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ABSTRACT

Atrazine (ATZ) is one of the most common pesticidktected in surface water in Quebec
(Canada). The present study was mainly focused@mlégradation of ATZ and its by-products
using electrochemical advanced oxidation processels as photo-electro-Fenton (PEF), electro-
Fenton (EF) and anodic-oxidation with simultaneddg), formation (AO - HO,). The
comparison of these processes showed that PEFsgraeas found to be the most effective
process in removing ATZ and its by-products fronthbeynthetic solution (ATg= 100 pg [
and real agricultural surface water enriched WitFZAATZ, = 10 pg LY. Different operating
parameters, including wavelength of the light, gidrrent density and the presence of natural
organic matter (humic acids) were investigated P&F process using boron-doped diamond
(BDD) anode and graphite cathode. The current tieasid the wavelength of the light were the
most important parameters in the ATZ degradatidiciefcy. The best operating conditions were
recorded for the synthetic samples at a currensitjeaf 18.2 mA crif, a pH of 3.0 and treatment
time of 45 min. Results showed that atrazine-dgbsebsisopropyl (DEDIA) was the most
important by-product recorded. More than 99% of A@4dation was recorded after 15 min of
treatment and all the concentrations of major dpcts were less than the limit of detection
after 45 min of treatment. The PEF process wastatged for real surface water contaminated by
ATZ: i) with and without addition of iron; ii) witbut pH adjustment (pHI 6.7) and with pH
adjustment (pH3B.1). In spite of the presence of radical scavergel iron complexation the
PEF process was more effective to remove ATZ freal surface water when the pH value was
adjusted near to 3.0. The ATZ removal was 96.0% @i01 mM of iron K., = 0.13 min') and

100% with 0.1 mM of ironkap,= 0.17 mirt).

Keywords: Atrazine; Degradation, Photoelectro-Fenton; Hygiteadicals; Energy consumption
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Highlights

PEF process is a feasible technology for the treatmmof water contaminated by ATZ.
More than 99% of ATZ oxidation was recorded aftemiin of treatment in synthetic effluent.
Atrazine-desethyl-desisopropyl (DEDIA) was the niagbortant by-product recorded.

100% of ATZ was removed from surface water in spftthe presence of radical scavengers.
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1. INTRODUCTION

Pesticides represent an effective solution to aexefood production, ensure the maintenance of
railways, gardens and golf courses. Since two dexathe market of sales and the world
consumption of pesticides continually increased{Di and Lafrance 2012). Among herbicides,
atrazine has received much attention in the padtimmecent years. Atrazine (ATZ) was used
mainly to fight weed and grass weeds which harmctiiaure of corn, sorghum and sugarcane
(Solomon et al. 1996). In Quebec (Canada), asageih other countries such as USA and Spain,
atrazine is one of the most common pesticides thteio the surface water and groundwater
(Hildebrandt et al. 2008, Giroux et al. 2010, Redt al. 2012, Giroux and Pelletier 2012). The
presence of atrazine in aquatic ecosystems hawaimedmpacts on the phytoplankton species
which contribute significantly to the primary pradion (DeLorenzo et al. 2001); on the larval
amphibians such as northern leopard frog (KopriamiR010) and on the neonatal turtles
(Neuman-Lee and Janzen 2011). Moreover, scienéfiorts found that atrazine can act as an
endocrine disruptor (Trentacoste et al. 2001) witduces complete feminization of amphibians
such asxenopus laevis (Hayes et al. 2010). Considering the toxicity of Adn aquatics species
and the risk to human health, many research effitesnpted to eliminate this herbicide from
aquatic environment with efficient treatment tedogy such as advanced oxidation processes
(AOPs). The AOPs are environmentally friendly cheahi photochemical, photocatalytic,
electrochemical and photoelectrochemical technekdiased on the production of hydroxyl
radical HO®) (Komtchou et al. 2016a). In wastewater treatmbwtiroxyl radical have a strong
oxidizing power E° (HO®*/H,0) = 2.80 Vvs. standard hydrogen electrode (SHE) which can react
with organic compounds and their by-products degfiad, until mineralization into CQwater
and inorganic ions. Among these AOPs methods, tfeetrechemical advanced oxidation
processes (EAOPSs) such as anodic oxidation witttrelgenerated 0, (AO - H,O,), electro-

Fenton (EF) and photoelectro-Fenton (PEF) have lsemeessfully applied to degrade and

4
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mineralize ATZ in water effluents (Borras et al.1R0 Oturan et al. 2012, Ding et al. 2017,
Aquino et al. 2017). Unfortunately, none of thesed®es have tracking the evolution of by-
products of ATZ during the different steps of detgtion. Therefore, this study investigates the
EAOPs using boron-doped diamond (BDD) anode anghifea cathode to remove atrazine and
its by-products from surface water by means of viddd electrochemical cell. The choice of
BDD over conventional electrodes (PHSnQ, Ti/lrO,) can be justified by the high quality and
properties of this electrode such as stability dor@sion and inert surface with low adsorption
properties (Panizza and Cerisola 2009). Likewike,dhoice to use graphite plate as cathode is
justified by its efficiency to generate thex® (Eq. (1)) by cathodic reduction of dissolved

oxygen (Khataee et al. 2012, Komtchou et al. 2016b)

0,(g) + 2H* +2e~ - H,0, (1)

In the AO-HO, process, hydroxyl radicals are generated on tleleursurface (M) from the
oxidation of water (Eq. (2)) when the current irgigy is applied. The principal mechanism of

pesticide degradation is direct oxidation at thedensurface.

