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Abstract

Pesticides widely used for intensive agriculture may leach to groundwater and pose problems
to drinking water and irrigation. UV-C disinfection systems (UV-DS) for water disinfection
can be used also for the abatement of organic micropollutants. A pilot-scale continuous flow-
through UV-DS system was evaluated for its degradation efficiency of atrazine (ATR),
malathion (MAL) and glyphosate (GLY) from 40 L water. Groundwater used to irrigate
potato fields and recycled wastewater used to wash potatoes were treated without catalysts to
avoid any toxicity effect on potatoes. Chromatographic methods were used to quantify very
low pesticide levels before and after UV-C treatments (<10 pug L), while a specific method
was adapted to analyse traces of GLY (0.0008-10 pug L'!) in recycled wastewater containing
suspended particulate matter (SPM). ATR was completely eliminated from groundwater after
15 min photodegradation while 80% was removed from the turbid wastewater after 25 min.
For MAL, 70-80% was removed in 25 minutes from the groundwater. For wastewater, the
initial concentration was important for the performance of the photolytic process. An amount
of 75% of GLY was eliminated after 10 minutes irradiation at concentrations higher than
those found in natural groundwater. In wastewater, the UV-C treatment was less efficient
because GLY was mainly adsorbed to SPM which obstruct the photodegradation process.
Therefore, the pilot-scale UV-DS using a turbulent flow and a multiple-lamp system was
performant to remove quantitatively traces of pesticides from large volumes of water, by

direct photolytic oxidation, when the turbidity of the treated water was limited.

Key words
UV-C photolysis; recycled water; pesticides; glyphosate; pilot-scale treatment; ultra-trace

analysis
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Abbreviations

AOP: Advanced oxidation processes
AMPA: aminomethylphosphonic acid
ATR: Atrazine

CIP: Cleaning in place

DEA: Desethylatrazine

DI: Deionized

DIA: Deisopropyl-atrazine

DOM: Dissolved organic matter
FLD: Fluorescence detection

FMOC: Fluorenylmethoxycarbonyl

GC-MS: Gas chromatography coupled to mass spectrometry

GLY: Glyphosate
HA: Humic acids

IARC: International Agency for Research on Cancer

LC: Liquid chromatography

LOD: Limit of detection

LOQ: Limit of quantification
MAL: Malathion

SIP: Sterilization in place

S/N: Signal to noise

SPE: Solid phase extraction

SPM: Suspended particulate matter
UV-DS: UV disinfection systems
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1. Introduction

The extension of intensive agriculture worldwide has led to an increase in the use of
pesticides for plant and crop protection in the past decades and they have become among the
most frequently occurring organic pollutants in surface and groundwater [1, 2]. A majority of
pesticides are persistent and resist to natural degradation processes and so they remain for
extended periods in soils (after field applications) where they can accumulate. Some
pesticides may leach to groundwater and pose problems for drinking water and irrigation.
Because of possible adverse effects on the environment and human health caused by a
majority of pesticides, the European Union established a maximum permissible concentration
of 0.1 ug L' in drinking water for one target pesticide and a total concentration of 0.5 pg L
for the sum of them [3].

Each year in France, more than 5 billion m* of water is collected for agricultural use, of which
60% is used for irrigation. In potato production, 0.6 m* water is required to produce 1 kg of
potato tubers. In a context of sustainable development and to save drinking water, wastewater
is expected to be recycled and reused, but the presence of pesticides above regulated
concentrations can, as for irrigation water, pose a serious problem.

Atrazine (ATR) is one of the most commonly used herbicides in the world [4]. It is not
volatile, not very polar and not very soluble in water, and it can accumulate onto soil organic
matter (Table 1). Before its ban in France in 2003, the organochlorine ATR was commonly
used in corn and wheat cultivation, but also in potato fields. ATR and two of its degradation
products (desethylatrazine (DEA) and hydroxyatrazine) were among the most detected
substances in the French rivers between 2009 and 2013 [5]. ATR is classified in group 3 of
the International Agency for Research on Cancer (IARC), with an inadequate evidence for the

carcinogenicity in humans but a sufficient evidence in experimental animals (Table 1).
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After 2003, ATR was largely replaced by glyphosate (GLY) in France, which is now the most
widely wused herbicide and became (with its main transformation product
aminomethylphosphonic acid (AMPA)) the most measured in French rivers [6]. GLY is a
non-selective broad-spectrum organophosphate herbicide, not volatile, very polar and very
soluble into water (Table 1). However, it can also accumulate into soils through the formation
of complexes with soil cations, depending on soil pH [7]. In 2015, IARC classified GLY as
“probably carcinogenic to humans” (Group 2A) (Table 1). GLY drifts can also cause leaf
deformation of potato plants and can consequently lead to serious economic losses for
impacted producers after lot rejections. Just like GLY, malathion (MAL) is an
organophosphorous compound but is generally used as an insecticide. As ATR, MAL is
neither volatile, nor being very polar and not very soluble into water, so it can accumulate
onto soil organic matter (Table 1). It has been forbidden in France since 2007, but it was
previously used to eliminate fungi from seed potato lots. Even if it is no more a major
pesticide found in French rivers, it is a dangerous persistent compound, which has been
classified as “probably carcinogenic to humans” (Group 2A) by IARC (Table 1), as one of its

transformation product malaoxon.
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Table 1: Physico-chemical and carcinogenic characteristics of the studied pesticides

Atrazine Malathion Glyphosate
Chemical )C'\ oo b on o, ¢
structure e )Nl\ \/N AN P oo c HOJVN\/FE;{OH

