectrum was registered at 5 Hz in the mass range

of 50 to 1200 m/z with internal calibration.
2.5.6. HPLC-HRMS Online Setup

The system consists of a 20 mL glass reactor with a double wall for
temperature control and an ultrasound probe (Figure 1a). Sampling is carried out
by suction using a peristaltic pump (Welco WMP1-F1.6FB-WP), equipped with a
brushless motor. This pump was used with a voltage of 13 V DC corresponding to
a flow rate of 1 mL/min. A glass tip was inserted into a flexible tube with 1.6 mm
internal diameter connected to a 6-way high pressure valve (Agilent 1316C
module). A sampling loop consists of a capillary tube type thermo viper SST “Black”
(0.18 mm ID x 150 mm). In the initial position, the mixture is recycled to the reactor.
At the time of analysis, the content of the loop is sent to the automatic injector
which simultaneously injects 1 pL of an ATZ-D5 (IS) solution before being
separated and analysed on the LC-ESI-HRMS system. After 50 s, the valve
switches back to its initial state in order to prepare the next sample. The sampling

and analysis cycle have a 4 min duration.

Water cooler
0°C
Pump
us/ INJ :
Fenton (1pl (1))
Reactor 0

HRMS
(Q-TOF)

A B

20ml

11 > pap P | B

Figure 1. (a) Scheme of online sampling setup where, P is the peristaltic pump, F is the
0.2 um filter, A and B is HPLC eluant, L1 is the C18 column. (b) Photo of actual system.

2.6. Data Analysis

Software MassHunter (Version B.07.00, Agilent Technologies, Santa Clara,
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CA 95051, United States), was used for data processing. For Mass Profiler Pro

workflow, an untargeted compound was generated by MFE algorithm
2.7. Compound ldentification

The main metabolites of atrazine were validated by the conjunction of exact
mass, MS/MS fragmentations, and retention time from standards [43]. A
complementary list of metabolites was established from the literature and sought
from the exact mass of the mono-isotope ion, if necessary, verified by MS/MS and

compared in relative retention time compared to data from the literature.
3. Results and Discussion

3.1. Influence of Sample Storage after High Frequency Ultrasound (HFUS)

Treatment

Figure 2 shows the effect of storage time on the concentration of residual
ATZ. At 0-day, the initial ATZ solutions were treated by US experiments with and
without Fe?* respectively (US+Fe?* and US) at room temperature. Samples were
taken after 2 h for LC-HRMS analysis, and then transferred to different
temperatures refrigerators (4 °C, —20 °C, -80 °C) for analysis after 7 and 30 days.

H,0 [+ US] » HO- + H- (1)
HO- + HO- - H,0, (2)
Fe?* + H,0, —» Fe3* + HO- + OH- (3)

High frequency ultrasound (HFUS) used at 525 kHz generates high
temperature and a high-pressure region of bubbles in which hydroxyl radicals (HO")
and hydrogen radicals (H-) are produced by water splitting, and then the self-
combination of radicals HO- gives hydrogen peroxides (Equations (1) and (2)) [44].
Fe?* promotes the regeneration of radical (HO-) from hydrogen peroxide (Equation
(3)) [45]. The combination of Fe2* and HFUS acts in concert towards the production

of hydroxyl radicals (HO-), which promotes the degradation of ATZ. As shown in
Figure 2, at 0-day, the concentration of residual ATZ of US+Fe?* treatment for 2 h

was much lower than that of US treatment for 2 h.
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[C14C (Us)

15 7 B 20C (US+Fe™)
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Il 80°C (US+Fe”)

10 H
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Concentration of residual ATZ (mg/L)

Storage time (Days)

Figure 2. The effect of storage time on the concentration of residual ATZ. At 0-day, the
initial ATZ solutions were treated by HFUS without or with Fe?*, US or US+Fe?".
Conditions: [ATZ]o = 0.093 mmol/L; [FeSO.-7H20]o = 0.93 mmol/L for treatment US+Fe?*;
volume = 50 mL; ultrasound frequency = 525 kHz; reaction time = 2 h (see Section
2.5.1). Samples were taken and then stored at different temperatures (4 °C, -20 °C, and
-80 °C).

In addition, with the increase of storage time, the concentration of residual
ATZ decreased. Lower storage temperature prevented the reduction of residual
ATZ to some extent, but still could not stop the further reactions during storage.
This observation shows the interest of minimizing the interval time between
treatment and its characterization in order to be able to monitor the least stable

metabolites as well as possible.
3.2. Sonolysis and Fenton Reaction Reactor Coupled to LC-HRMS

To minimize degradation caused by the presence of ions or reactive
molecules, automatic sampling was performed directly from the reactor containing
the atrazine solution. Samples were then chromatographically separated.
Conventional sampling followed by LC-MS or LC-MS/MS [12,46] analysis requires
incompressible time of minutes or even days when the instruments are unavailable
for analysis. Our experimental set up (see Section 2.5.6) makes it possible to take
samples in real time and to analyze samples with a cycle of 4 min. A liquid

circulation system was set up through flexible tubes, replaced regularly to limit
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adsorption and release phenomena, and a glass tip in suction was equipped for
sampling. A specially designed peristaltic pump was used, so as to ensure flow
rates on the order of 1 mL/min and limit the dead volume of the sampling loop. A
high-pressure six-way valve ensured a 4 min cycle of sampling and injection into
the HPLC system. This valve was switched to the analysis position, while an
internal standard consisting of ATZ-D5 was injected via the HPLC syringe, and
switched back to sampling mode 50 s after initial analysis time (To), thus allowing

a sampling cycle of 3.10 min before the next chromatographic separation.

Since the treatments last for several hours, it is important to add a constant
quantity of internal standard to the sample, which normalizes the areas of
metabolites’ peaks. Any degradation of the chromatographic separation was
monitored for possible contamination of the ionization source by electrospray and
mass drift of the analyzer, especially when Fe?* ions are present in Fenton
treatments as well as in US+Fe?* treatments. Here, the more portable low-
frequency ultrasound (LFUS) device at 50 kHz was used instead of the unportable
high-frequency ultrasound (HFUS) device at 525 kHz.

Acquisition without prior selection of precursors is possible using the high-
resolution mass spectrometer. This enables non-targeted analysis and helps to

understand the reaction mechanism.
3.3. Related Compounds

The initial substrate ATZ, internal standard ATZ-D5, and other detected
metabolites are shown in Table 1. The “metabolite level” corresponds to the
potential level of transformations from ATZ to metabolite according to the
degradation pathways (see Supplementary Materials Figure S2. Proposed atrazine

degradation pathways scheme).

Table 1. Information of related compounds.

Retention Time

Entries Chemical Molecular Abbreviation Name m/z (min) Metabolite
Structure Formula —— - Level
Online Offline
)C;]
1 X 1 CsHuCINs ATZ Atrazine 2161010 2558  2.178 0
TNNN
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3.4. Degradation Rate of Atrazine
3.4.1. Effect of Fenton Reagents Equivalents

Since the Fenton reagents play an important role in Fenton oxidation,
experiments in different Fenton reagent equivalents were conducted. Here, the
equivalent of Fenton reagents is the ratio of [H202] or [Fe?*] to ATZ, where the

molar concentrations of H-0O; or Fe?* are kept the same.

As shown in Figure 3, under low equivalents of Fenton reagents at 1 eq.
and 2 eq. (The abbreviation “eq.” means equivalent.), the degradation rates were
very slow. Only 25.7% and 37.2% of ATZ were degraded after two hours. However,
increasing the equivalent of Fenton reagents effectively promoted the degradation
of ATZ. It was found that ATZ was rapidly degraded within 20 min under high
equivalents of Fenton reagents at 5 eq. and 10 eq. Then, the degradation rates

slowed down to 89.8% and 92.7%, respectively, in 2 h.
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Figure 3. Time profiles of ATZ degradation for different Fenton reagent equivalents.
Conditions: [ATZ]o = 0.093 mmol/L; [FeSO4-7H>0]o = [H202]o = 0.93 mmol/L, 0.465
mmol/L, 0.186 mmol/L and 0.093 mmol/L for 10 eq., 5 eq., 2 eq. and 1 eq. Fenton

reagents; volume = 15 mL; reaction time = 2 h (see Section 2.5.2).

The promotion effect of Fenton reagents could result from the production of
hydroxyl radicals (HO-). Hydrogen peroxide (H202) was activated by ferrous ion
(Fe?*) to generate hydroxyl radicals (HO-). Radicals HO- were strong oxidants to
degrade organic compounds RH (Equations (3) and (4)). In addition, Fe2* can be
regenerated by the reduction of Fe3* with H202 according to Equation (5). The need
to use a large amount of hydrogen peroxide argues for the exclusion of a radical

chain mechanism. High equivalents of Fenton reagents were more favorable.

Fe?* + H,0, > Fe3* + HO- + OH™ (3)
RH + HO-— H,0 +R- (4)
Fe3* + H,0, > Fe?* + HO,- + H* (5)

3.4.2. Effect of LFUS Treatment with/without Fe?*

For online low-frequency ultrasound (LFUS) treatment at 50 kHz (70 W),
adding or not adding Fe?* showed an obvious difference in ATZ degradation. As
shown in Figure 4, at the first 20 min, the presence or absence of Fe2* had little
effect on ATZ degradation, but after 30 min, the degradation rate of ATZ was
significantly increased by the activation of Fe?*. A large number of transformations

are in competition [47], according to the following admitted Equations (1)-(9).

However, experimentally we can observe a beneficial effect on the generation of

radicals both by ultrasound and the presence of ferrous ions.

Fe?* + HO- —» Fe3* + HO™ (6)
Fe?* + HO,- —» Fe3t + HO; (7)
Fe3* + HO,- > Fe?"+0,+H" (8)
H,0, [+ US] - 2HO- (9)

Indeed, the mechanism of ultrasound is the implosion of the bubble with
85



Chapter lll. Development and validation of analytical methods for real-time monitoring atrazine
degradation process by HPLC-HRMS

high energy, followed by the generation of hydroxyl radicals (HO-) and hydrogen
radicals (H-) from water and hydrogen peroxide dissociation (Equations (1) and
(9)). At the same time, HO- could be consumed by the in-situ H20, formation
occurring in the bulk solution due to the radicals’ recombination (Equation (2)),
which is not conducive to ATZ degradation. Fe2* promotes ATZ degradation,
possibly because it reacts with H202 and re-releases HO- (Equation (3)). Other
transformations and recombination involving the radicals are possible and are not

exhaustively reported.
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Figure 4. Time profiles of ATZ degradation during LFUS treatment with or without

Fe?* (US or US+ Fe?"). Conditions: [ATZ]o = 0.093 mmol/L; [FeSO.-7H20]o = 0.93 mmol/L

for treatment US+ Fe?*; volume = 15 mL; ultrasound frequency = 50 kHz; reaction time =
2 h (see Section 2.5.3).

3.4.3. Atrazine Degradation of Offline Fenton Experiments

In order to study the effect of the Fenton oxidation reaction time on ATZ
degradation, offline Fenton experiments were conducted. As shown in Figure 5,
the reaction time had a great influence on the ATZ degradation. Regardless of the
equivalents of Fenton reagents, the degradation rate of ATZ increased with time,
and it was almost completely degraded after 8 h. In addition, comparing with Figure
3, at 2 h, for the same equivalent of Fenton reagents, the ATZ degradation rates of
offline Fenton seem to be greater than that of online Fenton. For example, after 2
h, the ATZ degradation rates of online Fenton at 2 eq., 5 eq. and 10 eq. are 37%,
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90% and 93%, respectively (Figure 3), while that of offline Fenton at 2 eq., 5 eq.
and 10 eq. are 47%, 90% and 94% (Figure 5). This is probably because the solution
in the vial was still reacting after sampling, as we were able to observe during the
stability tests (Figure 2). So, in order to improve accuracy, online HPLC-HRMS

analysis is necessary, which can monitor the reaction process in real time.
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Figure 5. Time profiles of ATZ degradation during offline Fenton treatment for different
equivalents of Fenton reagents. Conditions: [ATZ]o = 0.093 mmol/L; [FeSO4 7H>0]o =
[H202]o = 0.93 mmol/L, 0.465 mmol/L and 0.186 mmol/L for 10 eq., 5 eq. and 2 eq_;

volume = 15 mL (see Section 2.5.4).
3.5. Kinetics of Metabolites

The equivalents of Fenton reagents affect the production of metabolites
during the reaction. As shown in Figure 6, the kinetics of metabolites varies from
the different equivalents of Fenton reagents. Generally, the kinetics of metabolites
in high equivalents of the Fenton reagents system are more complicated, with more
products, especially late degradation products such as AM [12]. With 1 and 2 eq.
of oxidants, corresponding to the Fenton process (Figure 6a,b), 8 metabolites (DEA,
DIA, CDET, CDIT, ODIT, CNIT, HAHT, and CVIT) were detected, but their changing
trends were different. With 1 eq. Fenton reagents (Figure 6a), CDIT increased
rapidly in the first 30 min until it reached about 4% and tended to balance; HAHT
was more than CDIT in the first 20 min, but then its growth rate slowed down until

the final 3.4%; other main products were DIA, CVIT and ODIT. With 2 eq. Fenton
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reagents (Figure 6b), CDIT reached balance earlier and was greater than 4%;
HAHT increased faster and eventually surpassed CDIT; other main products were
DIA, CVIT and CNIT.
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Figure 6. Kinetics of metabolites in online Fenton process. (a) Fenton reagents 1 eq.; (b)
Fenton reagents 2 eq.; (¢) Fenton reagents 5 eq.; (d) Fenton reagents 10 eq. (see
Section 2.5.2).