M + H,0 > M(HO") + H* + e 2)

Moreover, when the graphite plate is used as catlebtettrode, the electrochemical reduction of
dissolved Q@ at the cathode surface produce®H It is possible that the decomposition of04
gives other weaker oxidant such as hydroperoxyicehdEq. (3)) that can participate to the

degradation of pesticides.

H,0, - HO, + H* + e~ (3)

In the EF process, the highly oxidiziitD* is produced via Fenton’s reaction in acidic medium

(Eq. (4)) when the electrogenerategOpi reacts with iron catalyst (F@ added in the solution.
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The cathode ensures to continuously generate Pemiagents (Egs. (1) and (5)). Likewise, the

efficiency of EF can be improved under UV irradiatiduring electrolysis.

H,0, + Fe?* - Fe3* + HO" + OH~ 4)

Fe3* + e- -  Fe?* (5)

In the PEF process, the treated solution underdBElitions is simultaneously irradiated with UV
light and the photolysis of Fe(OH)contribute to generates a greater amourii@f (Eq. (6)).

Likewise, the regeneration of £#émproves the Fenton’s reaction 86° formation (Eq. (4)).

Fe(OH)?* + hv - HO® + Fe?* (6)

According to Irmak et al. (2006) and Masomboonlef2910), the other advantage of PEF is the

photodecarboxylation of iron complexes that gemaratrbon dioxide and ferrous iron (Eq. (7)).

Fe(OOCR)?* + hv — Fe?* + CO,+ R° @)

The combination of electrochemical, photochemiacadl @hoto-electrochemical processes in a
same reactor gives an advantage to the PEF préozmessnove from water ATZ and its by-
products. Some authors argued that PEF processbeaaffectively used to remove high
concentrations of ATZgg. 20 and 30 mg 1) in a small volume of synthetic solution (Borrds e
al. 2010, Garza-Campos et al. 2014, Ding et al.7ROdlowadays, the challenge is to develop
industrial low-cost technologies to treat a largelume of real water and capable of
simultaneously removing micro-pollutants (such astigides) and their metabolites that can be
more toxic than the original compounds.

The aim of this paper is to show the efficiencyaafiovel photo-electro-Fenton (PEF) process to
remove relatively low concentrations of ATZ (10 ak@D pg L) from water, in comparison with
other electrochemical advanced oxidation processet as electro-Fenton (EF) and anodic-

6
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oxidation with simultaneous #, formation (AO - HO,). The experiments were carried out
using a semi-pilot reactor having 5 L of capacithe effects of operating parameters such as
wavelength lights and current density were studigkewise, the effect of natural dissolved
organic matter (humic acids) and the values ofahjtH were investigated. The effectiveness of
PEF process to remove ATZ from real agriculturafame water enriched with ATZ was also

investigated.
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2. MATERIALSAND METHODS

2.1. Preparation of the synthetic solution of atrazine

ATZ and five of its by-products (ATZ-OH, DEA, DIADEDIA and CA) were purchased from
Sigma Aldrich (Oakville, ON, Canada) in the highpsatity: 99.9%. ATZ stock solution (10 mg
L™ was prepared each week in 1000 mL of deionizetemg@onductivity = 0.31 ps cr).
Dissolution of atrazine was carried out in the dads. Mixing was achieved by a teflon-covered
stirring bar installed in the bottom of the beakéthe room temperature (23 + 2 °C) during 2
days to make sure that complete dissolution washesh before use. This stock solution was
stored in the darkness at 4 °C until use. Syntrsstiation (SS) of atrazine was made by diluting
the atrazine stock solution in deionized water anstirring time around 20 min was fixed to
ensure homogenization of the solution before eash Final concentrations of synthetic solution
atrazine were 10 and 100 pg.ln order to increase the electrical conductiuityhe solution, 30
mM of sodium sulfate salt (N8O,) was added. Likewise, the catalytic ferric ionssvealded
using iron(ll) sulfate heptahydrate (FeSIH,O) supplied from Fisher Scientific (Toronto, ON,
Canada). The initial pH was adjusted to 3.0 usimfusc acid (0.1 M) supplied from Fisher
Scientific (Quebec, QC, Canada). The names of the hajor by-products of ATZ, their

molecular formula and their retention time (liqeidromatography) are reported in SM1 (Table).

2.2. Surface water sampling and atrazine spiking

Surface water effluent (SWE) was sampled from aditical areas beside intensive crops
production (corn and soybean crops) where herldcigle often used. The sampling was carried
out in the Nicolet River located in the province @fiebec (Canada). The SWE was collected,
stored in polypropylene bottles and kept at 4 °@l wse. The SWE had an initial content of

soluble chemical oxygen demand (COD) of 92 + 3.5liigpH of 6.7 + 0.4, alkalinity of 1.4
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meq L', conductivity of 171.78 + 18.3@S cni', turbidity of 9.05 + 0.46 NTU, and atrazine
(ATZ) concentration of 0.083 + 0.016 ud-.Lin view of testing the PEF process under differen
experimental conditions and to simulate a leveAD®Z contamination most often encountered in

surface water, SWE was enriched withut0L™ of ATZ.