HC™ N7 N CHy Hsc/\OJ\/H( s

(0]

pKa 1.64 - 2.34;5.73;10.2
Vapour Pressure | 3.85 x 107 45x10* 1.31 x 107
(25°C) (Pa)
Solubility (20°C) | 30 145 10,500 (pH=2)
(mg L)
Log Kow 2.5 2.8 -3.2 (pH=5-9)
Ko (L kg 86 151-308 81-7564
Maximal 225 [8] 210 [8] <200 (pH=7) [9]
absorption
wavelength (nm)
Carcinogenicity Group 3 Group 2A Group 2A
(IARC)
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As pesticides can adversely impact aquatic environment at low levels and must be analysed at
trace levels in groundwater as well as in drinking water, sensitive analytical methods must be
developed. ATR and MAL can be analysed using liquid chromatography (LC) or gas
chromatography coupled to mass spectrometry detection (GC-MS) but a pre-enrichment
procedure (using solid phase extraction (SPE) for example) is generally required to reach
concentrations lower than 0.1 pg L' [10-12]. GLY and AMPA are generally analysed using
LC coupled to MS or to fluorescence detection (FLD), but they can also be analysed using
GC requiring previous derivatization [13-15]. As for ATR and MAL, various preparation
steps must be developed before analysis (SPE, lyophilisation, large volume injections...) to
analyse GLY and AMPA at trace levels [16-19].

Ultraviolet (UV) radiation-based processes are feasible treatment solutions to eliminate or
drastically decrease a broad range of persistent organic pollutants such as pesticides in
aqueous effluents. UV-C direct photolysis has been reported to achieve better degradation of
persistent organic compounds than UV-A due to its higher energy [20, 21]. Photolysis
processes include direct photolysis of compounds that are excited by absorbing energy from
UV-C photons (180-280 nm) resulting in bond cleavage or rearrangement. ATR, MAL and
GLY can potentially absorb such energies and could be possibly degraded (Table 1). But
indirect photolysis can also occur when photons are absorbed by photoactive compounds
producing reactive oxygen species (ROS) or dissolved organic matter (DOM) in excited state
[22]. The application of a photocatalyst in advanced oxidation processes (AOPs) can enhance
the degradation of too stable or photo-inactive compounds by a significant increase of the
generation of ROS that oxidize and degrade them [23, 24]. UV-C disinfection systems (UV-
DS) can be simultaneously used for water disinfection (eliminating pathogens) [25] but also
for the abatement of organic micropollutants in water. The lower generation of toxic

byproducts during the process compared to AOPs using catalysts can be an advantage of UV-
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DS to treat aqueous effluents in contact with food or vegetables [26]. For example, the UV-C
treatment of MAL in presence of TiO> catalyst produces more phosphate byproduct, which
can be toxic [27].

In some agricultural practices, cooperatives ensure the reception of tons of potatoes that must
be washed before their conditioning and delivery. Potatoes tubers are washed with natural
groundwater and then wastewater is intended to be continuously collected and recycled for
subsequent potatoes tubers cleaning, in order to save thousands cubic meters of water and to
develop a circular economic model. In such current process, leached persistent pesticides can
accumulate after few washing cycles, leading to significant exceedance of tolerated levels.
UV-DS can be a promising technology to eliminate leached pesticides from wastewater in
order to reuse it after each washing cycle. But continuous flow-through UV-DS reported
experiments are rare and their degradation efficiency are not well known [28]. Moreover, the
scaling up of photolysis or photocatalytic reactors is limited and studies are required for
testing large-scale photodegradation processes and determining kinetic models for a variety of
aqueous effluents, particularly natural water containing mixtures of persistent pollutants [29].
In this study, a pilot-scale disinfection process using UV-C irradiation for treating water in a
continuous flow-through system was evaluated for the first time for its degradation efficiency
of three pesticides, ATR, MAL and GLY (and some of their transformation products).
Groundwater used to irrigate potato fields and recycled wastewater used to wash potatoes
were treated. No chemical catalyst was introduced to avoid any interaction with potatoes used
for animal or human feed. The disappearance kinetics of the three targeted compounds were
established. In the case of GLY/AMPA a new SPE-HPLC-Fluorimetry analytical method had

to be developed to reach ultra-trace levels in water containing solid particulate matter.

2. Material and methods
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2.1 Materials

2.1.1 Chemicals

Standards of ATR, MAL, deisopropyl-atrazine (DIA), diethyl-atrazine (DEA), malaoxon,
isomalathion and fluorenylmethoxycarbonyl chloride (FMOC-CI) were obtained from Sigma
Aldrich (Saint Quentin Fallavier, France). GLY, AMPA, derivatized GLY-FMOC and
AMPA-FMOC were from Dr Ehrenstorfer GmbH (Augsburg, Germany). Deuterated labelled
analytical standards atrazine-dS5 (ATR-d5) and malathion-d10 (MAL-d10) were from Sigma
Aldrich.

The LC grade solvents acetonitrile, dichloromethane, methanol and ethylacetate were
purchased from Fischer Scientific (Illkirsh, France) while octanol was from Sigma Aldrich.
Boric acid, sodium bicarbonate and formate ammonium were from Fisher Scientific.
Potassium chloride and sodium hydroxide were from Sigma Aldrich, while disodium EDTA
was from VWR (Strasbourg, France). Formate ammonium buffer 10 mM (pH 8) was prepared
by mixing 10 mL of formate ammonium 1 M and 6.19 mL of sodium hydroxide 1 M in 1 L
pure deionized (DI) water. Borate buffer 0.3 M (pH 8.7) was prepared by mixing 25 mL of a
solution of boric acid and potassium chloride (0.3 M each) with 10.7 mL of sodium hydroxide
0.3 M in 100 mL DI water.

Oxy-Anios 5 (Laboratoires ANIOS, France), the solution used to clean the UV-C pilot, was a

solution of peracetic acid (48 mg g!) and hydrogen peroxide (255.9 mg g!).