With 5 eqg. and 10 eq. Fenton reagents (Figure 6c¢,d), except the above 8
metabolites (DEA, DIA, CDET, CDIT, ODIT, CNIT, HAHT, and CVIT), another 5
metabolites (DDA, CDAT, CDDT, ODDT, and AM) were detected. In addition, a ring-
broken compound CBOI was found in the 10 eq. Fenton process. In general, for a
high equivalents Fenton process, the metabolites increased rapidly in the first 20
min due to the quick activation of H>02 by Fe?*, and also more late degradation
products were generated due to a higher concentration of hydroxyl radicals (HO").
With 5 eq. Fenton reagents (Figure 6¢), CDIT, HAHT, DIA, CVIT, and CNIT were

still the main products; CDET increased in the first 30 min and then decreased;
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other main products were DEA, ODDT, and CDDT, which increased slowly; smaller

molecules DDA and AM appeared. In the 10 eq. Fenton process (Figure 6d), the
main products CDDT, CDIT, DIA, and DEA were all firstly increased and then
decreased; other main products CDAT, CDET, ODIT, ODDT, and HAHT were all
increased until they reached balance; DDA had a small peak around 55 min, while

AM was still a small amount as well as the ring-broken compound CBOI.

As shown in Figure 7, ferrous ion Fe?* has an effect on the kinetics of
metabolites during the US process. Six metabolites (DEA, DIA, CDIT, ODIT, and
HA) were detected in US treatment without Fe?* (Figure 7a), while 3 more
metabolites (DEHA, CDET, and ODET) were detected in US treatment with Fe2*
(Figure 7b). When using ultrasound without Fe?*, the metabolites increased very
slowly in the first 20 min. This is probably because the initial US cavitation had not
produced enough hydroxyl radicals (HO-). The main product DIA increased to the
maximum at 40 min and then decreased, while the second main product CDIT
increased in the first 60 min and then reached balance. DEA increased slowly all
the time; ODIT increased suddenly at 40 min and then approached DEA. When
using ultrasound with Fe?*, DIA and DEA increased to the maximum at 30 min and
76 min, respectively, and then decreased. ODIT linearly increased. In comparison,
adding Fe?* promoted the generation of dealkylation products (DIA and DEA), and
the dichlorination products (ODIT, ODET, HA and DEHA), but inhibited the

generation of acylation products CDIT.

(a) 0.05 (b) 0.05
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Figure 7. Kinetics of metabolites in online LFUS 50 kHz process. (a) Without 10 eq.
Fe?*; (b) With 10 eq. Fe** (see Section 2.5.3).
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In Fenton oxidation, the substitution of chlorine by hydroxyl is favored by the
increase of Fenton reagents’ amount (Table 2). However, the ratio of metabolites
without chlorine to metabolites with chlorine is relatively stable over time in the
case of the Fenton reaction, regardless of the amount of Fenton reagents once the
threshold of 50 min has been reached. This result is consistent with the previous

work [48] which proposed a practical model for predicting ATZ decay performance

based on the Fenton reagents. In this model, Fenton’s process can be
characterized as a process with two stages (i.e., a rapid stage | followed by a
retarded stage Il). In rapid stage |, the rapidly generated HO- radicals prioritized
the allylic-oxidation and the dealkylation of ATZ, competing with the dechlorination
of ATZ. In retarded stage IlI, HO- radicals were deficient, but some less reactive
radicals (HOO- and O2-) presented. These less reactive radicals were not active
enough to oxidize ATZ, but were still useful in oxidizing selective intermediates.
Therefore, although dechlorinated products were slowly increasing, chlorinated
products remained at a high level throughout the Fenton process due to the rapid

initial production and consumption of HO- radicals.

As proposed in previous works [12,49], in the US system, ATZ molecules
mainly congregate and decay at the gas bubble interfaces, and only a small
proportion decayed in the bulk solution because HO- radicals concentrate and
react at the surface of bubbles. Radicals HO- tend to degrade ATZ through allylic
oxidation and dealkylation. So, at the bubble interfaces, ATZ is rapidly converted
to chlorinated products. These chlorinated products and ATZ re-diffused to the
bubble interface will be continuously degraded by newly generated HO- radicals,
followed by the gradual increase of dechlorinated products. Furthermore, Fe2* can
release C radicals through the Fenton reaction with H.O2 generated from the self-
combination of HO- radicals. Therefore, in the US+Fe?* system, there are more
HO- radicals than in the US-only system, which contributes to the increased ratio
of dechlorinated products to chlorinated products (Table 2). This ratio increases
obviously over time, in contrast to Fenton’s, because HO- radicals are continuously
generated in the US system but rapidly generated and depleted in the Fenton

system.
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Table 2. Distribution of metabolites by ring substituent during treatments after 50 and 100

min, respectively. *

50 min 100 min
Treatment Ring Ring
Cl OH C/C(ATZ) CI OH C/Co(ATZ)
Opening Opening
aFenton_leq. 92.56% 7.44% 84.08%  93.32% 6.68% 77.75%
aFenton_2eq. 94.20% 5.80% 72.84%  94.45% 5.55% 65.00%
aFenton_5eq. 91.23% 8.77% 31.02%  89.30% 10.70% 16.90%

aFenton_10eq. 85.70% 13.19% 1.10% 17.27%  83.37% 14.92% 1.71% 9.46%

US_50 kHz 89.86% 10.14% 84.73%  86.44% 13.56% 82.81%

b US_50 kHz + Fe?* 81.01% 18.99% 76.80%  64.54% 35.46% 67.62%

* The sum of the percentages containing chlorine, hydroxyl groups, and ring-opening products was 100%. @
Keeping the same molar concentrations of FeSO4+-7H20 and H20:, different equivalents of Fenton reagents
were used on the degradation of atrazine by Fenton oxidation. ® 10 eq. FeSO+-7H20 was added to the
degradation of atrazine by ultrasound at 50 kHz.

For Fenton oxidation, whatever the amount of iron, amidation is the most
observed process followed by dealkylation after 50 min (Table 3), which is in
agreement with the most recent work [46]. In the context of the use of ultrasound,
a simple transformation of ATZ to HA is observed, as also observed by Shi when
using a catalyst [50]. Fenton reactions mainly produce metabolites by amildation.
Petrier [30] proposed a mechanism suited to the operating conditions. Ultrasonic
reactions produce more abundant dealkylated compounds, to the detriment of

amides, hydroxy and dehydrogenated.

Preferential oxidation paths are observed depending on the quantity of
hydroxyl radicals produced and available. The greater this quantity of radicals, the
deeper the oxidation, up to an opening of the aromatic ring. In the light of these
first results, it would be interesting to follow some degradation products such as
CNIT to identify their evolution either towards CDIT or towards imines that can

serve as intermediaries for the creation of dealkylated metabolites.

Table 3. Distributions of metabolites by type of transformation during treatments after 50

and 100 min, respectively. *

91



Chapter lll. Development and validation of analytical methods for real-time monitoring atrazine
degradation process by HPLC-HRMS

Substitution
Dehydrogenati
Treatment Amidation  Dealkylation Hydroxylation (Conversion of
on
ATZ to HA)
50 min

Fenton_1 eq. 47.65% 16.58% 10.81% 24.96%
Fenton_2 eq. 38.33% 14.15% 11.37% 36.15%
Fenton_5 eq. 47.46% 29.32% 8.45% 14.77%
Fenton_10 eq. 61.77% 32.39% 0.70% 5.14%

US_50 kHz 41.94% 57.51% 0.55%
US 50 kHz +

15.82% 80.14% 4.04%
FeZ+
100 min

Fenton_1 eq. 43.96% 17.23% 11.01% 27.80%
Fenton_2 eq. 37.40% 14.21% 11.56% 36.83%
Fenton_5 eq. 43.58% 26.04% 9.64% 20.75%
Fenton_10 eq. 67.20% 26.82% 0.71% 5.27%

US_50 kHz 47.09% 52.04% 0.88%
US_50 kHz +

28.44% 63.32% 8.25%
FeZ+

* The sum of the percentages of each transformation was 100%.
4. Conclusion

In this work, the atrazine degradation process of Fenton/US treatment was
monitored in real-time by an online HPLC-HRMS analysis system. Compared with
offline analysis, online analysis can avoid additional reactions after sampling, which
greatly improved measurement accuracy. In addition, this online method is
effective because of automatic sampling and it only takes 4 min analysis time.
During analysis, ATZ, ATZ-D5, and seventeen metabolites were identified by
accurate mass measurement, which provided abundant information on the atrazine
degradation process. The results showed that high equivalents of Fenton reagents
promoted the degradation rate of ATZ and the generation of late degradation
products such as AM. In addition, adding Fe?* accelerated ATZ degradation in US
treatment. The kinetics of metabolites in different conditions was useful for
mechanisms research. However, because of the complexity of the reaction process,
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there are still compounds that are difficult to detect, especially the small and trace
molecules. Therefore, for follow-up work, set-up improvement and conditions
optimization will be conducted, so as to expand the upper and lower detection limits

and improve detection accuracy.

Supplementary Materials: Table S1: Metabolite identification of Fenton oxidation
(2 eq. Fenton reagents) and ultrasound treatment (US 50 kHz + Fe?*) after 50 min;
Figure S1: Extracted ion chromatogram (LC-ESI+) during the degradation of
atrazine in automatic sampling during the experiment of 2 eq. Fenton reagents (m/z
1 20 ppm); Figure S2: Proposed atrazine degradation pathways scheme. The red
and blue boxes, respectively, indicate the main products of Fenton oxidation (2 eq.

Fenton reagents) and ultrasound treatment (US 50 kHz + Fe?*) after 50 min.
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Table S1. Metabolite identification of Fenton oxidation (2 eq. Fenton reagents) and

ultrasound treatment (US 50 kHz + Fe?*) after 50 min.