2.3. Electrolytic reactor setup

In all tests, a total volume of 5 L of artificiallgontaminated water was used. The working
volume of the electrolytic cell was 1.5 L, wheré&aS L was required for the recirculation tank.
The treatment of ATZ was carried out in batch maedi undivided cylindrical cell made of
quartz material with a dimension of 35 mm (width250 mm (lengthx 140 mm (height). The
cell reactor is perforated at 50 mm from the tod bottom to ensure the recirculation of water
through the cell and mixing solution in the cellthie continuous mode by means of a peristaltic
pump operated at a constant speed of 250 mL'.nihe anode electrode (110 mm height00
mm width x 1 mm thick) was either made of niobiumated with boron doped diamond
(Nb/BDD) having an effective area for reaction 6f@rf. The graphite carbon plates as cathode
(110 mm heighk 100 mm width x 5 mm thick) have a surface arealdf cnf. The anode and
cathode were placed in parallel, fixed verticaty2@ mm from the bottom of the cell and the
inter-electrode gap was 10 mm (SM2). The anodecatitbde were connected respectively to the
positive and negative outlets of a DC power gewerdthe electrical current was applied to the
electrodes using a digital DC generator model DCB (Sorensen DCS series, San Diego,
USA) with a maximum current rating of 75 A, an omé#tuit potential of 40 V, and with a power
of 3000 W. The PEF trials were made with differlgitt irradiations, namely: fluorescent high
intensity UV lamp model B-100 AP (100 W) which teablack filter. When the filter is attached,
the wavelength and light intensity of the lamp @gpectively 365 nm, and 125 mW €nWhen
the filter is not fixed, the irradiation of the lans similar to AM 1.5 solar illumination conditien

and the light intensity is 300 mW &mThe light intensity of the fluorescent lamp wasasured

9
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with a photometer radiometer data logger DO 97Zibked by Delta Ohm (Padova, Italy). The
other source of irradiation is the mercury vapongamodel 3SC9 pen ray lamp (11 W, 254 nm,
light intensity = 5.4 mW cif). Her light intensity was measured with a phot@méWodel PS-3,

99-0057-01, UVp Company, USA).

2.4. Experimental procedure

The first set of experiments was conducted to coeplae removal efficiencies of ATZ using
anodic oxidation with kD, (AO - H,O,), electro-Fenton process (EF) and photoelectrdefen
process (PEF). AO - {@, process consist in treating ATZ using an electeodical reactor
comprising of Nb/BDD (anode) and graphite (cathoole)which HO, could be generated. EF
process was carried out in the presence of 0.1 nefl €orresponding to 27 mg™Lof
FeSQ.7H,0O used as catalyst for.,8, decomposition) during AO - J@, process. PEF process
combined EF process under UV irradiation. Experitmemere carried out during 300 min of
treatment time. A volume of 5 L of solutions contag 100 pg [* of ATZ at pH 3.0, in the
presence of 30 mM of N8O, was subjected to treatment at a current densigyroA cni

A second set of experiments consisted to testrifieence of different operating parameters
during the treatment of synthetic solution (SS) taiing ATZ (100 pg [). Operating
parameters, such as light wavelength (254, 3648fichm), current density (1.0 - 18.2 mA¢mn

in the absence or in the presence of natural crgamaitter (humic acids, 5.0 and 10.0 ni§ L
were investigated. The third set of experimentssisted to apply the best operating conditions of
PEF process for the treatment of SWE enriched w@ihug L' of ATZ. The fourth set of
experiments consisted to increase the initial comagon of ATZ to 10 mg [' in order to
identify by-products such as cyanuric acid (CA)idgthe treatment of SWE using PEF process.
All experiments were carried out in batch mode #rel reactor was rinsed several times with
distilled water before each experiment. Likewid® experiments were repeated in triplicate to

verify the reproducibility. During all assays abro temperature, the reactor was protected from

10
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any external light with a dark cover. Then, 20 miLtlee treated solution was taken out at
different time intervals between 0 and 420 min, #reh analyzed with LC-MS/MS. Likewise, at
different time intervals, the pH and temperatuitda the electrolytic cell were measured using a

pH-meter (Accumet Excel XL25-pH/mV/Temp/lon MetEisher Scientific Co).

2.5. Analytical methods

2.5.1. Measurement of residual hydrogen peroxide concentration

The capacity of EPC reactor to generatg®OHwas tested under UV irradiation lamp using
distilled water containing N8O, (0.05 M) which insured a high level of the elesmfi
conductivity. During the trials, the residuab®} concentration was measured using volumetric
dosage (Sigler and Masters 1957). The cerium idmtiea (Ce (SQ),, 2(NHy). SO, 2 H0),
(5.88 x 10° M) was used under acidic conditions,@@,, 9 N) in the presence of three drops of
ferrous ortho-phenanthrolin€e(o — phen)%*) used as an indicator. The gradual change of the
solution color from red to the blue indicates atatxidation of hydrogen peroxide. The residual
concentrations of D, were determined with D, calibration curve by plotting the cerium

volume (mL) as a function of #, concentration (from 0 to 3.94 x TM).

2.5.2. Extraction of herbicide compoundsin surface water

Atrazine and its by-products compounds were ex@thdtom water by solid phase extraction
(Sep-Pak cartridge octadecyl C18, Waters, Onta@anpada) with a solvent mixture of
MeOH/H,O. Cartridges were conditioned by passing 5 mL e and 5 mL of milli-Q water
by gravity. A volume of 200 mL of river water wasated by passing through the cartridges
using a Visipref§ SPE vacuum manifold. Then, the cartridges were @cshith 5 mL of
methanol solution (5%) in milli-Q water, and thexqwounds were eluted with 5 mL of methanol.