2.1.2 Water sampling

Pure DI water was supplied by a Milli-Q water system (Fisher Scientific). A large volume of
drilling water as well as wastewater from potato tubers cleaning was necessary to conduct the
pilot study. Drilled water used for irrigation of potato crops was sampled from a potato field

area near Evreux, Normandy France. Direct access to the drilling point was possible and
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sampling was done with the aid of a lance. A description of the drilling point is presented in
Figure S1 (supplementary materials). Groundwater is commonly used for crop irrigation due
to its high degree of purity as a result of natural filtration through the soil. However, in recent
years pure groundwater has become increasingly scarce due to drought and/or otherwise,
contaminated by pesticide residues. Groundwater had a pH of 8.2, a mean conductivity of
0.453+0.006 mS cm! (n=9) and a mean turbidity of 21.6+3.0 FTU (n=9). Compared with
typical French tap water (turbidity < 2 FTU and 0.180< conductivity =1 mS cm™!, quality
reference values from 2001-1220 French decree), the collected groundwater was slightly
turbid and contained few ionized mineral salts.

Wastewater from potato tuber cleaning was sampled with a pump, which was inserted into a
clean settled reservoir that collects wastewater from a potato packaging company. The
reservoir is made up of four water pools which are inter-connected. As such, movement of the
wastewater from the potatoes cleaning point crosses the four water pools, with debris settling
in each of the pools, thus water arriving at the last pool is clearer and is intended be reused for
cleaning potato tubers. Apart from this pre-treatment step, there was no additional treatment
applied to the wastewater. As such, it is possible that all potato crop-related treatments and
microbial contaminants or pathogens of the potato tubers maybe leached into the reservoirs,
leading to an accumulation of pesticides and proliferation of pathogens. It is why the
SurePure Turbulator™ device was expected to be installed after the last reservoir for an
additional treatment of the washing water (Figure S2). Wastewater had a pH of 7.9, a mean
conductivity of 0.477+0.020 mS cm™! (n=9) and a mean turbidity of 492491 FTU (n=9). As
compared with typical French tap water, the recycled water was very turbid and contained few

ionized mineral salts.
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After sampling, ground- or wastewater was stored at room temperature in 10 L plastic
containers, previously rinsed to eliminate plastic debris and avoid any possible contamination
of the samples before analyses.

After water collection at the outlet of the disinfection setup, ground- or waste-water was
centrifuged at 10,000 g for 5 min to eliminate a maximum of suspended particulate matter

(SPM).

2.2 Experimental disinfection setup and procedure

2.2.1 Experimental setup

Fig. 1 shows the pilot-scale disinfection set-up (SurePure Europe). The patented SurePure
Turbulator™ device exploits swirling turbulent flows and is designed for continuous flow of
turbid fluids, so it is well adapted for treating complex solutions such as wine, blood, milk
[30]. The turbulent flow and the multiple-lamp system (primarily used as germicide lamps)
increase the liquid exposure to UV-C, limiting biofouling, enabling greater homogeneity and
efficiency in purification. The disinfection pilot consists of a reservoir tank that can contain
100 L water, of a liquid pump (flow-rate 4500 L h'!), of 10 quartz pipes of 80 cm long and 78
mm diameter in a series circuit, each containing one mercury lamp (254 nm wavelength) (Fig.
1). Each lamp is protected by a quartz sleeve and can deliver 36 W (which corresponds to 29
W in the UV-C range), but with 15% loss due the quartz tubing material (measured and

specified by the manufacturer).

11



24

N

243

244

245

246

247

Figure 1: (a) Pilot-scale disinfection UV-C pilot: “1” and “2” indicate the entrance water
flow, “3” and “4” indicate the outlet flow; (b) 3D-modelling of the stainless steel tube; (c) the

arrows indicate how the solution moves around the UV-C lamp.
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2.2.2 Photolytic experiments procedure

Cleaning and sterilization in place (CIP and SIP steps):

This procedure aimed at preparing the installation for the reception of the water to be treated.
It consisted of a chemical cleaning and decontamination using Oxy-Anios 5. In the starting
tank, 200 mL of Oxy-Anios 5 (oxidizing agent) in 39.8 L water (0.5% mixture) was disposed.
This mixture flowed through the installation for 10 min with no light, passing through the
pump and the pipes, then returning in the starting tank in a close circuit. After 10 min, the
installation was entirely rinsed with 100 L of tap water to eliminate any remaining Oxy-Anios
5. Then the starting tank was again charged with 40 L of tap water which flowed for 10 min
through the machine but with lights switched on, in order to eliminate residual Oxy-Anios 5.
After rinsing, the water was eliminated and the machine was purged. At the end of each water
treatment, the CIP and SIP steps were undertaken.

Treatment step:

To prevent some damages of the machine, especially of the quartz tubes, the water to be
treated was previously filtered through sieves of 450 and 250 um. The coarsest fractions of
particulate matter were eliminated. The 40 L water samples (to be treated) were charged in the
starting tank, then the connection between the tank and the pump was opened and the water
circulation was switched on. During the first 5 min, the lamps were not switched on allowing
the water to homogenize correctly in all the installation. As 32 seconds are required to flush
40 L of sample once in the tubes, 5 min was enough to reach a steady concentration after few
circulation cycles [25]. As a control sample, a non-treated water sub-sample was collected
before the UV-C lamps were switched on. After each exposure time (1, 3, 5, 10, 15 and 25
min), the lamps and the pump were stopped while 200 mL of sub-sample of treated water was
collected at the end-point of the pipes circuit. Then, the collecting point was closed and the

lamp and the pump were restarted again until the next collection.
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2.3 Analytical methods