Molecular

rt

C/CO(ATZ)_ Color marking:
greater than 0.5 %

formula Abbreviation | Name miz (min) |2 eg. Fenton |US 50 kHz
reagents + Fe?t
CsHoDsCINs | ATZ-D5 Atrazine-D5 221.1324 | 2.58 IS
CsH14CINs | ATZ Atrazine 216.1010 | 2.56 72.842 % 76.801 %
CsH12CINsO | CDIT Atrazine amide 230.0804 (2.09 |4.608 % 0.127 %
2-({4-chloro-6-[(1-
hydroxyethyl)amino]-1,3,5-
CsgH14CINsO2 . . 248.0909 | 2.21 | 4.479 %
triazin-2-yl}amino)propan-2-
HAHT ol
CsHsCINs | DIA Deisopropylatrazine 174.0541|1.62 |2.117% 3.649 %
6-chloro-N2-ethenyl-N4-
CsH12CINs (propan-2-yl)-1,3,5-triazine- | 214.0854 | 2.07 | 1.899 %
CVIT 2,4-diamine
1-({4-chloro-6-[(propan-2-
CsgH14CINsO yl)amino]-1,3,5-triazin-2- 232.0960|1.87 |1.562 %
CNIT yl}amino)ethan-1-ol
CsHisNsO2 | ODIT Hydroxyatrazine amide 2121142121 |1.072% 0.892 %
C7H10CINsO | CDET Simazine amide 216.0647 (1.82 |0.641 %
CesH10CINs | DEA Deethylatrazine 188.0698 | 1.91 0.247 % 3.073 %
CsHeCINsO | CDAT Deisopropylatrazine amide 188.0334 | 1.26 | 0.047 %
N-[6-(Ethylamino)-4-oxo-1,4-
C7H11Ns02 dihydro-1,3,5-triazin-2- 198.0986 | 1.08 | 0.037 % 0.327 %
ODET ylJacetamide
C3HsNsO | AM Ammeline 128.0567 | 0.49
CsH4CINs | DDA Didealkylatrazine 146.0228 | 1.02
C3HsN3O4 | CBOI 1-carboxybiuret 148.0353 | 0.42
CeH11NsO | DEHA Deethylhydroxyatrazine 170.1037 | 0.81 0.097 %
CsHisNsO | HA Hydroxyatrazine 198.1350 | 1.23 0.343 %
C7HoNsOs N.N-(6-hydroxy-1,3,5- 212.0778 | 1.14
OoDDT triazine-2,4-diyl)diacetamide
C7HsCINs Oz NN-(6-Chloro-1,3,5riazine- | 1 0440 | 1.45
CDDT 2,4-diyl)diacetamide
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Figure S2. Proposed atrazine degradation pathways scheme. The red and blue boxes respectively indicate the main products of Fenton

oxidation (2 eq. Fenton reagents) and ultrasound treatment (US 50 kHz + Fe?*) after 50 min, according to the data from table SI.1.
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[11.3. Chapter conclusion

The main point of Chapter Il is to establish an online analytical method for
monitoring the degradation process of atrazine in real time. That is, sample was
automatically abstracted from the reaction device through a peristaltic pump, and
injected into the high-performance liquid chromatography coupled with high
resolution mass spectrometry (HPLC-HRMS) analysis system, with a cycle of
every four minutes. Considering the portability of the reaction device, Fenton
oxidation and ultrasound were chosen to explore the feasibility of monitoring the
degradation process. The results showed that offline monitoring suffered from large
data deviations due to sample storage and transfer, while real-time monitoring
avoided this problem, captured potentially unstable compounds and accurately
obtained the metabolic kinetics. In addition to atrazine and atrazine-D5, 17
degradation metabolites were detected and identified. The distribution of these
metabolites during different degradation processes indicated that US treatment
was more prone to hydroxyl substitution of chlorine than Fenton oxidation, and the

less toxic product hydroxyatrazine (HA) was only detected in US treatment.

Fenton oxidation and US treatment showed different degradation
behaviours in atrazine degradation. In Fenton oxidation, atrazine was rapidly
degraded within the first few minutes, and higher equivalent amounts of Fenton's
reagent are more effective. This is related to the rapid consumption of hydroxyl
radicals *OH activated through the Fenton reaction at the beginning. Conversely,
atrazine degradation remained slow in US treatment and was improved by the
addition of ferrous ions Fe2*. This is because the cavitation effect of low-frequency
ultrasound is not strong enough, resulting in limited hydroxyl radicals *OH obtained
from water splitting, and the hydroxyl radicals «OH will be consumed by self-
combination into hydrogen peroxide H>O,. The additive ferrous ions Fe2* may react
with H2O_ via Fenton oxidation and release *OH, which contributes to degrade

more atrazine.

It is very useful to study the degradation kinetics of atrazine and the
formation kinetics of metabolites by this online analytical method. This lays the
foundation for studying the degradation kinetics of more treatment processes, such
as HVED, and further exploring the reaction mechanism of atrazine degradation.
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Chapter IV. Effects of different technologies (HVED, US and Fenton oxidation)

on atrazine degradation
IV.1. Chapter introduction

The above Chapter Il demonstrated the feasibility of using Fenton oxidation
and 50 kHz ultrasound for the degradation of atrazine, but neither method was
good enough. Although atrazine was degraded by Fenton oxidation with high
efficiency (>90%, after 2 h), it was not environmentally friendly and produced more
toxic degradation metabolites such as deethylatrazine (DEA), deisopropylatrazine
(DIA) and ammeline (AM). In addition, the degradation efficiency of atrazine by low-
frequency ultrasound at 50 kHz was very low (<50%, after 2 h). The chemical
structure of atrazine is stable and its degradation metabolites are diverse and toxic,
so it is necessary to find a new efficient and low-toxic degradation method for
atrazine degradation. In recent years, high-voltage electrical discharges (HVED)
have received more and more attention in wastewater treatment [1]. It is
considered as a promising wastewater treatment technology due to its high
efficiency and environmental compatibility [2]. Therefore, HVED was used in

atrazine degradation in this chapter.

Although HVED technology has been used to degrade atrazine, there is
currently no complete analysis of the kinetics and mechanism of metabolite
formation [3, 4]. So, in this chapter, HVED technology was applied to the rapid and
deep degradation of atrazine, in comparison with chemical method Fenton
oxidation and physical method ultrasound at 525 kHz. Besides, a combined
approach was attempted, whereby additional Fenton's reagent was added to the
HVED treatment and ultrasound treatment to pursue higher atrazine degradation
efficiency. Metabolite formation kinetics during atrazine degradation processes
monitored by the HPLC-HRMS analysis system (introduced in Chapter Ill) helped
understand the degradation pathways of different treatments and contributed to
proposing detailed degradation mechanisms. Moreover, the degradation efficiency

and energy consumption of different treatments are discussed at the end.

More details can be found in the next section IV.2 “Degradation of

herbicide atrazine in water by high voltage electrical discharge in
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comparison with Fenton oxidation and ultrasound treatments”, which is
published in the journal “RSC Sustainability”. It was conducted under the direction
of Prof. Nabil GRIMI, Dr. Franck MERLIER, Dr. Nadia BOUSSETTA and Dr. Gérald
ENDERLIN.

I\V.2. Degradation of herbicide atrazine in water by high voltage electrical discharge

in comparison with Fenton oxidation and ultrasound treatments

Abstract

Atrazine, the most commonly used herbicide, has been reported to pollute
the water environment and do harms to humains health. It is thus urgent to find an
efficient way to degrade atrazine. Although various advanced oxidation processes
including high voltage electrical discharge (HVED) have been applied to degrade
atrazine, the formation kinetics of its metabolites are still incomplete, and the
detoxification of the degradation process remains to be clarified. Here, the
degradation of atrazine by HVED was investigated, in comparison with traditional
Fenton oxidation and ultrasound treatment. Nineteen metabolites of atrazine
degradation were identified and quantified by high performance liquid
chromatography coupled with high resolution mass spectrometry (HPLC-HRMS)
techniques. Results show that, HVED is more advantageous because of its high
degradation rate of atrazine (89%), short processing time (1000 s, corresponding
to 10 ms effective time), and the presence of less toxic main metabolites
Hydroxyatrazine. Hydroxyl radicals ("OH) play an important role on atrazine
degradation. Adding ferrous ions (Fe?*) during HVED and ultrasound processes,
benefits to degradation of atrazine, because of ‘OH radicals released from
hydrogen peroxide (H20.). Based on the formation kinetics of atrazine degradation
metabolites, detailed mechanisms of atrazine degradation pathways were

proposed.

Keywords: atrazine; degradation techniques; electrical discharge; ultrasound;

Fenton oxidation; mechanism
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Sustainability spotlight

The growing harvests have been increased by using pesticides extensively
in response to the global food crisis. The health effects of excessive pesticide
residues in drinking water may be severe. The widely used herbicide atrazine and
its metabolites can remain in the environment for decades due to their stability and
refractory degradation, becoming a major source of pollution. There is thus a strong
need to efficiently degrade these persistent organic pollutants. Herein high voltage
electrical discharges were applied to achieve rapid and deep degradation of
recalcitrant pesticides. At the same time, we supplemented the data of pesticide
degradation metabolites. Our work aligns with UN SDG 6 (water and sanitation)

and SDG 12 (chemicals and waste management).
1. Introduction

As the production of agriculture has developed, pesticides have become
increasingly important for controlling pests and weeds. However, the overuse of
pesticides has been a source of concern for environmental pollution issues[5] and
inherent impacts on human health[6]. Among these pesticides, atrazine is the most
commonly used chlorotriazine herbicide to control weeds.[7] Atrazine's low
biodegradability and high soil mobility make it persistent in non-agricultural soils[8],
ground - and surface water[9]. Atrazine was reported as endocrine disrupting
chemicals (EDCs) causing a threat to the reproductive system of mammals[10],
amphibians[11], and fishes[12]. Although European Union announced a ban of
atrazine in 2003,[13] it is still extensively used in the United States[14], Brazil[15],
and other countries[16]. The degradation of residual atrazine is thus becoming an
urgent issue for environmental protection, especially for water security which is
listed as a priority by the "European Green Deal" proposed by the European
Commission. The degradation of chemically stable atrazine is challenging, and
common water treatment technologies are limited by trace organic
concentrations[17] and strictive fouling control[18], so there is increasing effort to
develop efficient advanced oxidation processes[7], such as Fenton/Fenton like
oxidation[19-21], ultrasounds[22-24] and so on. Among them, high voltage
electrical discharge (HVED) has attracted more attention because of its

advantages, high degradation efficiency and environmental friendliness.
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During the HVED process, the electrical discharge plasma (a partially or
fully ionized gas consisting of electrons, free radicals, ions and neutrals) is
generated in a high voltage reactor[1]. This process is simultaneously affected by
physical and chemical effects, generating various oxidizing species. The generated
oxidizing species, such as hydroxy radicals (‘OH), greatly promote the degradation
of pollutants. Previous works[25, 26] demonstrated the viability of plasma for waste
water treatment. To date, the application of HVED technology for atrazine
degradation is still under development. Based on the plasma-phase distribution,
the existing examples of atrazine degradation by HVED can be divided into two
cases: one is direct discharge in water (electrohydraulic discharge)[27, 28], and
the other is discharge in the gas phase[3, 29-34]. However, these reported works

are incomplete on the formation kinetics of atrazine degradation metabolites.

Here, the energy was directly injected into the atrazine aqueous solution
through a plasma channel formed by HVED between two submersed electrodes.
It was aimed at investigating the ability of HVED system to degrade atrazine in
aqueous solution; comparing the results with other chemical degradation technique
(Fenton oxidation) and physical degradation technique (ultrasound); studying the
effect of Fe2* on atrazine degradation; identifying atrazine degradation metabolites
by high performance liquid chromatography coupled with high resolution mass
spectrometry (HPLC-HRMS) analysis system[35]; proposing detailed mechanisms
of atrazine degradation pathways based on the formation kinetics of atrazine

degradation metabolites.
2. Materials and Methods
2.1 Materials

LC-MS grade solvents and formic acid were bought from Biosolve Chimie
(Dieuze, France). Atrazine and the internal standard Atrazine-D5 were bought from
Sigma-Aldrich (St. Quentin Fallavier, France). In the preparation of the buffer
solution, Milli-Q water purified with the Milli-Q system of Millipore (Millsheim,
France) was used. Iron (ll) sulfate heptahydrate (FeSO4-7H-0) was purchased
from Acros Organics with a purity of 99.5%. Hydrogen peroxide (H20.) was
purchased from Alfa Aesar with a purity of 35%.
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2.2 Methods

Figure 1 shows the experimental set up. The initial atrazine aqueous solutions of
20 mg/L were treated by three degradation methods including HVED, ultrasounds
and Fenton oxidation. After degradation, the treated fluid containing a mixture of
atrazine and its metabolites was analyzed by HPLC-HRMS. The qualitative and
quantitative analysis was conducted by Agilent MassHunter Workstation software
(Version B.07.00, Agilent Technologies, Santa Clara, CA 95051, United States).

| Atrazine aqueous solution (20 mg / L} ‘

Agilent masshunter workstation software

HVED treatment Qualitative and quantitative analysis

40 kV, 10 kA, 1 Hz
L= 1to 10 ms g — '

Fenton Oxidation — f— ' HPLC-HRMS (High resolution mass spectrumetrg,l alnal\rsis}

10 eq. Fenton reagent 3 -
(FeSO, - TH, 0 and H,0,) . Z
-: L‘_ US ganarahor

Ultrasound . e
s -5 N Ar———

High frequency: 525 kHz, 80w | =¥ [ t

towlrequency: S0ktte, 70 W T I ’ -[ A mixture of atrazine and its metabolites ‘

Figure 1. Schema of the experimental procedures.

2.3 HVED treatment

Figure 2 shows the schematic of the treatment chamber and pulse protocols
for HVED. The high voltage electrical discharges were applied in a treatment
chamber with a capacity of 1 L, using an electrical generator (Basis, Saint-Quentin,
France) supplying a voltage of 40 kV, a current of 10 kA, and a frequency of 1 Hz.
The generated pulses have a duration of approximately 10 ys. The average energy
of an electric pulse supplied by the generator, is W1 puise = 200 J/Pulse. The atrazine
solution was introduced between two stainless steel electrodes. The first point
electrode is connected to the generator; the second, a plane electrode is connected
to the ground. The electrical treatment consisted in applying n pulses (or n electrical
discharges) in liquid. The total processing time was 1000 s (the total effective time

was 10 ms).
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Figure 2. Schematic representation of HVED (a) treatment chamber and (b) pulsed

protocols.