Elution was performed by gravity in conical tubesvided for this purpose and the solution was

11
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evaporated with a gentle stream of nitrogen. Aéeaporation the final volume of 1 mL was
injected into the liquid chromatography mass spectiter (LC-MS/MS, TS Quantum Access,

Thermo Scientific, Mississauga, Ontario, Canada).

2.5.3. Measurement of ATZ and by-products concentrations

During the experiments, residual concentration&BZ and its by-products were quantified by
liquid chromatography mass spectrometer (LC-MS/M8ermo TS Quantum Access). The
chromatographic column used was the Hypersil GQdGB (Thermo Hypersil Ltd., Runcorn,
UK) with a particle size of 3.am and a 100 mm length x 2.1mm inner diameter. Ttaytes
were separated using an ammonium acetate-bufferetybmobile phase and subsequently
detected by positive electrospray ionization tandeass spectrometry. The concentration of each
identified component is determined using the irdkrstandard technique. The mobile phase
composition was acetonitrile and 5mM ammonium deetid pH 6.5, using the solvent gradient
15:85 (0 min), 80:20 (8 min), and 15:85 (20 mindathe flow rate was 0.25 mL mnin
Calibration standard solutions between fi® L™* and 100 pg L of ATZ and four of its
degradation products (ATZ-OH, DEA, DIA and DEDIA)ere prepared in water by serial
dilution of the stock solutions. The stock solutiomere preserved in methanol and stored at 4 °C
until use. Quality control included chromatographitd extraction blanks, duplicates (every 10
samples) and fortified samples (every 15 injechiaml control samples made from commercial
standards. The instrumental detection limits foizAdhd DEA were 0.2 pgt DIA and DEDIA
were 1 pg [* and ATZ-OH was 0.4 ugt The linear regression equation of the calibration
curve (Y = 0.0627x — 0.00042 2R 0.9999) allow to determine the remaining ATZ cemtration
and define the efficiency of the different processtudied such as PEF process. Nitrogen was
used as a sheath and auxiliary gas. Working camgditiere as followed: spray voltage was 3500

V and capillary temperature was 350 °C.
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2.5.4. Measurement of cyanuric acid concentration

During the step of mineralization of ATZ, the cyaguacid concentration was evaluated and
quantified by liquid chromatography mass spectrem¢tC-MS/MS, Thermo TSQ Quantum
Access). The chromatographic column used was thpeitsif Gold C18 (100 mm lengh x 2.1mm
inner diameter) heated at 30 °C. The analytes s&parated using an acetic acid buffered binary
mobile phase and subsequently detected by negela&trospray ionization tandem mass
spectrometry. The mobile phase composition wascaaeid solution (0.1%) in milli-Q water and
methanol, using the solvent gradient 90:10 (0 m2@)80 (5 min) and 90:10 (9 min) : the flow
rate was 0.20 mL mih Nitrogen was used as a sheath and auxiliary \§&sking conditions
were as followed: spray voltage was 4000 V andllieapitemperature was 350 °C. Calibration
standard solutions between 126 L™ and 245 pg L of cyanuric acid were prepared in milli-Q

water and the instrumental detection limit of cyamacid was 3.0 pg'L

2.5.5. Measurement of inorganic ions, total organic carbon and chemical oxygen demand

The anion Clreleased into the treated solutions during elbati® was determined by ion
chromatography using Dionex ICS-2000 Basic lon @tatngraphy System (Sunnyvale, CA,
USA) fitted with an lonPac column AS18, 4 x 250 rand AG18, 4 x 50 mm. The sensitivity of
this detector was improved from electro-chemicgdpsassion using an AERS 500, 4 mm self-
regenerating suppressor. Measurements were mabteavgéblution of 23 mM KOH for anion-
exchange column. Ammonia concentration was detenaccording to the analytical method
proposed by LACHAT Instrument (QuikChem® Method 1@#-06-2-B). TOC was measured
using a Shimadzu TOC 5000A analyzer (Shimadzu 8fieinstruments, Kyoto, Japan). The
chemical oxygen demand (COD) was measured by aoddric method in presence of potassium

dichromate according to the method (MA. 315-DCQ pr@posed by CEAEQ (CEAEQ 2003).
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2.6. Estimation of ener gy consumption

During the electrolysis, the energetic efficiency BAOPs processes such as the energy
consumption per unit volume (Eqg. (8)) and the ndfization current efficiency (Eqg. (9)) were

calculated from different equations.

E.ult
EC (kWhm™3) = % (8)
S

whereE.y is the voltage of generator (M)js the applied current (A),is the time of electrolysis

andVsis the solution volume (L).

In the case of the mineralization current efficie(€q. (9)), the equation was

nFV,(ATOC)

MCE (%) = 3o x107mic

)

whereF is the Faraday constant (96487 C MpVs is the solution volume (L)A(TOC) is the
decay of TOC (mg ) in solution,m is the number of carbon atoms of ATiZis the applied
current (A),n is the number of electrons consumed per ATZ mdée@ndt is the time to treat
the solution. According to Borras et al. (2010)k thumber of carbon atoms of ATZ and the

number of electrons consumed during the mineradizavas shown in this reaction (Eq. (10)) :
CgH4CINs + 31H,0 — 8CO, + Cl~ +5NO3 + 76H* + 70e” (10)
The energy consumption per unit of TOC mass (Eb)) (dias calculated by the equation :