2.3.1 Sample preparation and GC-MS analysis of ATR, MAL and some transformation
products

After water centrifugation, a preconcentration step was performed on the supernatant using
solid phase extraction (SPE) with Oasis HLB 200 mg cartridges (Waters, Saint-Quentin-en-
Yvelines, France). Solid phase conditioning was done with 6 mL dichloromethane, 6 mL
acetonitrile followed by 6 mL DI water. The prepared water sample (V=200 to 1000 mL) was
passed through the SPE cartridge by a vacuum pump. The cartridge was finally dried by a
nitrogen flow (1 h). The analytes were eluted with 2x4 mL dichloromethane. An amount of
10 pL octanol was added as solvent keeper and the eluate was evaporated to dryness 45 min
at 45°C and 200 mBar (Mivac concentrator, Genevac, Fisher Scientific). At the end, 170 uL
ethyl acetate was added alongside 10 puL of internal standards of deuterated ATR-d5 and
MAL-d10 (at 100 mg L' in methanol). An aliquot of 1 pL was injected (splitless mode,
280°C) into a gas chromatographer GC (7890B, Agilent, Santa Clara, USA), coupled with a
mass spectrometer MS (7000C). Separation was performed using a 60 mx0.25 mm Zebron
ZB- SemiVolatiles capillary column (0.25 pum film thickness) obtained from Phenomenex,
with helium at 1.4 mL min™!. The oven temperature was programmed to begin at 100°C (1
min), increased to 190°C (30°C min™'), then 200°C (0.8°C min), 230°C (5°C min’') and
finally 240°C (4°C min™'). The MS detector operated at 70 eV. Quantification was based on
selected ion monitoring for better sensitivity. The linearity of the detection was in the range
0.1-8 mg L' for ATR, MAL, DEA, DIA, malaoxon, isomalathion, with r>>0.995 for
calibration curves. Limits of detection (LOD) (signal to noise S/N=3) and quantification
(LOQ) (S/N=10) of these compounds were evaluated on real samples of recycled wastewater
(V=1000 mL) spiked with 2 ug L' of ATR, MAL and some transformation products (Table

2). Their recoveries were in the range 75-106% (Table 2).

14



298  Table 2: Limits of detection, of quantification and recovery yields for the different pesticides
299 and some transformation products spiked in the turbid wastewater and analysed after SPE

300 concentration.

301
LOD (ng L) LOQ (ng LY Recoveries (%) (n=5)

ATR 0.71 2.6 78.04£9.6
DIA 1.3 4.1 106.0£8.7
DEA 0.3 1.9 75.049.3
MAL 0.1 2.3 95.0+16.5
Malaoxon 0.5 2.5 98.0£13.7
Isomalathion 2.8 8.6 90.0£18.7
GLY * 0.25 0.84 58.0 (n=13)

302 * Results obtained from spiked groundwater, only for GLY.

303
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2.3.2. Sample preparation and LC-FLD analysis of GLY and AMPA

After water centrifugation and before the preconcentration step, 8 mL of EDTA 0.1 M
(pH=10, adjusted with NaOH 5M) was added to 200 mL of the aqueous supernatant and was
homogenized prior to filtration through a cellulose acetate filter (5-8 um, Fisher Scientific)
under vacuum. The preconcentration step was performed using a PSOH Chromabond (500
mg) SPE cartridges (Macherey Nagel, Hoerdt, France). Solid phase conditioning was done
with 2x2 mL DI water, then 2x1 mL sodium bicarbonate (1 M) followed by 2x2 mL DI
water. Then the water sample mixed with EDTA was passed through the SPE cartridge with
the aid of a vacuum pump. After drying the cartridge under N> flow, analytes were eluted with
2x1 mL KC1 1 M.

For the derivatization step, 0.4 mL borate buffer 0.3 M (pH 8.7) was added to the eluate and
shaken for 20 s. Then 0.4 mL of FMOC-CI (6 mM into acetonitrile) was added and the
mixture was shaken in darkness for 20 min. Thereafter, 3x1 mL ethyl acetate were added and
after shaking, the lower aqueous phase was recovered and analysed using LC (Beckman Gold
126, Villepinte, France) coupled with a fluorimetric (FLD) detector Prostar 363 Varian
(Agilent). An amount of 20 pL of sample was injected into a Gemini Cis column (150x4.6
mm, dy=5 um) (Phenomenex), at 30°C and with a flow-rate of 1 mL min'. The mobile phase
was composed of solutions (A) (ammonium formate 10 mM, pH 9.5) and (B) (acetonitrile).
The analysis began with 15% (B) for 5 min, followed by a linear gradient to 98% (B) over 15
min before stabilizing at 98% (B) over 5 min. Optimal fluorescence excitation/emission
wavelengths were, respectively, 250/310 nm to obtain a sensitive detection. The linearity of
the detection was in the range 1-30 ug L! for GLY and AMPA, with 12>0.997 for calibration

curves. The LOD, LOQ and recoveries are discussed in the section 3.1 (Table 2).
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3. Results and discussion

3.1. Adaptation of the analytical methodology for the analysis of GLY at ultra-trace
levels in wastewater.

GLY is often analysed at trace levels in drinking, surface water or groundwater, which do not
contain high amounts of SPM or DOM and rarely in raw turbid water, where it has been
demonstrated that GLY can be associated to particulate matter [17, 18, 31]. However, in the
present study, although filtration and centrifugation were performed before analysis of the
turbid recycled wastewater, organic colloids (DOM) and nano- or micro-particles from SPM
could not be fully removed. Thus, there was a requirement for the development of new
strategies in the sample preparation to analyse GLY at ultra-trace levels in turbid water. It was
particularly critical to quantify GLY at concentrations in the pug L' range as direct
photodegradation processes in these low concentration ranges, encountered in environmental
water effluents, are not well known.

As GLY and AMPA were detected through a fluorimetric detector, allowing higher sensitivity
than UV or MS detectors, they were derivatized using an excess of FMOC-CI, because it can
also react with other amines or amino acids which may be present in recycled water. FMOC-
Cl was prepared into acetonitrile to obtain better derivatization yields [32]. It is known that
the reaction must be done in alkaline conditions and that derivatization yields increase when
pH increase from 7.0 to 9.1, but here, a pH=8.7 was selected to avoid high hydrolysis of
FMOC-CI into FMOC-OH at more alkaline pH [33]. As GLY and AMPA were obtained after
concentration of 200 mL water in 2 mL aqueous solutions containing concentrated KCI,
several volumes (300-600 uL) and concentrations (0.125-0.3 M) of FMOC-CI were tested.
Even if higher amounts of FMOC-CI favor the derivatization process, a medium volume (400
puL) of the highest concentrated solution was selected to avoid sample dilution. At last, the