A volume (250 or 500 mL) of the initial atrazine aqueous solutions (20 mg/L,
0.093 mmol/L) was added in the treatment chamber, which then treated by HVED.
The initial concentration of ferrous sulfate FeSO4 7H>0 was 0.93 mmol/L in HVED
experiments adding Fe?*. In addition, to study the effect of dissolved oxygen in
discharge system, the degradation of atrazine under argon atmosphere was
studied. A volume (500 mL) of the initial atrazine aqueous solutions (20 mg/L, 0.093
mmol/L) was degassed, and poured into the treatment chamber filled with an argon
atmosphere, which then treated by HVED. Samples were taken at 0, 100, 200, 400,
700 and 1000 s, and the corresponding effective time was 0, 1, 2, 4, 7, 10 ms. With
a frequency of 1 Hz, the corresponding number of pulses was 0, 100, 200, 400,
700 and 1000. The specific energy consumption of HVED, Whvep (J/L) was

calculated as follow:

Whvep = (W1 puise X n)/V (D

Where W1 puse is the average energy of one pulse (J/Pulse); n is the number

of pulses; Vis the treated volume (L).
2.4 Ultrasound treatment

For high frequency ultrasound, the atrazine solution (50 mL, 20 mg/L, 0.093
mmol/L) was poured into a 250-mL cup-shaped horn-type ultrasonic reactor
purchased from SinapTec (Lezennes, France), and passed through a constant
frequency of 525 kHz with 80 W power. The air flow was passed through the
interlayer of the inner and outer walls to stabilize the temperature at 50 °C.

For low frequency ultrasound, an ultrasonic processor (Vibra-Cell 72434,
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Fisher Scientific, lllkirch, France) at 50 kHz frequency with 70 W power was applied.
The atrazine solution (50 mL, 20 mg/L, 0.093 mmol/L) was poured into a 100-mL
flat-bottom flask. The probe tip was placed at the center of the liquid. Temperature
was kept at 50 °C by water bath. The total treatment time was 8 h. Sampling at 0,
1, 2, 4 and 8 h. The initial concentration of ferrous sulfate FeSO47H2>0 was 0.93
mmol/L in ultrasound experiments adding Fe?*. The specific energy consumption

of ultrasound, Wuys (J/L), was calculated as follow:

Wys = (Pys X ) /V (2)

Where Pus is the power (W); t is the treatment time (s); V is the treatment

volume of the liquid (L).
2.5 Fenton oxidation treatment

Three initial atrazine solutions (50 mL, 20 mg/L, 0.093 mmol/L) were poured
into three 100-mL flat-bottom flasks with magnets, and 10 eq., 5 eq. and 2 eq.
equivalents of Fenton reagents (The ratio of initial FeSO47H20 or H-O2 molar
concentration to initial atrazine molar concentration was 10, 5 and 2, where
[FeSO4-7H20]o = [H202]o = 0.93 mmol/L, 0.465 mmol/L and 0.186 mmol/L.) were
added, respectively. The reaction lasted for 8 h. Sampling at 0, 1, 2, 4 and 8 h.

2.6 Analysis by HPLC-HRMS

Atrazine and its metabolites detected and quantified by HPLC-HRMS. A
diode array detector (DAD) type HPLC system (Infinity 1290, Agilent Technologies,
France), was connected with a micro hybrid quadrupole time of flight (Q-TOF) and
electrospray ionization (ESI) type mass spectrometer (Agilent 6538, Agilent
Technologies, France). HLPC analyses were performed using a Thermo Hypersil
Gold C18 (USP L1) column (100 x 2.1 mm, 1.9 um, 175 A) at 40 °C. Eluents A and
B consisted of 0.1% (v/v) formic acid in deionized water and 100% acetonitrile,
respectively. The elution profile was 0-0.3 min 5% B, 0.3-1.7 min 5-30% B (linear
gradient), 1.7-3.5 min 95% B (linear gradient), 3.5-4 min 95% B. The flow rate was
0.600 mL/min. The responses of compounds were measured in positive ESI mode
with external calibration. By using the electrospray scan mode with a frequency of
5 Hz in the mass range of 50 to 1200 m/z and an electrospray voltage of 3800 V,
fragment voltage of 110 V, positive ion electrospray mass spectra were obtained.
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The atomizing nitrogen temperature was 350°C, the pressure was 30 psi, and the

flow rate was 10 L/min.

3. Results and discussion

3.1 Atrazine and its detected metabolites

The abbreviations of atrazine and its detected metabolites are shown in

Table 1.

Table 1. Atrazine and its detected metabolites.

Abbreviatio Structure Formula Name m/z Refentlo  Detected
n nTime  process
Cl
ATZ o~ 1 ComhaCiNs Atrazine 218401 5 558
Y
Cl
DEA N‘*\ L CebhaCiNs Deethylatrazine 188069 1 910
N
Cl
DIA )*N CsHsCINs Deisopropylatrazine 174.054 1.620
)‘\ 1
HoN™ N7 NHS
¢ 6-chloro-N2-ethenyl-N4- Al
v | N‘)*N CoHuCINs  (propan-2y)-135-  “4%%° 2070 yeament
NHJ\N/ NE: triazine-2,4-diamine s (HFUS,
cl N-[4-Chloro-6- LFUS,
CDIT I N‘*N 0 Cschz)ClNS (isopropylamino)-1,3,5- 2304080 2.091 Fenton,
TN triazin-2-yllacetamide HVED)
oH N-[4-Hydroxy-6-
OoDIT /L N‘&N Q CsH13NsO2 (isopropylamino)-1,3,5- 212é114 1.213
RO triazin-2-ylJacetamide
¢l N-[4-Chloro-6-
CDET 0 N‘*N C7H1c°)C|N5 (ethylamino)-1,3,5- 216%064 1.820
VTN triazin-2-ylJacetamide
oH N-[6-(Ethylamino)-4-oxo-
ODET N‘*N o CiHuNsO2  1,4-dihydro-1,3,5-triazin- 1986098 1.082
/\NHJ\N/ NHlk 2-yllacetamide
OH
HA N‘)*N J\ CsH15NsO Hydroxyatrazine 198(')135 1.233
ZSNH NN
oH All
A . 170.103 treatment
DEHA NN CsH11Ns0 Deethylhydroxyatrazine . 0.810
HZN)‘\N/ NHJ\ 6TtiNs yihyaroxy 7 sFex<iept
enton
OH
DIHA N‘)§N CsHoNsO Delsopropylhydroxyatraz 156.088 0.560
A~ ine 0
HoN™ N7 ONH
¢ N-(4-Amino-6-chloro-
CDAT /Nﬁ\w 9 CsHCINO 1,3,5-triazin-2- 1880033 1 264 Al
HoN" N7 NH yl)acetamide treatment
o N-(4-Amino-6-hydroxy- S except
OEAT )NﬁN CsHiNsO2 1,3,5-triazin-2- 170067 9727 HVED

yl)acetamide

110



Chapter IV. Effects of different technologies (HVED, US and Fenton oxidation) on atrazine

degradation
Abbreviatio Retentio  Detected
Structure Formula Name m/z Ti
n nfime  process
¢ N,N'-(6-Chloro-1,3,5-
CDDT 9 N‘)*N o  C7HeCINsO triazine-2,4- 230(')044 1.451
)kNH N NHk 2 diyl)diacetamide
OH N,N'-(6-hydroxy-1,3,5-
OoDDT o] N‘&N o C7HgNsO3 triazine-2,4- 212é077 1.141
B NS Tt diylydiacetamide
/(Ji
DDA Sy C3H4CINs Didealkylatrazine 146022 1023 Al
HoN™ NTNH, treatment
)o\H 128.056 s except
AM O C3HsNsO Ammeline - 0.490 LFUS
HoN™ N NH,
HO NH _NH _NH 148.035 HVED
CBOI Y T 1 ° CsHsN3Os4 1-carboxybiuret : 0.416 (very
6 o © 3 trace
¢ 1-({4-chloro-6-[(propan-
CNIT S oon CeHiCINs o ino1,3 5-triazin- 232096 4 ggg
PP o} : 0
NH N7 ONH 2-yl}amino)ethan-1-ol e
a 2-({4-chloro-6-[(1- enton
HAHT oH “f” oH C*‘HS‘C'NS hydroxyethyl)amino]- 2485090 2.212
>kNH N/ NHJ\ 2

1,3,5-triazin-2-

1 ol

3.2 Atrazine degradation by HVED

In Figure 3, atrazine degradation rates by HVED as a function of the
effective time are given for different experimental conditions. As the results shown,
for the atrazine solution of 500 mL, within 2 ms of discharge, the degradation rate
of atrazine in argon atmosphere was lower than that in air atmosphere, indicating
that dissolved oxygen might enhance the degradation of atrazine in discharge
process. According to the references[36, 37], dissolved oxygen can react with the
high-energy electrons and produce superoxide radical anions O2"~ (Equation (3))
that can degrade atrazine. So, it would be better to conduct the discharge

experiments directly under the air.
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—8— 500 mL atrazine(aq.) under Argon
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Figure 3. Time profiles of atrazine degradation by HVED in different treatment volumes

adding Fe?*or not.

In addition, four comparative HVED experiments were conducted in different
treatment volumes with or without Fe?* addition. In the same treatment volume,
adding Fe?* enhanced the degradation rate of atrazine. This result is consistent
with results from the literature[27], ferrous sulfate FeSO4-7H>0 added in the pulsed
electrical discharge reactor improved the degradation of atrazine due to the
classical Fenton reaction. During electrical discharge process, the electron impact
of H20 molecules is the main way to produce hydroxy radicals "OH (Equation
(4))[38]. Reactions between radicals can produce hydrogen, hydrogen peroxide, or
reformatted water (Equation (5)-(7)). These self-quenching reactions lead to the
consumption of radicals *OH, which inhibit atrazine degradation. However, adding
ferrous ions Fe?* reduced this *OH radicals’ consumption via Fenton reaction
(Equation (8)). The results also show that higher degradation rate of atrazine was
observed for lower treatment volume. The specific energy consumption per unit
pulse (J/L/Pulse) is 400 J/L/Pulse for 500 mL, and 800 J/L/Pulse for 250 mL. At the
same treatment time, the pulse number is the same; the specific energy
consumption is higher for the lowest treated volume thus enhancing the

degradation rate of atrazine.
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0, + e - 0,” (3)
H,0+ e —» OH +-H + e~ (4)
*H+H - H, (5)
OH + -OH - H,0, (6)
*H + -0OH - H,0 (7)
Fe?* + H,0, > Fe3* + -0H + OH™ (8)

3.3 Atrazine degradation by ultrasound

Figure 4 shows the effect of frequency and Fe2* on atrazine degradation by
ultrasound. The degradation rates of atrazine by HFUS (525 kHz) were much
higher than those with LFUS (50 kHz). The frequency and power of irradiation
determine the physical characteristics of ultrasonication, such as bubble sizes and
collapse temperatures. A higher frequency causes higher turbulence because the
bubbles are more likely to imploze, enhancing mass transfers. The results also
showed that adding Fe?* greatly improved atrazine degradation regardless of the

frequency.

In atrazine aqueous solution, the main sono-chemical dissociation
processes are homolytic cleavages of water to release radicals ‘OH and ‘H
(Equation (9)).

H,0 + [US radiation] - -OH + -H 9

But the self-combination of produced radicals ‘OH (Equation (6)) with a
second-order rate constant of 5x10° M-'+s""[39] is faster than the degradation of
atrazine with a rate constant of 2.4x10° M-'ss'[27] The addition of Fe?* is

beneficial to the degradation of atrazine by releasing radical *OH from its self-

combination product hydrogen peroxide by classical Fenton reaction (Equation (8)).
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Figure 4. Time profiles of atrazine degradation by ultrasound in different frequency

adding Fe?*or not.

3.4 Atrazine degradation by Fenton oxidation

In Figure 5, the equivalents of the Fenton reagents were studied on the
degradation of atrazine by Fenton oxidation. Within the first 5 hours, atrazine was
degraded more rapidly by adding 5 eq. and 10 eq. Fenton reagents. After 5 h,
atrazine was nearly completely degraded regardless of the equivalents of Fe?*. For
5 eq. and 10 eq. Fenton reagents, the elimination of atrazine was rapid within the
first hour, and tended to slow down until reaching equilibrium. For 2 eq. Fenton
reagents, the degradation rate of atrazine was rapid in the first hour, but flattened
in the second hour, and later it became rapid again until it reached equilibrium. The

reason may be due to the consumption of Fe?* and the generation of *OH radicals.