Ecell It

ECTOC(kWh mg_l TOC) = m
s

(11)

whereE is the voltage of generator (M)js the applied current (A),is the time of electrolysis,

A(TOC) is the decay of TOC (mg').in solution and/s is the solution volume (L).
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3. RESULTSAND DISCUSSION

3.1. Linear voltammetry

The aim of these experiments was to select theeahading a higher Qoverpotential value. The
linear voltammetry of three different anodes (NbIBDTi/PbQ, and Ti/Pt) was study in the
presence of 7.04 pM of BBO, at 500 rpm, with a scan rate of 2 mV & room temperature
(around 22 °C). Based on the Comninellis model, typees of electrodes can be distinguished:
active electrodes (such as Ti/Pt) and non-actigeteldegsuch as Nb/BDDJjComninellis 1994,
Brillas et al. 2009). The oxidation of,@ into O, appeared at 0.7 V on Ti/Pt and at 1.2 V on
Ti/PbO,, whereas it appeared at 1.5 V on Nb/BDD (SM3)sTibst shows that Nb/BDD had the
highest overpotential value. Likewise, it was fouhdt only Nb/BDD can oxidize the sulfate ions

into peroxodisulfate anions (Eqg. (12)).

2502" - S,0% + 2e” (12)

Consequently, Nb/BDD was selected as the mostteféeworking anode for the degradation of

ATZ and its main by-products in water.

3.2. Hydrogen peroxide production

The hydrogen peroxide can be electrochemically gdeé at the electrode cathode by oxygen
reduction (Brillas et al. 2009, Sirés et al. 20k&mtchou et al. 2015). This reduction of
dissolved oxygen was more favourable in acidic @&@rd for which HO, is more stable
(Komtchou et al. 2015). The aim of these experimemas to evaluate the capacity of the
electrolytic cell (comprised of graphite cathodel &DD anode) to produce,8, in the presence
of NaSQ, (0.03 M) in the solution (5 L), but in the absemme ATZ. Fig. 1 shows kD,

concentrations generated during electrolysis fdifedint current densities imposed. The
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maximum HO, concentration (4.15 mg B, L'l) was obtained with 18.2 mA Cﬁ‘(curve c),
whereas a minimum @, concentration (1.23 mg-B» L'l) was recorded with a current density
of 2.0 mA cn (curve a). As it can be seen in Fig.LOHincreased with current intensity. These
results were consistent to those recorded by Brétaal. (2000) and Komtchou et al. (2015) while
using advanced electrochemical oxidation procetsash as electro-Fenton and photoelectro-
Fenton processes) for carbamazepine and dichlonopliacetic acid removal from waters. These
result confirmed that graphite can be used astedatmaterial to produce,8,. Likewise, in the
electrolytic cell HO, can be decomposed into hydroxyl radical (Eq. (18)he presence UV

light (Sirés et al. 2014):

H,0, + hv — 2OH (13)

The comparison between the curves (c) and (d) gn Ei gives the estimation of residual(4
concentrations in the electrolytic cell after 60nnaif electrolysis under UV light.(= 254 nm)
when applying a current density of 18.2 mA T, O, concentration varying from 2.14 to 4.15
mg H,0, L™ was measured in the absence of UV irradiations/éca) when a current density of
18.2 mA cntf was applied. By comparison, residual concentratiamging from 1.4 to 3.5 mg
H,0, L™ were recorded in the presence of UV irradiations @54 nm) (curve d) for the same
current density of 18.2 mA ¢ The relatively low HO, concentration that was recorded in the
presence of UV irradiation can be attributed torbygl radical formation (the decomposition of

H,0, into 'OH)

3.3. Comparison between electrochemical advanced oxidation processesin treating water

contaminated by ATZ

The first set of experiments was carried out to garae the degradation efficiencies of ATZ and

its by-products using AO- #0,, EF and PEF processes. Fig. 2a shows ATZ contientra
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changes using different advanced oxidation prosesgerated at a current density of 2 mA%m
After 90 min of treatment, the degradations of Al&re 45.42%, 60.89% and 99.11% using AO

- H,O,, EF and PEF processes, respectively.

3.3.1. AO - H,;0, process

ATZ removal using AO - KD, process results from hydroxyl radicals generatethe surface of

BDD by anodic oxidation of water (Eq. (14)).

BDD + H,0 — BDD(HO®) + H* + e~ (14)

The degradation of ATZ can also be attributed wiréct oxidation obtained with 4, and
S,02~ simultaneously generated at the cathode and anesfegctively. The rate constant of ATZ
degradation using AO - #@, process was about 0.007 fhirThe concentration of major by-
products is very high (Fig. 2b) such as DEA (291 and DEDIA (12 pg L) after 30 min of
treatment. The quantity of oxidants suchH&¥ radical in the electrochemical cell was possibly
insufficient to attack simultaneously high amounfsboth ATZ molecule and its major by-

products.