best reaction time was determined allowing the formation of derivatized analytes without the
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formation of secondary by-products. The reaction time was tested between 0-24 h [34, 35].
No significant difference on derivatization yields was observed after 20 min reaction (p>0.05,
Student test, n=3) and after 1h, higher amounts of secondary by-products could be observed.
Therefore, 20 min derivatization was selected, obtaining mean derivatized glyphosate (GLY -
FMOQC) yields of 100.8+£9.7% (n=3). Using DI water spiked with GLY and AMPA, the limit
of detection (LOD) (S/N=3) and of quantification (LOQ) (S/N=10) using LC-FLD after
derivatization were 0.013 ug L™ and 0.040 pg L', respectively, for GLY-FMOC and 0.09 ug
L' and 0.30 ug L', respectively, for AMPA-FMOC. A review on analytical methods used for
GLY/AMPA analyses in water using LC-FLD mentioned current LODs between 0.01-0.1 ug
L! for both chemicals [36]. GLY had to be quantified into water at levels as low as 0.1 pg L™,
so the attained LOQ could be considered satisfactory.

GLY spiked in turbid water can be lost, due to various sorption phenomena on solid materials.
Therefore, a concentration process through SPE, allowing a concentration factor of 100, was
developed to accurately determine ultra-traces of GLY. Derivatized GLY-FMOC and AMPA-
FMOC are anionic species in a large alkaline pH range, so various anion exchange SPE
cartridges were tested, such as Chromabond PSOH (strong anion exchanger in the OH™ form),
Chromabond NH> (weak anion exchanger with aminopropyl bonded material) and Oasis
MAX (containing a mixed-mode polymeric sorbent with quaternary ammonium groups).
Various eluting solvents were tested to desorb GLY from the SPE cartridges. With Oasis
MAX, aqueous solutions containing HCI1 (0.5 M) or sodium citrate (0.6 M) were tested, and
low or inconsistent recoveries (2+2% and 140+24% (n=3 replicates), respectively) for GLY-
FMOC were obtained. The HCIl acid was not a good eluting solvent for the further
derivatization step whereas sodium citrate yielded a more favorable alkaline pH=8. With
Chromabond NH», aqueous solutions containing sodium citrate (0.6 M) and a phosphate

buffer (0.1 M, pH=8) gave 43+9% and 108+5% recoveries, respectively (n=3). Unfortunately,
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the chromatographic resolution of AMPA-FMOC was deteriorated when phosphate buffer
was used. With Chromabond PSOH, an aqueous phase containing KCI (1 M) was used as
eluting solvent and gave a mean recovery of 102+6% (n=3). This latter combination for the
SPE step was chosen rather than the combination involving Oasis MAX/sodium citrate
because the relative standard deviation was lower. The reproducibility of the recovery yields
for quantifying GLY at very low levels in spiked DI water after SPE, evaluated on 3 tests on
different days, were 91.9+20.4% and 98.7+8.7% for GLY spiked at 0.1 ug L' and 0.6 ug L',
respectively.

As previously mentioned, quantifying GLY in drilling or recycled wastewater appeared not so
easy, as they contain more or less SPM/DOM which required an elimination before LC
analysis. Several membrane filters were tested, with cellulose acetate, nylon or nitrocellulose
materials which demonstrated 11%, 24% and 45% GLY loss, respectively. As such as, the
filter had to be carefully chosen to accurately quantify GLY in raw water containing particles,
and cellulose acetate material seemed appropriate. Moreover, even if ground- and wastewater
were centrifuged after their collection at the outlet of the disinfection setup in order to
eliminate SPM, mineral or organic colloids, they could not be totally eliminated. Mineral
colloids could contain iron or aluminium oxides that can sorb GLY [37]. Also, it has been
demonstrated that metal cations could interfere on the GLY and AMPA derivatization [17,
38]. Therefore, EDTA was introduced after centrifugation to precipitate mineral colloids and
associated bivalent metallic species in order to eliminate them with further filtration. In the
best analytical conditions, GLY spiked at 10 ug L! into groundwater and placed into the
disinfection pilot without irradiation, was quantified with 58% recovery (Table 2). The 42%
loss could be attributed to the sorption of GLY onto SPM/colloids (which were eliminated
through centrifugation, precipitation and filtration before analysis), but also to the sorption

onto the surface of the inox and quartz material of the pilot.
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Concerning wastewater which was highly turbid and contained much more SPM, initial
concentrations of GLY were not negligible. From one collected in October 2017 and another
collected in March 2018, mean concentrations of 4.1+3.2 ug L'! (n=5) and 2.6£0.9 pg L
(n=6), respectively, were measured. The main transformation product AMPA could not be
detected in wastewater. In comparison, GLY was initially found in groundwater at 0.3+0.2 ug
L' (n=3) which is significantly lower (p<0.05, Student test). Then GLY was spiked at 10 ug
L into wastewater and placed into the disinfection pilot without irradiation: it was quantified
with only 19% recovery. Compared with the results from groundwater, it is clear that an
important quantity was sorbed onto the pilot surfaces and coatings, but also on the high
amount of SPM/colloids and so could not be quantified in the dissolved aqueous fraction.

Considering the moderate GLY losses related to the presence of SPM/DOM  into
groundwater, procedural LODs and LOQ using SPE and LC-FLD could be measured only
from spiked groundwater and were 0.84 ng L' and 0.25 ng L'!, respectively (Table 2). Thus,
the very low LOQ values obtained for ATR, MAL and GLY (Table 2) allowed for the
quantification of those pesticides at ultra-trace levels into water of various turbidity, even

after their degradation following UV-C treatment.