As mentioned above, in classical Fenton reaction, ferrous ions Fe?* react
with hydrogen peroxide to form radicals *“OH which are the reactive oxygen species
for atrazine degradation. When most of the ferrous ions Fe?* are converted to ferric
ions Fe?*, the generated ferric ions Fe3* tend to react with hydrogen peroxides to
release ferrous ions Fe?* (Equation (10)). According to the reference[40], the
reaction rate constants of Equation (8) and Equation (10) are 76 M-'es”! and 0.01
M-'es! respectively. The reaction between radicals ‘OH and atrazine is
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instantaneous (Equation (11)), and its reaction rate constant is 2.4x10° M-"es™1.[27]

Therefore, for 2 eq. Fe?*, at the beginning, radicals *OH formed by Fenton reaction

quickly degraded atrazine.

8
—®— 2 eq.Fenton reagents
o 1\ —®— 5 eq.Fenton reagents
E‘ 0.8 \ —A— 10 eq.Fenton reagents
o \
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5 N
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Figure 5. Time profiles of atrazine degradation for different Fenton reagent equivalents.

As Fe?* was consumed, the formation of radicals *OH was inhibited and the
degradation rate of atrazine was flattened. Then the release of Fe2* from Fe3*
restarted Fenton reaction and re-provided radicals "OH for atrazine degradation.
For 5 eq. and 10 eq. Fe?*, sufficient Fe?* ensured the continuous generation of
radicals "OH from hydrogen peroxides, so the degradation rate of atrazine was very
fast until it reached equilibrium. In this study, high equivalents of Fe2* were found

to favor atrazine degradation.
Fe3* + H,0, > Fe?" + HO,+ H* (10)

-OH + atrazine — products (11)

3.5 Formation kinetics of metabolites

Figure 6 shows the formation kinetics of metabolites during atrazine
degradation by different treatments. The chemical structures of these metabolites
represented by abbreviation are shown in Table 1. In 525 kHz ultrasound treatment
(Figures 6(a) and 6(b)), dealkylation and carbonylation products such as DIA, CDIT

and CDAT, are the major metabolites while the dechlorination products are less
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present, and adding Fe?* improved the production of dealkylation products DEA
and DIA. In low frequency ultrasound treatment (Figure 6(c)), dealkylation and
carbonylation products CDIT and CDET as well as the dechlorination product ODIT
are the main metabolites. In Fenton oxidation (Figure 6(d)), the formation kinetics
of metabolites were more variable over time, and it produced final main product
Ammeline (AM).

(a) (b) (c)

525 Kilz —rY —— 525 kHz + Fe2
[—e— DIA |—e— DI4
—a— HA |—a— HA DEA
0.03 —v— DIHA 0.034 [—¥— DIH4 / 0.03
DEHA| {

CDIT DEHA
/ o1
oz { —o— CDET
DIA [—>— CDAT|

’
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Figure 6. Formation kinetics of metabolites during atrazine degradation (a) and (b) 50
mL of atrazine solution was treated by ultrasound 525 kHz with or without 10 eq.
FeS04-7H,0 addition; (c) 50 mL of atrazine solution was treated by ultrasound 50 kHz
with or without 10eq. FeS0O,4-7H-0 addition; (d) 50 mL of atrazine solution was added by
10 eq. H202 and 10 eq. FeS04-7H-0; (e) and (f) 250 mL of atrazine solution was treated
by HVED with or without 10 eq. FeSO4-7H.0 addition. Initial atrazine concentration is
always 0.093 mmol/L.

In HVED treatment (Figures 6(e) and 6(f)), the dechlorination product
Hydroxyatrazine (HA) was the main product no matter adding Fe2* or not. Notably,
the ring cleavage product Carboxybiuret (CBOI) was detected in the HVED
treatment, which is not shown below (Figures 6(e) and 6(f)) due to its trace amounts.
This implies that HVED treatment is a potential degradation pathway for s-triazine
ring-cleavage. In the future, we will make more effort to promote this s-triazine ring-

cleavage so as to pursue mineralization.
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Figure 7. Proposed degradation pathways of atrazine.

Based on the formation kinetics of metabolites, the mechanism of atrazine
degradation was proposed in Figure 7. Radicals *OH may attack atrazine molecule
in different positions, including attack to the alkylamino side chains[41], or attack
to the ipso-position of chlorine substituent[42]. So, we proposed four pathways I,

Il, Il and IV on atrazine degradation according to different positions of ‘OH attack.
Pathway |

An attack of radical *‘OH at the jpso-position of chlorine substituent might
lead to a geminal chlorohydrine, yielding HO-adduct by elimination of an HCI
molecule.[41, 43] The dechlorination-hydroxylated product HA was detected in
HVED and HFUS processes, and it could be further degraded into DEHA and DIHA,
followed by the generation of deeper oxidation products. It is noteworthy that
hydroxylated atrazine degradation products were found to be less toxic.[44] So,
HVED process appears to be more desirable for atrazine detoxification, since it
mainly produced hydroxylated product HA (Figures 6(e) and 6(f)).

Pathway I
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Radical *OH attacks B-C adjacent to N atom on ethylamino side chain,
generating carbon-center radical A through H-atom abstraction. The carbon-
centered radical A could be attacked by dissolved Oz to form per-hydroxyl radical
(HOO-) and olefination products CVIT. Further oxidation of CVIT might lead to the
formation of acetaldehyde and dealkylated product DEA.[45] CVIT and DEA were
both detected in HVED, HFUS and Fenton processes.

Pathway Il

Radical *OH attacks a-C adjacent to N atom on iso-propylamino side chain,
generating carbon-center radical B through H-atom abstraction. The carbon-center
radical B could be further attacked by <OH to form alkylic-hydroxylation
intermediates F, leading to the generation of acetone and dealkylated product DIA.
Another way, per-hydroxyl radical (HOO-) might attack the carbon-center radical B,
inducing the generation of atrazine-peroxide intermediate D which might produce
methanol and alkylic-oxidation product CDET.[42] CDET might produce
dechlorination-hydroxylated product ODET or dealkylated product DIA through the
hydrolysis of the amide group.[43] Both DIA and DEA mentioned in Pathway I
could be further oxidized into the fully dealkylated DDA and its dechlorination-
hydroxylated product ammeline (AM). CDET, ODET, DIA, DDA and AM were
detected in HVED, HFUS and Fenton processes. But DDA and AM were not found
in LFUS process, indicating that low frequency ultrasound is not conducive to

deeper oxidation.
Pathway IV

Radical *OH attacks a-C adjacent to N atom on ethylamino side chain,
generating carbon-center radical C through H-atom abstraction. The carbon-center
radical C could be attacked by *OH to form alkylic-hydroxylation intermediate CNIT.
Then, intermediate CNIT might produce alkylic-oxidation product CDIT through H-
abstraction[46], or produce another alkylic-hydroxylation intermediate HAHT[22].
CNIT and HAHT were detected in Fenton process. HAHT might further oxidized
into dealkylated product CDAT and its dechlorination-hydroxylated product OEAT.
Another way, the carbon-center radical C could be attacked by HOO+ and form
atrazine-peroxide intermediate E, followed by the generation of CDIT. CDIT could

produce its dechlorination-hydroxylated product ODIT, or be further oxidized into
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CDDT, followed by the generation of ODDT and CDAT. Previous studies[47, 48]
have shown that carboxybiuret (CBOI) formed from ring cleavage of cyanuric acid,
might undergo spontaneous decarboxylation to biuret, which could be further
mineralized into small molecules such as CO2, H20, NHs, etc. However, the
specific mechanism of ring cleavage is still uncertain, which will be the content of
future research. In HVED process, CDDT, ODDT, CDAT and OEAT were not
detected, but AM and the ring cleavage product CBOI were detected, indicating

that HVED treatment is more favorable for mineralization.

In the final degradation stage of these four pathways, dechlorination-
hydroxylated product AM is generated, and its deeper oxidations may lead to the
formation of the ring cleavage product CBOI, which could be further mineralized
into small molecules such as CO2, H20, NHs, etc. However, the specific

mechanism of ring cleavage is still unclear and needs further study.
3.7 Comparison of different degradation techniques

Table 2. Comparison of high frequency ultrasound, Fenton oxidation and HVED treatment.

_ Degradation rate of Main formed Specific energy
Technologies . . _
atrazine metabolites consumption (kJ/L)
Ultrasound (525 47% (treatment DIA
kHz) time 2 h)
11520 kJ/L
Ultrasound (525 87% (treatment
DEA
kHz) + Fe* time 2 h)

Fenton oxidation
>95% (treatment

(10 eq. Fenton _ AM
time 2 h)
reagents)
HVED (250 mL ATZ 83% (effective time
solution) 10 ms)
HVED + Fe?* (250 o HA 800 kJ/L
_ 89% (effective time
mL atrazine
10 ms)
solution)

In table 2, high frequency ultrasound, Fenton oxidation and HVED treatment
were compared in terms of degradation rate of atrazine, main formed metabolites
and specific energy consumption. The toxicity ranking of atrazine and its
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metabolites is ATZ>DEA>DIA>AM>DDA>HA.[7] For high frequency ultrasound
treatment, after 2 h, atrazine degradation was unfavorable with only 47 %, and
adding ferrous ions doubled the degradation rate to 87%, but the disadvantages
still exist with the presence of toxic main metabolites and a high energy
consumption. For Fenton oxidation, although it reached the highest atrazine
degradation rate of 95%, it produced toxic main metabolite AM. For HVED, adding
ferrous ions enhanced the degradation rate of atrazine from 83% to 89%, due to
the Fenton reaction, in which ferrous ions reacted with hydrogen peroxide
produced by the discharge[27]. By comparison, HVED is more advantageous
because of the high degradation efficiency in short treatment time, the presence of

less toxic main metabolite HA and the lower energy consumption.
4. Conclusion

An innovative atrazine degradation method was reported using high voltage
electrical discharge (HVED). The HVED method was compared with the traditional
atrazine degradation method, Fenton oxidation and ultrasounds at high or low
frequency. HVED treatment was more advantageous, since atrazine can be mostly
degraded (89 %) with the addition of ferrous ions, in short effective time (10 ms),
while the treatment time of Fenton oxidation and ultrasounds lasted for 2 h. Besides,
the main generated metabolite hydroxyatrazine (HA) in HVED process, was less
toxic than deethylatrazine (DEA) and deisopropylatrazine (DIA) generated in
ultrasounds process, and ammeline (AM) generated in Fenton process. Also, when
the degradation rates of atrazine were around 87%, the specific energy
requirement of HVED (800 kJ/L) was much lower than that of ultrasounds at high
frequency (11520 kJ/L). In addition, ferrous ions Fe2* promoted the degradation of
atrazine in those three treatments via Fenton reaction with hydrogen peroxide H-0>,
releasing the important reactive oxygen species, hydroxyl radicals *OH. Finally, the
formation kinetics of metabolites and the proposed pathways may provide a

reference for future research on atrazine degradation.
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I\V.3. Chapter conclusion

In this chapter, high voltage electrical discharge was applied for atrazine
degradation, which was compared with Fenton oxidation and ultrasound treatment.
In comparison, HVED was more advantageous. On one hand, the effective time of
HVED was on the millisecond level, which means that a high degradation rate of
atrazine can be obtained in a very short time (10 ms) through HVED treatment,
while Fenton oxidation and ultrasound generally required 2 hours. On the other
hand, from the perspective of the main metabolites produced, hydroxyatrazine (HA)
remained the main one during the degradation process of HVED, its toxicity is
much lower than that of atrazine, and it is also less toxic than most other products,
such as deethylatrazine (DEA), deisopropyldatrazine (DIA) and ammeline (AM)

generated from Fenton oxidation and ultrasound treatment.

Considering energy saving and environmental protection, when reaching
the same atrazine degradation rate (>80%), the specific energy consumption of
800 kJ/L of HVED is more friendly than the 11520 kJ/L of 525 kHz high-frequency
ultrasound. In addition, the HVED technology was combined with the catalyst Fe?*
and achieved a higher degradation efficiency. The primary oxide H-0, generated
in the HVED system underwent Fenton reaction with the action of the catalyst Fe?*
to obtain reactive oxygen species hydroxyl radicals *OH, which made the

degradation of atrazine more rapid.