3.3.2. EF process

In the EF process, ATZ removal efficiency was 60688fter 90 min of treatment (Fig. 2a) and
the corresponding degradation rate constant wast &@1 mirt. The degradation of ATZ is due
to the presence of ferrous ions used as catalyshéoHO, decomposition intdl0* (Eq. (4)).
Also, the heterogeneous reaction of adsorbed hytinaxlical generated by BDD anode (Eg.
(14)) and the complementary reactions of oxidaetegated in solution (such Hs0,, HO3, and
S,037) increase the degradation rate of ATZ. During é¢hectrolysis, the majors by-products

decrease in this order DEA > DIA > DEDIA > ATZ-OHFig. 2c). After 240 min of treatment,

17



323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

only the concentration of DEDIA (4.7 pg'Lwas higher than the detection limit. As it can be
seen, the EF process was more effective than AQO, Hrocess probably owing to the more
appropriate oxidizing conditions obtained in theecaf EF process (more reactive oxygen species

generated).
3.3.3. PEF process

In the PEF process using UV light (254 nm) in thhespnce of kD, and ferrous ions, the
degradation efficiency recorded was more than 9886 80 min of treatment time (Fig. 2a) and
the rate constant of degradation was about 0.05".nTihis fast disappearance of ATZ can be
attributed to three mains electrochemical/chemieaktions that took place simultaneously for
hydroxyl radical formation: i) Fé regeneration from photoreduction of Fe(@Hhat leads to
HO* formation (Eq. (6)); ii) decomposition of,.8, into hydroxyl radical in the presence of Ly
light (Eq. (13)) which generates the hydroxyl radlin solution; iii) photolysis of peroxodisulfate
anions (Eqg. (15)) gives a sulphate anion radicatwis a very strong oxidant reagent (Herrmann

2007, Criquet and Leitner 2009):

5203_ + hV(248 to 351 nm) 4 ZSOZ. (EO =243 V/NHE) (15)

and (d) dechlorination of ATZ molecules which tgace by heterolytic cleavage of ATZ in

polar solvents such as water (Chen et al. 2009%. (@) to (18)).

ACl+ hv - ACI* (16)
ACI* - A* + CI” (17)
AT +H,0 -» AOH + H* (18)
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During the PEF process, the concentrations of th@mby-products decrease in the following
order: ATZ-OH > DEA > DIA > DEDIA (Fig. 2d). The omentrations of major by-products are
very low as compare to AO-B, and EF processes. The high concentration of ATZ(@#dund
8.5 ug L at 30 min) can be explained by mechanism of deitfsition of ATZ under irradiation
UV light (254 nm). After 180 min of treatment, thesidual concentrations of ATZ-OH, DEA and
DIA were below the detection limits. The concentnatof DEDIA (3.1 pg ') was relatively low
compared to those recorded for AO ,O4 and EF processes. According to Komtchou et al.
(2016b), DEDIA was formed by dealkylation of botlE® and DIA. This behaviour can explain
the persistence of this by-product and the lowtreiic with oxidants such as hydroxyls radicals
using AO - HO,, EF and PEF processes. The degradation rate of(lR€Eliding its by-products)
increased while using PEF process followed by EB A® - H,O, processes. The energy
consumptions (Eq. (8)) were respectively estimated@6.0, 60.8 and 30.4 Kwh frfor AO -
H,0,, EF, and PEF processes. To effectively remove Amnd its by-products from water, the

PEF process was selected for the next step ofberienents.

3.4. Optimization of PEF processfor thetreatment of water contaminated by ATZ

3.4.1. Thewavelength effect

In the PEF process, the light intensity and wawgilermre the important parameters which affect
the effectiveness of the treatment. In order toeustdnd the impact of the light source, the
experiments were carried out using different wavgtles: UVC { = 254 nm), UVA { = 365 nm)
and visible light Xmax = 576 nm). After 90 min of treatment, the remoe#iciencies of 69.3%,
80.4% and 99.1% were obtained using 365 nm, vidiple and 254 nm, respectively (Fig. 3a).
The use of UVC irradiation gave the best resultsabse the UVC irradiations induce the
photolysis of different species present in theayssuch as Fe(OF) S,0%~ and ATZ (Criquet

and Leitner 2009, Borras et al. 2010, Komtchoule2@16b). Likewise, the generation BD®
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from the homolytic cleavage of,B, improves the degradation of ATZ and its by-produgtig.
3b). By comparison, under UVA irradiation the degasition of HO, into HO® is not possible
because kD, does not absorb at all above 320 nm (Sum et 8620 hereby, the action of UVA
light increases the conversion of’Féo F€* (Eq. (5)). During the electrolysis using UVA, the
maximum concentration of by-products (Fig. 3c) wasl2 pg [* (DIA) and 9.18 pg Lt (DEA).
The low concentration of ATZ-OH (1.45 pg'Lindicated that the dechlorination of ATZ
molecules was reduced because the wavelength Feritgpan 254 nm. After 180 min of
treatment, only the concentration of ATZ-OH washethe detection limit.

In the case of ATZ degradation under visible lighhigh intensity of irradiation which enter into
the solution increase the photoreduction of disbl¥erric iron to ferrous iron. Also, the
photodecarboxylation of complexes between Fe(litd ahe intermediates by-products is
improved by the additional absorptionlat- 400 nm. Likewise, during the PEF process under
visible light the temperature increased from 18.89.3 °C after 300 min of treatment. According
to Lee and Yoon (2004), the visible light is a heatrce which increase the activity of the photo
Fenton systems. This was the reason for which dggadiation of ATZ and its by-products was
higher under visible light than that recorded urldeA light using PEF process (Fig. 3d). During
the electrolysis, the concentrations of the majeptnducts decrease in the following order: DIA
> DEA > DEDIA > ATZ-OH. The by-product DEDIA was tbzted and quantified in treated
solution after 300 min of treatment regardlesshefwavelength imposed.