3.2. Degradation of pesticides using the pilot-scale disinfection process

3.2.1. Energy of UV-C exposure per liter of treated water

The transmitted UV-C energy (or its power P cmiteq i J s71) to the aqueous fluid through the
quartz tubing could be calculated using equation (1), knowing the power of each UV lamp
(Puv 1amp):

Piransmitted = (PUV 1ampX %Loss) X number of lamps = (29x0.85)x10 = 246.5 J 5™ (1)
The time (tpass in s) needed for the passage of the volume of water to be treated in the machine

could be calculated using equation (2):
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_(Vx3600)  (40x3600)
Lpass= 4500 4500 =32s )

Where V1 was the volume of water to treat (40 L) and V=4500 L was the total volume of
water which could be delivered by the pump in 1 h.
The energy applied to the volume of water to treat (Epy in J L) in one passage could be

calculated using equation (3):

_ (tpassXPtransmilled)_ (32x246.5)

Epass= o =1972] L! (3)

We could then calculate the total energy of UV-C exposure (Eexposure in J L' or kJ m™)

(corresponding to the fluence) for each treatment time using equation (4):

timeXEpags
EGXPOSUI' (S

“4)

tpass
Where time is the treatment time (in min). Thus, the fluence could be calculated using a

simple equation (5): Eexposure = 369.75 X time ®))

3.2.2 Dissipation of pesticides

Dissipation of atrazine and malathion

The kinetic curves of ATR and MAL degradation were compared according to the water
treated. The measured relative concentrations (Ci/Cp) are shown as a function of the
irradiation time on Fig. 2. The mean values of C/Cop were obtained through duplicate
experiments for a particular concentration of spiked pesticide, carried out on two different
days and using two different 40 L water sample cans, which explains the variability of the
results. As illustrated on equation (5), the longer the residence time into the UV-DS tubes, the
higher the energy delivered from the UV-C lamps. Both MAL and ATR were quantitatively

photodegraded by UV-C irradiation but a limit appeared after a few dozen minutes.
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Figure 2: Plots of C/Cy versus photoreaction time for MAL and ATR in groundwater (a, b) and wastewater (c, d). Co is the initial concentration
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MAL and ATR could be dissipated through direct photolysis, but also through oxidation
reaction with ROS. Indeed, in the case of UV-C irradiation, the water molecules can
decompose in photoactive hydroxyl radicals that absorb the energy of irradiation [39]. The
yield of this reactive intermediate can reach 0.280 pmol per J of absorbed radiation energy
[40]. In view of eq. (5), it was possible that 1760 pug L' could be generated per min
irradiation in the pilot, which is significantly above the concentrations of the dissolved
pesticides to remove. Morevover, other oxidants such as superoxide radical or singlet oxygen
could be generated: the big section of the turbulator device could help to oxygenize the
aqueous solution during the process and promote these ROS formation [38].

More than 80% ATR could be eliminated in less than 25 minutes irradiation (corresponding to
a fluence of 9244 kJ m>, eq. (5)) irrespective of the quality of water treated and for all the
tested concentrations, from 0.5 to 10 ug L' (Fig. 2b and 2d). Only 15 minutes were necessary
to completely eliminate ATR from the less turbid groundwater (fluence = 5546 kJ m™) (Fig.
2.b). For wastewater the dissipation was limited to 80%. The larger amount of interfering
compounds probably interacted with the ROS, limiting the efficiency of the oxidation reaction
in the liquid phase. Also, the persistence of residual ATR which could not be eliminated after
25 min irradiation was possibly due to their sorption onto SPM, where they were not
accessible to direct irradiation.

It has been reported that DEA, DIA and 2-hydroxyatrazine are the main transformation
products obtained by photolysis of ATR [41, 42]. These transformation products are obtained
by excitation of the triazine, the dechlorination and the insertion of the hydroxyl radical
generated by the water photolysis. As discussed, the GC-MS method was adapted to analyse
ultra-traces of ATR and some of its current transformation products. The analysis of
groundwater and wastewater before UV-C treatment demonstrated that ATR was not

detectable (<0.00071 pug L), contrary to some of its transformation products. DEA was
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detected (<0.002 pug L), and DIA could be quantified at 0.15+0.04 pug L' (n=4) and
0.90+0.20 ug L' (n=12) in ground- and wastewater, respectively. Such contamination of
natural water by ATR metabolites, produced from the metabolic activity of bacteria, has
already been reported by Moreira et al [42]. After all the UV-C treatments, even the longer
ones, DEA and DIA levels were not significantly changed in treated water compared with
their initial concentrations. It is possible that the hydroxylation of the chlorinated carbon of
ATR increased the stability of the chemical structure of these compounds [42]. Thus, DEA
and DIA are difficult to remove by photolysis and it contributes to their prevalence and so to
their wide detection in various water environments, even groundwater, and for decades after
the phasing out of the parent molecule [43]. Also, Khan et al. [44] demonstrated that the
degradation rate of DEA and DIA increased with the increase in their initial concentration
when they were submitted to UV-C irradiation (254 nm). Therefore, their very low initial
concentrations in ground- or wastewater might also explain why no DEA or DIA
concentration change could be measured during the exposure to UV-C irradiation.

For MAL, the UV-C degradation was limited to 50-80% depending on water quality, for
concentrations ranging from 0.5 to 10 pg L' and after 25 min treatment (corresponding to a
fluence of 9244 kJ m™) (Fig. 2a and 2c). It has been reported that three oxidation by-products
could be generated during photolysis [45]. The degradation of MAL could be initiated by the
cleavage of the P-S bond to obtain the diethyl-2-mercaptosuccinate, and then the mercapto
group was substituted by an hydroxyl group with the help of hydroxyl radicals, to obtain the
diethyl malate and finally, the internal hydroxyl group could react with an hydrogen to give
diethyl maleate [27]. The GC-MS analysis confirmed that malaoxon and isomalathion were
not present, even at ultra-trace levels in water, before and after UV-C treatment, possibly

because the P-S bond was rapidly cleaved by photolysis.
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The results presented in Fig. 2 indicates that the degradation was more efficient in
groundwater than in wastewater for both ATR and MAL. We could emphasize that SPM
present in the unclear wastewater limits the interaction with photons involved in the
photolysis and sorption protects pesticides from photolysis by competitive light attenuation
[46]. Moreover, the largest amount of interfering compounds (DOM and inorganic ions) in
wastewater should compete with ATR and MAL for photochemical reactions with ROS.
Particularly, humic substances can reduce the pesticide photodegradation by a strong
quenching effect and it can also quickly react with ROS [46, 47].