Moreover, a series of atrazine degradation metabolites were detected and
identified by HPLC-HRMS analytical system. Among them, there was a triazine ring
cleavage product 1-Carboxybiuret (CBOI), which appeared in trace amounts
during the atrazine degradation process by HVED. This means that HVED has the
potential to achieve atrazine mineralization. However, atrazine degraded by HVED
mainly produced primary degradation product HA. Perhaps future work can
increase input voltage and the frequency of electric shocks to see if it promotes

deeper degradation.

Based on the formation kinetics of metabolites during different degradation
processes of atrazine by HVED, ultrasound and Fenton oxidation, a possible

reaction mechanism was proposed, which provides a reference for future work.
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Chapter V. Practical application of atrazine degradation in tap water & toxicity

test of experimental wastewater
V.1. Chapter introduction

From 2013 to 2019, the European Environment Agency conducted a water
quality survey in 27 EU countries, which showed that pesticides were found to
exceed legal limits at between 3% and 7% of groundwater monitoring sites[1]. Data
on the water quality of French cities released by the French government “Ministry
of Solidarity and Health” [2]show that the concentration of atrazine and its
metabolites in some areas exceeds the prescribed standard of 0.1 pg/L. There are

obviously hidden dangers in French drinking water.

The toxicity of atrazine cannot be ignored. Its well-known hazards include
frog hermaphroditism[3], zebrafish embryo abnormal development[4], interference
with the human endocrine system[5], and the potential for breast cancer[6].
Therefore, it is very necessary to evaluate the toxicity of experimental wastewater
from atrazine degradation systems. Ideally, the degraded atrazine solution should

be less toxic than the initial atrazine solution.

The main purpose of this chapter is to evaluate the effect of a real matrix
(tap water) compared to the model matrix (deionized water) on atrazine
degradation, which involves two experimental works: study the effect of tap water
and deionized water on atrazine degradation; distinguish the difference in

metabolites between different treatments by normalized statistical analysis.

In addition, the toxicity of different degradation systems (HVED, US and
Fenton oxidation) was evaluated by the lethal concentration LCso of Daphnia
magna in experimental wastewater after the degradation of atrazine. This part of
the work is a supplement to Chapter IV, in order to better evaluate the three
technologies HVED, US and Fenton oxidation.

More details can be found in the next section V.2 “Degradation of atrazine
in French tap water by high voltage electrical discharge (HVED) and high
frequency ultrasound (HFUS), with normalized statistical analysis and acute

Daphnia magna toxicity test’, which was summarized and prepared for
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publication”. This work was conducted under the direction of Prof. Nabil GRIMI, Dr.
Franck MERLIER, Dr. Nadia BOUSSETTA and Dr. Gérald ENDERLIN, and in
collaboration with Dr. Messika REVEL and Dr. Stéphane FIRMIN.

V.2. Degradation of atrazine in French tap water by high voltage electrical
discharge (HVED) and high frequency ultrasound (HFUS), with normalized

statistical analysis and acute Daphnia magna toxicity test

Abstract

Although atrazine has been banned, residues of it and its metabolites are
still found in French groundwater in some areas. In response to the European
Green Deal, this work focuses on the degradation of atrazine in the background of
tap water. The degradation efficiency of atrazine in deionized water by
HVED/HFUS treatment was higher than that in tap water with the same initial
atrazine concentration, possibly due to competition from impurities in tap water
such as ions and other organic compounds. The principal component score plot
and the major metabolites heatmap of different treatments were obtained by
normalized statistical analysis. In addition, the acute Daphnia magna toxicity
testing of the degradation process was conducted. The acute toxicity (LCso) in
Daphnia magna was used to evaluate the toxicity of different treatment solutions
initially containing atrazine. The atrazine solution treated by Fenton oxidation (LCso
< 0.1 mg/L) was much more toxic than that treated by HFUS (LCso > 5 mg/L) and
HVED (1.5 < LCso < 2.5 mg/L). Therefore, the degradation of atrazine by HVED

and HFUS is more efficient.

Keywords Pesticide, Atrazine, French tap water, Degradation, Acute toxicity,

Daphnia magna

128



Chapter V. Practical application of atrazine degradation in tap water & toxicity test of experimental
wastewater

1. Introduction

In order to meet the increasingly strong global food demand in recent years,
pesticides have been widely used in the development of agriculture. But this also
brings pesticide pollution, especially when pesticides applied in farmland leak into
lakes, rivers and groundwater, which will pose a serious threat to global human
freshwater supplies [7]. One-third of fresh water for human consumption comes
from groundwater, and for some countries such as Denmark and Malta it is the only
source of water supply [8]. Groundwater quality monitoring has attracted attention
and water legislation has been introduced. For example, in Europe, the Water
Framework Directive was proposed and requires EU member states to achieve
good chemical and quantitative status of groundwater, although this goal was not
fully achieved due to the presence of persistent pollutants, especially pesticides [9].
According to water quality surveys conducted by the European Environment
Agency in 27 EU countries between 2013 and 2019, pesticide levels in
groundwater were found to exceed legal limits, especially in France [10]. Atrazine
is a commonly used herbicide in agriculture [5]. A report [11] on French
groundwater quality data over more than 20 years shows that atrazine can still be
detected, although it was withdrawn from the market in 2003, and its concentration
exceeded 0.1 pg/L in some areas. However, the Groundwater Directive [12]
stipulates that the quality standard for pesticides is set at 0.1 ug/L, and there are
obviously hidden dangers in French groundwater. The maximum concentrations
of atrazine and its metabolites detected in tap water in the region of Hauts-de-
France are shown in Figure 1, according to the data of health control of water
distributed commune by commune, obtained by the French government “Ministry
of Solidarity and Health” on September 2023 [13]. It can be seen that the atrazine
and its metabolites detected in some areas of Hauts-de-France still exceed the
quality standards 0.1 pg/L. In addition to atrazine, other pesticides such as
chloridazon are also present in French tap water [7]. To compare and complement
our previous work [14, 15], atrazine was chosen as a model molecule to study in

this work.

129



Chapter V. Practical application of atrazine degradation in tap water & toxicity test of experimental
wastewater

Figure 1. The maximum concentrations of atrazine (A) and its metabolites (B) detected
in tap water in the region of Hauts-de-France. Data were from the health control of water
distributed commune by commune by the French government “Ministry of Solidarity and

Health” on September 2023 [13]. MySQL server was used to comply the data.

Potential health problems may occur if people absorb drinking water
obtained from groundwater sources that contain excessive levels of atrazine [16].
It is reported that atrazine is one of the most harmful herbicides, with adverse
effects on humans, fish, invertebrates and wildlife [17, 18]. The dangers of atrazine
to human health include: As an endocrine disruptor, atrazine can disrupt the
hormone balance in the human body [19] and may cause altered nervous system
function and reproductive dysfunction [20]; Exposure to atrazine in drinking water
is associated with an increased risk of adverse pregnancy outcomes [21, 22];
Atrazine is potentially carcinogenic and increases the incidence of cancers such
as breast and ovarian cancer [23]. Exposure to atrazine during embryonic
development in zebrafish caused reproductive problems [24], and low
concentrations of atrazine (20.1 ppb) caused hermaphroditism in frogs [25].
Additionally, the endangered species biological assessment [26], published by
Unites States Environmental Protection Agency (USEPA), shows that atrazine may
cause harm to some endangered species. Considering the above-mentioned
hazards caused by atrazine, more and more efforts are made to degrade atrazine
into other low-toxic metabolites or non-toxic small molecules such as water and
carbon dioxide. In these existing degradation works, most of them measured the

toxicity of atrazine and its metabolites [27, 28], and few made toxicity assessment
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of the degradation system [29, 30]. However, there has been no toxicity

assessment of different degradation systems.

The purpose of this work is to evaluate the effect of a real matrix (tap water)
compared to the model matrix (deionized water) for different techniques. The first
part was the degradation of atrazine in tap water and deionized water by HVED
and HFUS, and the quantification of atrazine concentration over time. The second
part was the normalized statistical analysis of the differences in metabolites
between different treatments. The third part was the toxicity test of experimental
wastewater from three degradation systems: HVED, HFUS and Fenton oxidation,

so as to select more environmentally friendly degradation methods for future work.
2. Materials and methods

2.1. Chemicals and materials

The used tap water was from the laboratory TIMR (Integrated
Transformations of Renewable Matter), Centre de Recherche Royallieu, Université
de Technologie de Compiegne, CEDEX CS 60319, 60203 Compiegne, France.
The used deionized water (conductivity 0.055 pS/cm at 25°C) was acquired from a
water purification device Rephile Direct-Pure® UP 10 (MA, USA), which was
bought from the distributeur Franceeau. LC-MS grade solvents and formic acid
were bought from Biosolve Chimie (Dieuze, France). Atrazine (ATZ) and the
internal standard ATZ-D5 were bought from Sigma-Aldrich (St. Quentin Fallavier,

France).

The high frequency ultrasound (HFUS) was a 250-mL cup-shaped horn-type
ultrasonic reactor purchased from SinapTec (Lezennes, France), and passed
through a constant frequency of 525 kHz with 80 W power. The air flow was passed
through the interlayer of the inner and outer walls to stabilize the temperature at
50 °C.

The high voltage electrical discharge (HVED) was applied in a treatment
chamber with a capacity of 1 L, using an electrical generator (Basis, Saint-Quentin,
France) supplying a voltage of 40 kV, a current of 10 kA, and a frequency of 1 Hz.
The generated pulses have a duration of approximately 10 ys. The total processing
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time was 16 min 40 s, that is 1000 s (the total effective time was 10 ms).

MS-DIAL software was a universal program for untargeted metabolomics,
developed by Prof. Masanori Arita team (RIKEN) and Prof. Oliver Fiehn team (UC
Davis) [31]. In this work, the version ‘4.9.221218 Windows x64’ was used.

2.2. Four solutions with/without the addition of ATZ treated by HVED and
HFUS

The four solutions included (1) 20 mg/L ATZ in deionized water; (2) 20 mg/L
atrazine in tap water; (3) only deionized water; (4) only tap water. They were treated

by HVED and HFUS, and the experiments were shown in Table 1.

Table 1. Experiments of four solutions with/without the addition of ATZ treated by HVED
and HFUS

Experiment Solution Treatment Operation
HVED ATzDw 20 MY/L ATZ in deionized The solution (250 mL) was
water treated for 16 min 40 s
HVED ATZ TW 20 mg/L atrazine in tap (effective time 10 ms).
water
HVED

Samples were taken at 0, 1, 2,

HVED DW Only deionized water 4,7, 10 ms of effective time,
corresponding to To, Tz, T2, Ts,
HVED TW Only tap water Ta, Ts.
HEUS ATZ DW 20 mg/L ATZ in deionized
water The solution (100 mL) was
HEUS ATZ TW 20 mg/L atrazine in tap treated for 2 h.
water HEUS
HEUS DW only deionized Samples were taken at 0, 30,
nly deionized water 60, 90, 120 min, corresponding
to To, T1, T2, Ts, Ta.
HFUS TW Only tap water

2.3. Normalization and statistical analysis of the above four solutions after
HVED/HFUS treatment

After HYED/HFUS treatment, samples were analyzed by high performance
liquid chromatography coupled with high resolution mass spectrometry (HPLC-
HRMS) to obtain MS raw data which were converted into ABF (analysis base file)
format by the software “AnalysisBaseFileConverter.exe”.
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Normalization and statistical analysis in MS-DIAL version 4.9 software: The
obtained ABF files were imported in MS-DIAL. LOWESS normalization was
performed using the internal standard compound information. All quality control
(QC) samples were recognized as ‘quality control’ and the injection order was set.
All metabolite peaks were divided by the ion abundance of alignment spot ID
(Internal standard ID). Output the alignment result and export peak intensity files
containing the sample name, metabolite name, m/z and retention time in .csv
format. Use MetaboAnalyst 6.0 to [27] perform visual and statistical analysis on
these .csv files and produce principal component analysis (PCA) plots for

estimating differences between sample groups.
2.4. HPLC-HRMS

ATZ and its metabolites detected and quantified by HPLC-HRMS [14]. A
diode array detector (DAD) type HPLC system (Infinity 1290, Agilent Technologies,
France), was connected to a hybrid quadrupole time of flight (Q-TOF) mass
spectrometer with electrospray ionization (ESI) (Agilent 6538, Agilent Technologies,
France). HLPC analyses were performed using a Thermo Hypersil Gold C18 (USP
L1) column (100 x 2.1 mm, 1.9 ym, 175 A) at 40 °C. Eluents A and B consisted of
0.1% (v/v) formic acid in deionized water and 100% acetonitrile, respectively. The
elution profile was 0-0.3 min 5% B, 0.3-1.7 min 5-30% B (linear gradient), 1.7-
3.5 min 95% B (linear gradient), 3.5-4 min 95% B. The flow rate was 0.600 mL/min.
The responses of compounds were measured in positive ESI mode with external
calibration. By using the electrospray scan mode with a frequency of 5 Hz in the
mass range of 50 to 1200 m/z and an electrospray voltage of 3800 V, fragment
voltage of 110 V, positive ion electrospray mass spectra were obtained. The
atomizing nitrogen temperature was 350°C, the pressure was 30 psi, and the flow

rate was 10 L/min.
2.5. Calibration curve of ATZ

In order to determine the concentration of atrazine in the experimental
samples, a calibration curve of atrazine was prepared. The internal standard ATZ-
D5 was added to the ATZ standard solutions with certain concentrations to reduce
the error. Please see chapter Il (Table 11.1 and Figure 11.2) for more details.
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2.6. Toxicity testing of different treatment solutions

The treatment solutions were from our previous work [15], which compared
three ATZ degradation methods, HVED, HFUS and Fenton oxidation, and
discussed the differences in ATZ degradation efficiency, metabolite generation
kinetics, degradation pathways and energy consumption. However, it was
unsatisfactory that there was no comparison of the toxicity of these three
degradation methods. Therefore, in this work, the toxicity tests of these three ATZ

degradation methods will be supplemented.