The energy consumption (Eq. (8)) was estimated®td, 53.2 and 30.4 Kwh frusing PEF (365
nm), PEF (visible light) and PEF (254 nm), respatyi. Thus, the wavelength of 254 nm was

selected for the next step of the study.
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3.4.2. Thecurrent density effect

In the electrochemical advanced oxidation proceaesh as PEF process), the values of current
density affect the effectiveness of the treatmesttalnse it regulates the generation of hydroxyl
radicals. Thus, different current densities randiryveen 1.0 to 18.2 mA ¢hwere tested during
the degradation of ATZ (100 pg").for an initial pH 3.0 with 0.1 mM Fé& Table 1 shows a
faster and higher ATZ degradation while increasthg current density. After 15 min of
treatment, the percentages of ATZ removal were /8,568.18%, 56.85% and 38.12%
respectively with 18.2, 9.1, 4.5 and 1.0 mAZorresponding to 2000, 1000, 500 and 100 mA).
The increase of the effectiveness of PEF procesk witreasing the current density can be
attributed to three main points: (i) high produntiof hydroxyl radicals on BDD anode material
for high current densities confirming the efficamfyBDD anode in the PEF process; (ii) the rate
of H,O, production increases with current densities (E)gso that the Fenton's reaction (Eq. (4))
can be accelerated, and (iii) the increaseJ@.ttoncentration in solution contributes to generate
more hydroxyl radicals owing to the decompositidrHgO, in the presence of UV irradiation
(Eq. (13)). The reaction of ATZ with hydroxyl radis can be described by an apparent first-

order kinetic model (Eq. (19)).

d [ATZ] )
V= T = kabs, arz [HO'][ATZ] = kapp[ATZ] (19)

The apparent rate constarks,, were calculated in Table 1 according to the linegression
from the slope of a plot of InCy/C), where G is the initial concentration and C is the

concentration of ATZ at time(Eg. (20)).

In— = Kkapp *t (20)
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The different values of kinetic rate constarig,) came from correlation coefficients’ Righer
than 0.96. Table 1 gives the valuekgfand half-life of ATZ using PEF process. Compatting
half-lives of ATZ, it can be seen that the degramteis faster using 18.2 mA ¢m

During the PEF process, the concentration of ATZ-@¢treases when the current densities
increase (Fig. 4). The maximum concentration of AJH was 12.16, 8.20, 6.15 and 4.65 iy L
respectively with 1, 2, 4.5 and 9.1 mA @ér(Fig. 4a to Fig. 4c, and Fig. 3b). This behaviour
proves that the attack of ATZ molecules is mainle do the action oHO® radicals. Likewise,
treatment time required to remove the by-productthe solution decreases with an increase of
the current densities because the production afamts such aHO® radical was relatively high
for high current densities. Thereby, during theetdysis at 18.2 mA cify all the concentrations
of major by-products were less than their limit ddtection after 45 min of treatment. The
persistent by-product DEDIA was totally removedniréhe treated solution. In order to reduce
the electrolysis time, a current density of 18.2 i’ was selected for the next step of this

study.

3.4.3. The humic acids effect

The humic acids (HA) are one of the major constits@f the natural dissolved organic matter in
the aquatic environment. Several author's showad ttte photolysis of ATZ in the presence of
HA decreases because HA react with hydroxyl radiddlorrents et al. 1997, Prosen and
Zuparti¢-Kralj 2005). But according to Aguer et al. (1998)¢ photochemical excitation of HA
under irradiation at 254 nm generate hydrated ®lastwhich can produce a strong oxidant in the
presence of oxygen. The aim of these tests wasdesa if the presence of HA in aqueous
solution may increase or decrease the degradatidm s using PEF process. Fig. 5a shows ATZ
degradation (100 pg1) without HA and with 5.0 and 10.0 mg'lof HA at an initial pH 3.0.

After 10 min of treatment, the percentages of A€@moval were 80.8%, 90.5% and 97.4% while
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using 10.0, 5.0 and 0.0 mg'lof HA, respectively. According to Fukushima andsTeni (2001)
and Ou et al. (2007), the HA have abilities to cemp-e(lll) and this complex increase with HA
concentration. Therefore, the photochemical exoitadf HA can generated B, in the presence
of oxygen (Egs. (21) to (23)). Likewise, the phetiuction of the complex Fe(lll)-HA

regenerated Féand the degradation of HA occurs (Eg. (24)).

HA + hv - HA* (21)
HA* + 0, —» HO; (22)
2HO, - H,0, (23)
Fe(Il) —HA + hv - HA'* + Fe?* (24)

On the other hand, the complex Fe(&Hjecreases when the complexes Fe(lll)-HA increses
the presence of HA. Therefore, the photoreductidre¢OHY* which generated hydroxyl radical
decreases in the reactor. Secondly, it is postiiaiethe presence of HA reduces the absorption
light and the photodecomposition of,® into hydroxyl radicals. Consequently, the paresiti

reaction occurring between,®,andHO* increases in the reactor (Eq. (25)).

H202 + HO® - H20 + Hzo. (25)

Thirdly, the regeneration of Eecome from electroregeneratedFat the cathode (EF process),
photoreduction of Fe(OH)and Fe(lll)-HA complexes. Thereby, the parasiéiaation occurring
between F& andHO* increase with high regeneration of Fim the reactor.