In both the tested water, ATR was more sensitive to UV-C degradation than MAL. Residual
concentrations remaining in the solution after 25 min irradiation were always greater for
MAL than for ATR. ATR presents a maximum absorption between 220-230 nm, so with a
sensitization effect more favorable than for MAL, which presents a maximum absorption
wavelength at the limit of the UV-C region (Table 1) [8, 41].

In order to better understand the photodegradation process, the kinetic of degradation was
evaluated for both ATR and MAL. The pseudo-first order kinetic modeling was applied in

waste- and groundwater according to equation (6):

Ct

In (—) = —kt (6)

Co

where Co and C; represent the concentration at time 0 and t, respectively, and k (min™!) is the
pseudo-first order rate constant.

The values of the rate constants k and the coefficients of determination (r?) corresponding to
the mathematical modeling (eq. 6) are summarized in Table 3. The pseudo-first order model
fitted well with the experimental values for ATR and MAL and it was relevant for the
different concentrations tested and whatever the water quality. Fig. 3 shows the plot obtained
from equation (6) which is in accordance with the mean experimental values (obtained from

duplicates).
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527  Table 3: Pseudo-first order kinetic parameters for the photodegradation of MAL and ATR in

528  ground- and wastewater.

529
Groundwater Wastewater
k (min™) ti2 (min) 12 k (min))  tip(min) 12
0.5ugL! 0.1852 3.7 0.996 |0.0817 8.5 0.945
Atrazine 2 pgL! ]0.2847 24 0.970 |0.0594 11.7 0.980
10 pg L' |0.2237 3.1 0.993 |0.0622 11.9 0.964
0.5 ug L1 {0.0512 13.5 0.980 ]0.0471 14.7 0.980
Malathion 2 pugL! |0.0669 10.4 0.990 |0.0257 27.0 0.870
10 ug L't 10.0456 15.2 0.992 ]0.0183 37.9 0.970
530
531
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Figure 3: Plots of In (C/Co) versus photoirradiation time for MAL and ATR in groundwater (a, b) and wastewater (c, d).
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Although the kinetics of the photochemical reactions can be complex because of the number
of steps and the reactive species involved, the OH radical is usually regarded as the sole and
rate limiting reactive species [46], which explains why the pseudo-first order kinetic could
properly model the photodegradation kinetic. According to first-order kinetics, the time
required for dissipating 50% of the initial concentration (ti2) of MAL or ATR could be

calculated by the equation (7):

In2
ty= o )

The values of ti» are given in Table 3. It shows that the first stage of ATR dissipation (for
degrading at least one half of the molecules) was always faster than that of MAL.

In groundwater, the photodegradation process was less sensitive to the initial concentration of
ATR or MAL than in wastewater, in the range 0.5-10 pg L'!. The constant rates k were only
slightly higher at 2 ug L! than at 0.5 or 10 ug L'! for both the molecules in groundwater. So
the fluence corresponding to the dissipation of 50% of these pesticides in groundwater was
between 887 and 1368 kJ per m® of water for ATR and between 3845 and 5620 kJ per m? for
MAL, in the 0.5-10 pg L' concentrations range. It is important to note here that continuous
flow-through reactor studies for organic contaminants removal by UV-C photolysis are rare at
the pilot scale, and that the results obtained for these pesticides are promising not only for the
removal capacity but also for the energy expenditure [23]. For comparison, direct UV-C
photolysis of a persistent pharmaceutical compound in drinking water showed degradation
less than 6% at 15 min, in a bench-scale continuous flow-through reactor, corresponding to a
fluence of 5000 kJ m™ [28].

For wastewater, the photodegradation of ATR and MAL was significantly slower than for
groundwater. The time required to dissipate 50% of ATR was between 2.3 to 4.9 time longer
in wastewater and between 2.6 to 6 times longer for MAL (Table 3). The exception was for

MAL at 0.5 pg L' whose ti1» was quite the same for the two water qualities. So at the lowest
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MAL concentration, the amount of ROS seemed to be sufficient to react with MAL even in
the turbid water, but at MAL concentrations > 2 ug L', ti2 increased drastically in wastewater
which shows that generated active species were no longer sufficient (Table 3). The fluence
corresponding to the dissipation of 50% ATR was between 3143 and 4400 kJ m™ of
wastewater and increased from 5435 to 14014 kJ m™ of wastewater for MAL, depending on
its initial concentration. Once again, the results obtained with the SurePure device are
promising, even for a very turbid water. For comparison, the removal of ten pesticides (of
which ATR) from leaching water containing DOM at pilot plant scale, using solar irradiation

(UV-A to UV-C), was less than 20% after 60 min [39].

Dissipation of Glyphosate

The photolytic dissipation of GLY was investigated for 30 minutes (Fig. 4). Some authors
noted that no sign of direct photolysis was observed using UV-C irradiation for GLY at 50 mg
L in pure water, which was justified by the absorption spectrum of GLY which is at the limit
of the UV-C region [48]. However, the sample pH is important to take into account.
McConnell et al. (1993) demonstrated that the absorption spectra of GLY could shift to
higher values with a pH increase. Thus, the wavelength of the maximum absorption could
shift to 214 nm for pHs higher than 7.0 [49]. In our case, treated waters were alkaline (7.9-

8.2) which could explain a part of the GLY photosensitivity.
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Figure 4: Dissipation of free GLY (initial spiking: 10 ug L!) in groundwater (n=3 tests) and

wastewater (n=1 test) after UV-C irradiation (measured in the dissolved aqueous fraction

from t=0).
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As already mentioned (section 3.1), the direct photolysis of GLY in the very low
concentration ranges, found in environmental water (ug L), is not well known, as
photodegradation of GLY is more often studied using spiked GLY in the mg L' range and is
usually assisted by photocatalysts in AOPs [50]. Here, the dissipation of GLY (spiked at 10
ug L'!) seemed very fast in groundwater because only one minute of treatment was enough to
remove 57% of GLY (fluence = 370 kJ m™) (Fig. 4). It is important to note that the reported
C/Cop values were calculated from the initial Co concentration measured in the dissolved
aqueous fraction at to, just before the irradiation began, so taking into account the GLY losses
due to sorption (approximately 42% GLY was sorbed at to (section 3.1) and could not be
measured in the dissolved fraction). The dissipation of free GLY was more than 75% after 10
minutes of irradiation, corresponding to a fluence of 3698 J m™ of treated groundwater (eq.
5)).