Referring to our previous work [15], the treatment solution of Fenton
oxidation was prepared as follows. The initial ATZ solutions (50 mL, 20 mg/L, 0.093
mmol/L) were poured into 100-mL flat-bottom flasks with magnets, and 5 eq.
equivalents of Fenton reagents (The ratio of initial FeSO47H2>0 or H-O2 molar
concentration to initial ATZ molar concentration was 5 where [FeSO4-7H20]o =
[H202]o = 0.467 mmol/L.) were added. The reaction lasted for 2 h.

The crustacean D. magna was used to test the potential toxicity of treatment
solutions initially containing ATZ. D. magna were cultured according to the OCDE
procedure using reconstituted M4 medium mainly containing: NaHCO; (64.8 g/L);
CaCl,*2H,0 (293.8 g/L); MgSO,*7H,0 (123.3 g/L) and KCI (5.8 g/L) with pH
between 7 and 8; hardness between 140 and 250 mg/L of CaCO; and constant
oxygenation [32]. Organisms were placed into an experimental chamber with
programmed temperature of 20 + 2°C and artificial photoperiod of 16h:8h
(light:dark). Organisms were fed daily, 5 days a week with freshwater algae

Chlorella vulgaris (8 x 108 cells m/L), and the medium was renewed every week.

All toxicity tests were conducted in a chamber under the same abiotic
conditions as the culture and protocols and analyses were carried out in
accordance with the international OECD Guidelines for immobilization test of D.
magna [32]. For each replicate, 5 organisms aged less than 24 h, were placed in
20 mL of M4 medium (control) and treatment solutions diluted in M4 medium to
obtain 0.1, 0.5, 1.5, 2.5 and 5 mg/L of initial Atrazine. The number of dead
organisms was visually assessed after 48 h of exposure [33]. The acute toxicity to
D. magna was defined as the average concentration that induced death in 50% of
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the test organisms (LCso).

3. Results and discussion
3.1. Degradation of ATZ in deionized water and tap water by HVED and HFUS

The effect of background water on ATZ degradation by HVED and HFUS
was studied. Figure 2 shows the degradation of ATZ in deionized water and tap
water by HVED and HFUS, including four experiments “HVED ATZ DW”, “HVED
ATZTW?, “HFUS ATZ DW” and “HFUS ATZ TW”, the conditions of which are shown
in Table 1. The initial atrazine concentration of these solutions was 20 mg/L. The
results showed that atrazine was degraded more in deionized water than in tap
water, and there are differences in values under different degradation technologies
HVED and HFUS. For example, after 120 min of HFUS treatment, the final
concentration of ATZ solution in deionized water (9.6 mg/L) was slightly lower than
that of atrazine solution in tap water (10.4 mg/L). However, since the measurement
error of HPLC-HRMS was about 5%, the difference was not significant. In addition,
after 10 ms of HVED treatment, the final concentration of ATZ solution in deionized

water (1.8 mg/L) was much lower than that in tap water (4.4 mg/L).

It can be seen that in HVED treatment, background water had a great impact
on ATZ degradation. According to the online health monitoring results of tap water
quality in different cities by French government, the conductivity of tap water in
Compiegne, Oise, is 780 uS/cm at 25°C, which was updated on December 14,
2023 [34]. In comparison, the used deionized water has lower conductivity of 0.055
puS/cm at 25°C. The liquid of high conductivity is rich in species that trap solvated
electrons, inhibiting atrazine degradation [35]. Besides, the discharge reactor used
has two phases, gas and liquid, and the gas phase occupies much more space
than the liquid phase. The conductivity in the liquid phase has little effect on the
dielectric constant of the entire space, so it has little effect on the overall discharge
effect [36]. Therefore, the use of deionized water with low conductivity is more

conducive to the degradation of ATZ than tap water.
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Figure 2. ATZ degradation in deionized water and tap water by HVED and HFUS,
including four experiments “HVED ATZ DW”, “HVED ATZ TW”, “HFUS ATZ DW” and
“HFUS ATZ TW”, the conditions of which are shown in Table 1. The initial atrazine

concentration was 20 mg/L.

3.2. Normalized and statistical results of four solutions treated by HFUS and
HVED

Four solutions with/without the addition of atrazine were treated by HFUS
and HVED, including eight experiments “HVED ATZ DW”, “HVED ATZ TW”, “HFUS
ATZ DW”, “HFUS ATZ TW”, “HVED DW”, “HVED TW”, “HFUS DW” and “HFUS

TW?”, the conditions of which are shown in Table 1. Figure 3 includes three principal

component analysis (PCA) score plots, where (a) shows all these eight
experiments, (b) shows only the four HVED-treated experiments, and (c) shows
only the four HFUS-treated experiments. The PCA score plot estimates differences
in metabolites (235 unassigned molecules) between sample groups of these
experiments. A point represents a sample and an ellipse with 95% confidence

interval represents the range of a sample group.

136



Chapter V. Practical application of atrazine degradation in tap water & toxicity test of experimental

wastewater

(a)

Scores Plot

PC 2(59 %)
0e+00 2e+05
1 | |

-2e+05
L

-4e+05
1

T
-5e+05

T T
0e+00 Se+05

PC1(90.8%)

1e+06

< HFUS ATZ DW

W HFUS ATZ TW

@ HFUS DW
HFUS TW

= HVED ATZ DW
HVED ATZ TW

+ HVED DW
HVED TW

G

PC 2(6.9%)

PC2(3.2%)

le+05 2e+05 3e+05 4e+05

0e+00

-2e+05

100000

50000

-50000

Scores Plot

® HVED ATZ DW
HVED ATZ TW

+ HVED DW
HVED TW

-le+06

-5e+05 0e+00
PC 1 (91 %)

Scores Plot

5e+05

& HFUS ATZ DW
HFUS ATZ TW

HFUS DW
HFUS TW

-8e+05 -6e+05 -4e+05 -2e+05 0Oe+00 2e+05 4e+05

PC1(94.7 %)

Figure 3. PCA score plot showing differences in metabolites (235 unassigned

molecules) of sample groups from experiments “HVED ATZ DW”, “HVED ATZ TW”,
“‘HFUS ATZ DW”, “HFUS ATZ TW”, “HVED DW”, “HVED TW”, “HFUS DW” and “HFUS
TW”, the conditions of which are shown in Table 1. The initial atrazine concentration of
experiments “HVED ATZ DW”, “HVED ATZ TW”, “HFUS ATZ DW” and “HFUS ATZ TW”

was 20 mg/L.

The general distribution of sample groups from these eight experiments is

shown in Figure 3a. The two largest ellipses belong to experiments “HVED ATZ
DW” and “HVED ATZ TW”, and they partially overlap, indicating that there are

differences in the generated metabolites during the HVED treatment of ATZ in

deionized water and tap water. This result is consistent with the previous large

difference in degradation rates of ATZ in deionized water and tap water by HVED.

In tap water, other species competed with ATZ for reactive species (e.g. hydroxyl

radicals), which not only resulted in a reduction in ATZ degradation efficiency, but

also resulted in a complex reaction system that contained both ATZ metabolites
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and metabolites of other species.

In addition, figure 3a shows two narrow and small ellipses belonging to
experiments “HFUS ATZ DW” and “HFUS ATZ TW”. These two ellipses almost
overlap, and it seems that the difference in HFUS degradation metabolites of ATZ
between deionized water and tap water is small. This requires more detail such as
metabolite heatmaps to prove. Besides, the sample group of the other four control
experiments “HVED DW”, “HVED TW”, “HFUS DW” and “HFUS TW” cannot form
an ellipse, and they are concentrated near PC2=0. This shows that there is little
difference between HVED/HFUS treatment of only deionized water and only tap

water.

In order to better demonstrate the difference in atrazine degradation caused
by deionized water and tap water, PCA score plots of four HVED-treated
experiments (Figure 3b) and four HFUS-treated experiments (Figure 3c) were also
shown. In Figure 3b, the ellipses of experiments “HVED ATZ DW” and “HVED ATZ
TW” almost overlap, and the sample groups of experiments “HVED DW” and
experiments “HVED TW” are concentrated near the zero point. By contrast, in
Figure 3c, the ellipses of experiments “HFUS ATZ DW” and “HFUS ATZ TW” do
not overlap, and the sample groups of deionized water and tap water are
concentrated at different points. This shows that deionized water and tap water
have less impact on the generation of metabolites in HVED treatment, but have a

greater impact in HFUS treatment.

Due to the differences of the sample groups of experiments “HVED ATZ
DW”, “HVED ATZ TW”, “HFUS ATZ DW” and “HFUS ATZ TW” in the PCA score
plot (Figure 3), the atrazine metabolites analysis was performed. Six main
generated metabolites of atrazine were found by HPLC-HRMS, and their
information are shown in Table 2. The heatmap of these six main generated

metabolites of atrazine is shown in Figure 4.

Table 2. Information on ATZ and its six main generated metabolites.
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ZSNH N NH 0
)C\I 188.069
DEA NTSN J\ CsHoCINs Deethylatrazine 8 1.87
HoN™ N7 NH
)C\I 174.054
DIA NN CsHsCINs Deisopropylatrazine 1 1.59
HNT N SNH S
. N-[4-Chloro-6-
i lamino)- 230.080
CDIT NN o CHuCINO  (SOPropylamino) 2.08
/L A 1,3,5-triazin-2- 4
NH N7 NH )
ylJacetamide
o N-[4-Chloro-6-
CDET 0 N‘*\N CH2CINSO (ethy'ta.m'.”o)z'l’g’5' 216%064 179
/J\NHJ\N/ W~ riazin-2-
ylJacetamide
o N-[4-Hydroxy-6-
oDIT NN 0 CHeNsO,  (sopropylamino)- - 212114 g
/L WS 1,3,5-triazin-2- 2
NH N NH X
ylJacetamide
T 198.135
HA N‘)*N J\ CsHisNsO Hydroxyatrazine O 1.29
ZSNH N ONH
T Deethylhydroxyatrazi  170.103
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Figure 4 shows the abundance changes of atrazine metabolites in HVED
and HFUS treatments. The dechlorination-hydroxylation products HA, DIHA and
DEHA were mainly produced in the electrical discharge’s experiments “HVED ATZ
DW” and “HVED ATZ TW”. This shows that hydroxylation was the main pathway
for atrazine degradation during high-voltage electrical discharge treatment.
Generally, hydroxylation of atrazine was considered as a detoxification method for
the treatment of atrazine-contaminated water due to the conversion into non-toxic
hydroxylation products (e.g. HA) [33]. Therefore, in terms of detoxification, HVED
treatment is better than HFUS treatment. Besides, impurities in tap water competed
with atrazine for reactive oxygen species (hydroxy radicals), causing more HA to
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be produced in deionized water than in tap water, accompanied by an increase in
the production of secondary products DEHA and DIHA. The dechlorination-

hydroxylation pathway is shown in Figure 5 Pathway |.

In addition, the alkyl oxidation products (CDIT and CDET) and the
dealkylation products (DEA and DIA), were mainly produced in ultrasound’s
experiments “HFUS ATZ DW” and “HFUS ATZ TW”. This shows that in ultrasound
treatment, the reactive species (e.g. hydroxyl radicals) preferred to attack the alkyl
chain on the nitrogen atom rather than the chlorine atom on the triazine. The alkyl

oxidation pathway and the dealkylation pathway are shown in Figure 5 Pathway ||

and lll. Besides, product ODIT might be from alkyl oxidation of HA in experiments
‘HVED ATZ DW” and “HVED ATZ TW”, or from dechlorination-hydroxylation of
CDIT in experiments “HFUS ATZ DW” and “HFUS ATZ TW”.

value
3.4

oDIT

DEA

I .

COIT L3

Class

CDET
HFUS ATZ DW

pIHA HFUS ATZ TW

DEHA HVED ATZ DW

HA HVED ATZ TW

Figure 4. Heatmap of main generated atrazine metabolites of experiments “HVED

ATZ DW”, “HVED ATZ TW”, “HFUS ATZ DW” and “HFUS ATZ TW”, the conditions of
which are shown in Table 1. For HVED-treated experiments, samples were taken at 0, 1,
2,4, 7,10 ms of effective time, corresponding to To, T1, T2, T3, T4, Ts. For HFUS-treated
experiments, samples were taken at 0, 30, 60, 90, 120 min, corresponding to To, T1, To,

Ts, T4. The initial atrazine concentration was 20 mg/L.
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Figure 5. Proposed degradation pathway of atrazine.
3.3. Toxicity testing results of treatment solutions initially containing atrazine

This part is a complement to our previous work [15], comparing the toxicity
of final treatment solutions from the experiments of atrazine degradation by three
treatment technologies: HVED, HFUS, and Fenton oxidation. As shown in Table 3,
the acute toxicity (LCso) in Daphnia magna varied from different treatment solutions.
The atrazine solution treated by Fenton oxidation (LCso < 0.1 mg/L) was more toxic
than the blank initial atrazine solution (LCso = 3.3 mg/L). Hydrogen peroxide used
in Fenton, could be toxic for Daphnia magna. To study the toxic effect of Fenton
reagents (Fe?* and H20y), only deionized water (no atrazine) was treated by
Fenton oxidation, but this result was not obtained because the sample was
destroyed. This part of toxicity experiment will be completed in the future.
Additionally, the toxicity of atrazine solutions treated by US 525kHz and HVED
were LCs0 > 5 mg/L and 1.5 < LCso < 2.5 mg/L, lower than that of atrazine solution
treated by Fenton oxidation. Fenton oxidation was more toxic because of the main
generated metabolite ammeline (AM).

Besides, the ferrous ions reagents Fe2* have an impact on the toxicity of

treatment solutions. For atrazine solutions treated by US 525 kHz, adding ferrous
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ions Fe?* increased the toxicity. Conversely, the addition of ferrous ions Fe?*
reduced the toxicity of atrazine solutions treated by HVED. What’s more, ferrous
ions Fe?* alone (without initial atrazine) shows an LCso greater than other treatment

conditions suggesting that the toxicity comes from atrazine or its metabolites.

Table 3. The potential toxicity of treatment solutions initially containing Atrazine.

. . . Acute toxicity to D.
No. Experiments Solution Operation y

magna 2
20 mg/L (0.093 mmol/L)
1 Blank atrazine in deionized no LCso = 3.3 mg/L
water
50 ml:
20 mg/L (0.093 mmol/L)
atrazine; Stir for 2 h at
2  Fenton oxidation 130 mg/L (0.467 mmol/L) room LCs0 < 0.1 mg/L
FeS0, - 7H,0; temperature.

0.467 mmol/L H,0 in
deionized water.

50 ml:
20 mg/L (0.093 mmol/L)

3 US 525 kHz L L
atrazine in deionized

LCso > 5 mg/L

water.
50 ml:
20 mg/L (0.093 mmol/L
mglL ( . .mmo ) Treat by US 525
g USS25kHz+ atrazine; kHz for 2h 2.5<LCso< 5 mg/L
Fe2 260 mg/L (0.934 mmol/L) : : s0=>Mg
FeSO, - 7H,0 in deionized
water.
50 ml:
US 525 kHz +
260 mg/L (0.934 mmol/L)
2+ > 2+
° Fe*" (no FeS0, - 7H,0 in deionized LCs0> 65 mg/L (Fer)
atrazine)
water.
250 ml:
6 HVED 20 mg/L (0.093 mmol/L) 1.5 < LCso < 2.5 mg/L

atrazine in deionized

Treat for 16 min
water.

250 m chiomsk;;rr] v?/i';lh I:';m
20 mg/L (0.093 mmol/L) )
atrazine: electric
7 HVED + Fe?* ' generator LCso = 3.3 mg/L

260 mg/L (0.934 mmol/L)
FeSO0, - 7H,0 in deionized
water.
250 ml:
HVED + Fe?* 260 mg/L (0.934 mmol/L)
(no atrazine) FeSO, - 7H,0 in deionized
water.

providing 40 kV
voltage, 10 kA
current, and 1
Hz frequency.
LCso = 45.9 mg/L (Fe)

a Acute toxicity (LCso) in Daphnia magna exposed to treatment solutions with or without initial

presence of atrazine.

142



Chapter V. Practical application of atrazine degradation in tap water & toxicity test of experimental
wastewater

4. Conclusion

The degradation of atrazine in tap water and atrazine in deionized water
were compared, and two degradation methods, HFUS and HVED, were adopted.
The degradation efficiency of atrazine in deionized water by HVED/HFUS
treatment was higher than that in tap water with the same initial atrazine
concentration. The samples from eight experiments “HVED ATZ DW”, “HVED ATZ
TW”, “HFUS ATZ DW”, “HFUS ATZ TW”, “HVED DW”, “HVED TW”, “HFUS DW”
and “HFUS TW”, were analysed by HPLC-HRMS, and the data were imported into
MS-DIAL software for normalization and statistical analysis. MetaboAnalyst 6.0
was adopted to obtain the principal component analysis (PCA) score plot, in which
the range of sample groups can be shown in 95% confidence interval ellipses.
Based on the heatmap of ATZ metabolites, the correlation between ATZ
metabolites, adopted treatment and water was obtained. The results showed that
the HVED method promoted the hydroxyl substitution of atrazine to produce the
less toxic hydroxyatrazine (HA). The acute toxicity (LCso) in Daphnia magna was
used to evaluate the toxicity of different treatment solutions initially containing
atrazine. The results proved that the atrazine solution treated by Fenton oxidation
was toxic, and the toxicity (LCso < 0.1 mg/L) was much higher than that treated by
HFUS (LCso > 5 mg/L) and HVED (1.5 < LCso < 2.5 mg/L), which was consistent
with our previous work [14, 15]. From the perspective of environmental protection,
the alternative HFUS and HVED methods are more favoured for atrazine

degradation than conventional chemical oxidation methods.
V.3. Chapter conclusion

This chapter focuses on practical applications and environmental issues,
and the main purpose is to evaluate the effect of real matrix (tap water) versus
model matrix (deionized water) on atrazine degradation by high voltage electrical
discharge (HVED) and high frequency ultrasound (HFUS) techniques. This chapter

involves three parts of work:

The first part is the degradation of atrazine in tap water and deionized water
by HVED and HFUS, and atrazine was quantified over time by Liquid
Chromatography and High-Resolution Mass Spectrometry (HPLC-HRMS)
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analytical method (validated in Chapter lll). The results showed that in HVED
treatment, atrazine was degraded more in deionized water than in tap water, which
may be related to the conductivity of the water. By contrast, in HFUS treatment, the
degradation of atrazine in tap water and deionized water showed little difference in

value.

The second part is the normalized statistical analysis of the differences in
metabolites between different treatments. The principal component analysis (PCA)
score plots were obtained, in which the range of sample groups can be shown in
95% confidence interval ellipses. The heatmap of degradation metabolites showed
that the HVED treatment promoted the hydroxyl substitution of atrazine to produce

the less toxic hydroxyatrazine (HA).

The third is the toxicity test of experimental wastewater from three
degradation processes HVED, HFUS and Fenton oxidation, which is a supplement
to the work in Chapter IV. The acute toxicity (LCso) in Daphnia magna was used to
evaluate the toxicity of different treatment solutions initially containing atrazine. The
results proved that the atrazine solution treated by Fenton oxidation (LCso0 < 0.1
mg/L) was more toxic than that treated by HFUS (LCs0 > 5 mg/L) and HVED (1.5
< LCsp0 < 2.5 mg/L). This result was consistent with the speculation of Chapter IV.
Therefore, from the perspective of environmental protection, the alternative HFUS

and HVED methods are more favored for atrazine degradation.
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General Conclusion and Prospects

Pesticide residues in agricultural production remain in the soil, flow in
surface water, and seep into groundwater, which seriously affects the ecosystem
and human health. In the degradation of pesticides, one of the most challenging
research focuses is atrazine, an herbicide widely used in farmland and roadside,
due to its refractory degradation, water solubility, complex metabolism and toxicity.
The degradation study of atrazine is also a reference for other pesticides (such as
chloridazon). This work responds well to the Water Framework Directive proposed
by the European Commission and the Sustainable Development Goals (SDGs)

proposed by the United Nations.

This thesis focuses on the degradation of pesticide atrazine in water, and

involves three stages, as follows:

(1) Establishment of analytical methods: A new analytical method by high
performance liquid chromatography-high resolution mass spectrometry (HPLC-
HRMS) was developed for the qualification and quantification of atrazine and its

metabolites during degradation processes.

Real-time monitoring of the evolution of atrazine and its metabolites during
Fenton reaction or US degradation processes by HPLC-HRMS was demonstrated
to be feasible. In our self-designed online analysis experimental setup, automatic
sampling was coupled with the HPLC-HRMS system. This avoids sample transfer
and storage that leads to degradation of potentially unstable metabolites during
point sampling. This online analytical method greatly improved the measurement
accuracy, increased the sampling frequency, shortened the sample analysis time

(4 min), and provided a good way to track each metabolite.

(2) Development of degradation technology: As an emerging technology
in water treatment, high voltage electrical discharge (HVED) was adopted and
compared with traditional pesticide degradation technologies Fenton oxidation and

ultrasound (US) treatment.

At the same initial atrazine concentration, the effects of three degradation
techniques HVED, Fenton oxidation and US on atrazine degradation were studied,

and their possible degradation pathways were proposed based on the formation
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kinetics of the detected 19 metabolites. Compared with the long atrazine
degradation time (2h) and toxic degradation metabolite ammeline (AM) in Fenton
oxidation, HVED has more efficient degradation efficiency (89%, 10 ms discharge
time) and less toxic degradation metabolite Hydroxyatrazine (HA). The energy
consumption of HVED was much lower than that of ultrasound when achieving
same degradation rates of atrazine. The use of HVED technology has application

prospects in the degradation of atrazine.

(3) Application in actual environments: Attempts were made to degrade

atrazine in tap water.

The aim was to evaluate the effect of real matrix (tap water) versus model
matrix (deionized water) on atrazine degradation by different techniques HVED and
US treatment. The degradation efficiency of atrazine in deionized water by HVED
and high frequency ultrasound (HFUS), was higher than that in tap water with the
same initial atrazine concentration. Normalized statistical analysis was used to
distinguish differences in atrazine metabolites during different degradation
processes. The acute toxicity (LCso) in Daphnia magna was used to evaluate the
toxicity of different treatment solutions initially containing atrazine. The atrazine
solution treated by Fenton oxidation (LCso < 0.1 mg/L) was much more toxic than
that treated by HFUS (LCs0 > 5 mg/L) and HVED (1.5 < LCso < 2.5 mg/L).

In summary, our self-designed online monitoring system provides new ideas
for pesticide tracking through HPLC-HRMS; the degradation of atrazine in water
through HVED technology was successfully achieved, and was proven to be
superior to traditional water treatment methods, Fenton oxidation and US; the

degradation of atrazine was applied in real matrix tap water.

However, since this thesis is still in the model research stage, there are still
many problems that need to be solved, especially in terms of practical applications.
The prospects are as follows:

(1) Study the degradation of other widely used pesticides such as

chloridazon.

(2) Study the degradation of mixed pesticides in water.

150



General Conclusion and Prospects

(3) Optimize the analytical system, to expand the upper and lower detection

limits and improve detection accuracy.

(4) Study the degradation of pesticide in other real matrix such as

agricultural wastewater, winemaking effluent.

(5) Apply HVED technology to the medium or industrial scale wastewater

treatment.

(6) Quantify H>O. during US and HVED processes for the radical

mechanism study.
(7) In addition to iron catalysts, other metal catalysts can also be tried.

(8) Measure the total organic carbon (TOC) for mineralization rate of

atrazine.

(9) Degrade atrazine by US in a pulsed state may reduce energy

consumption.

(10) Study the effect of the species in water with high conductivity on
atrazine degradation during discharge. For example, add different electrolytes into

treatment solutions.
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