This fast and efficient dissipation of free GLY at low concentration (< 10 ug L!) could not be
fully explained by direct photolysis, but mainly by reactions with ROS such as hydroxyl or
superoxide radicals, for instance, and also possibly by the presence of trace of metals and
humic acids (HA) in groundwater. Groundwater may contain a small fraction of soluble
organic colloids (DOM) composed of HA complexed to iron, manganese or aluminum,
coming from soil lixiviation. The various aromatic compounds of HA, as polyphenols or
organic acids, can form charge transfer complexes with some herbicides, further sensitising
them for the photodegradation [51]. Also, it is known that inorganic Fe or Mn elements can
act as catalysts for GLY degradation by oxidation in photodegradation or electro-Fenton like
processes [52, 53]. In particular, HA and Fe®* complexes can sensitize aquatic
photodegradation of GLY, with HA interacting with Fe** to produce more hydroxyl radicals,
causing the C-N and C-P bonds cleavage to form phosphate [53]. It should be noted here that

AMPA apparition could not be measured during the exposure of GLY to UV-C.
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It must be underlined that the results obtained for GLY removal with the SurePure device are
very encouraging. According to the review from Diez et al. (2019), there was just few
publications on agrochemicals degradation by UV-C light at the pilot scale without catalyst
[23]. The cited authors reached a degradation of 30% in 100 minutes for a pesticide and 5% in
100 minutes for a fungicide for 19 L of treated water, demonstrating that 75% GLY removal
after 10 min irradiation, obtained in this work, is promising. Moreover, it is important to note
that these cited works were investigated in pure water and not in groundwater (or wastewater)
like in this study. At last, experiments on GLY using UV-C irradiation at the pilot scale are
even more rare and Jonsson ef al. mentioned that the removal of GLY, spiked in drinking
water at 3 ug L1, was not exceeding 36% after 7 days of treatment with UV-C irradiation in a
flow through system [54].

For wastewater, the performance of photolysis was also interesting with more than 50% of the
initial concentration of free GLY removed from the water after 10 minutes exposure and a
fluence of 3698 kJ m? (Fig. 4). However, after 10 minutes, the concentration of soluble GLY
increased in the pilot, indicating that a part of GLY was again released in the aqueous phase.
Compared with groundwater, an important part of GLY was sorbed to the pilot surfaces
(stainless steel and quartz tubes) as well as to the high amount of SPM. Approximately 80%
GLY was sorbed to all the solid surfaces (known initial spiked amounts were compared with
those measured after equilibrium of wastewater into the pilot and the water collected at to, just
before the irradiation began). It has been reported that GLY and AMPA were more frequently
found associated with SPM than in the soluble phase despite their high solubility, with
partition coefficients in the range of 81-7564 L kg™! which is significantly higher than those of
ATR and MAL (Table 1) [9, 31, 55]. Therefore, in the case of the turbid wastewater, a
photodegradation of the soluble GLY fraction may occur rapidly, although SPM limit the

interaction with photons and the generation of hydroxyl radicals with the aid of HA from
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DOM. However, particulate matter tended to release sorbed GLY, possibly at each water
cycle and because the solid/liquid partition was continuously modified in this dynamic
system. Unfortunately, GLY disappearance was lower than GLY release. It means that UV-C
irradiation must be significantly longer than 30 min to eliminate all the dissolved GLY

molecules from the turbid water.

Conclusions

This study investigated the degradation of ATR, MAL and GLY pesticides by direct UV-C
photolysis in order to develop a circular economic model to clean water used in agriculture.
The direct photolysis, applied in a continuous flow-through system which could treat 40 L
water, was investigated on natural spiked ground- and wastewater. For diluted (0.5 ug L)
and more concentrated (10 pg L) solutions, ATR was completely eliminated after 15
minutes from groundwater while 80% was removed from the more turbid wastewater after 25
minutes treatment. The GC-MS analysis demonstrated that ATR was not quantitatively
converted to DIA or DIE and that trace levels of these transformation products were not
eliminated by UV-C treatment in both water samples. For MAL, 70 to 80% (as a function of
the initial concentration) was removed in 25 minutes from the groundwater by photolytic
oxidation. For wastewater, the initial concentration of MAL was important on the
performance of the photolytic process. The dissipation of GLY at concentrations (10 ug L)
higher than those found in natural groundwater was promising because it was quantitatively
eliminated after 10 minutes of irradiation (>75%), possibly with the aid of HA. In wastewater
containing high amount of SPM, the UV-C treatment was less efficient because GLY was
mainly adsorbed to particles which obstruct the photodegradation process. It seems that only
dissolved GLY could be photodegraded at low concentration and the continuous release of
GLY from particles in the dynamic UV-DS system was an obstacle to its rapid quantitative

elimination. This study therefore, demonstrated that the UV-C treatment applied to large
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volumes of water, using a turbulent flow and the multiple-lamp system, was effective to
rapidly and quantitatively remove some herbicides and pesticides by direct photolytic
oxidation, without added catalysts, when the turbidity of the treated water is limited.

As transformation products can sometimes be more toxic than parent pesticides, the ability of
the UV-C treatment to remove quantitatively problematic pesticides in water will need, in the

future, to be supported by toxicity assays and researches on potential ecological effects.
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