The fact that HA can react with hydroxyl radicakplain why the degradation of ATZ decreased
when the concentration of HA increased in waterthi case of by-products such as ATZ-OH,
some complexes compounds can be formed with HA t{Maleto et al. 2001). This behaviour
can explain why the degradation of ATZ-OH was raqtidly recorded in the presence of HA

23



440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

(Fig. 5¢c and 5d compare to Fig. 5b). Likewise,hie ibsence of HA, all the concentrations of
major by-products such as DEDIA were less thanlithé of detection (Fig. 5b). But in the
presence of HA, the persistent by-product DEDIA wi&$ected in the treated solution. This
observation suggests that the HA can compete witlZ And its by-products during water
treatment.

It is worth noting that, in the presence of natanrglanic matter (such as humic substances), these
substances can act as micellar aggregates witloplyilic exteriors surfaces and predominantly
hydrophobic interiors (Guetzloff and Rice 1994, &hiet al. 1997, von Wandruszka 1998, de
Melo et al. 2016). Thus, atrazine can bind to husuibstance via cooperative hydrogen bonds
and hydrophobic interactions that are stable onlyhe hydrophobic environment found at the
interiors of humic micelles (Chien et al. 1997). \Wiew of better understanding of atrazine
degradation, a study of the micellization and nécedolubilization of atrazine in the presence of

humic acids should be carried out by using elegh@mamagnetic resonance (EPR) spectroscopy.

3.5. Application of PEF processfor thetreatment real agricultural surface water

The effectiveness of PEF process to treat surfateniinitial ATZ concentration < 0.1 pg'L
spiked with ATZ was evaluated at a current densit$8.2 mA cnif. During these tests, we did
not add HA because this river water already coethimatural dissolved organic matter. Before
the treatment, the surface water was spiked witZ AT0 pg L*). This concentration was the
maximum concentration found in Quebec rivers (Gircand Pelletier 2012) after ATZ
applications on the crops. The sampling of wates performed on August 10, whereas the ATZ
application in this agricultural area was carried @aound the end of June. Then, it was expected
that the sampled water should contained low resichracentration of ATZ.

After settling by gravity (without filtration), theupernatant was analyzed by ICP-AES Varian
Vista AX to determine the metals concentratieng.(Fe total, P total). The solid phase extraction

allowed to extract the target compounds from watedt chromatographic analysis showed the
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presence of ATZ (0.083 + 0.016 pg)l. DEA (0.024 + 0.006 pgt) and ATZ-OH (0.013 +
0.004 pg ). The DIA and DEDIA were not detected. Table 2egithe result of the chemical
analysis of the river water. The following metalsre/found in low concentrations (almost below
25 ug LY : Ni, Sr, Cu, Mn, B, Ba, Cr, Ti, V and Zn. Theepence of iron (Fe total) in water
samples was an advantageous for PEF process digplivathout adding any chemical. But the
presence of natural scavenging agentd@f radicals in water such as carbonate ions may eeduc

the effectiveness of PEF process to remove ATZ fsarface water.

Different tests were carried out using real surfagger contaminated by ATZ: 1) treatment
without adding Fe ([Fe naturally present in water).01 mM); 2) Treatment with addition of
Feoa ([F€] = 0.1 mM) using the iron (IlI) in form of guHate heptahydrate. The tests were
respectively performed without pH adjustment (atbyH = 6.7) and with pH adjustment
(around pH = 3.1). Fig. 6 shows that in spite @& tinesence of radical scavengeg.(carbonate
ions) and the complexation of Fe(lll) by @r SO%~, the PEF process was more effective to
remove ATZ from surface water when the pH value agjasted near to 3.0. Indeed, after 25 min
of treatment, the ATZ removal was 96.0% with 0.0M rof iron (Kap, = 0.13 mir) and 100%
with 0.1 mM of iron Kap, = 0.17 mirt).

Nonetheless, the percentage of ATZ removal wasrdifit while increasing the concentration of
iron at pH 3.1 (Fig. 6a). This observation indisafeat is not necessary to use high concentrations
of iron to remove ATZ from water by PEF process. tBa other hand without a pH adjustment
(pH = 6.7), ATZ removal was 44.75%, whereas it ®a96% with 0.1 mM of iron after 30 min
of treatment. According to De Laat and Gallard @98nd Brillas et al. (2009), the ferric ions
precipitate in solution (Fe(OR)at pH > 5.0. Thereby, hydroxyl radicals formatidecreased
because of photoreduction of Fe(GH)Therefore, the degradation of ATZ was mainly doe

anodic oxidation using BDD and the photolysis offaxt such as D..
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Notwithstanding the treatment during the first 1idnthe Fig. 6b shows that the removal of ATZ
with 0.1 mM of iron is higher than without iron adiment. This efficiency of PEF process with
0.1 mM iron at 10 min of treatment time can beifiest by Fenton’s reaction. After oxidation of
Fe(ll), the high concentration of ferric ions cam dbmbined with the hydroxide ions leading to
the formation of iron hydroxides Fe(OH)rhis behaviour causes the decay of the degradatio
curve and the parasitic reactions linked to thesgmee of iron hydroxides explained why after 15
min of treatment, the position of the curve with @M of iron is below the curve without iron
adjustment.

During the electrolysis at pH 3, the analyses withomatography identified DEDIA, DEA and
ATZ-OH as being the by-products. At pH 6.7, DEA aktlZ-OH were the only ones of the by-
products that were detected. At pH 3.1 with 0.1 wiliton, the Fig. 6¢ shows that the maximum
concentration of by-products was obtained, butttéatment time was short and the removal of
by-products has been not optimal. However, at pHvGth 0.1 mM of iron, the by-products
(DEA and ATZ-OH) increased gradually (Fig. 6d). Thlesence of others by-products such as
DEDIA and DIA suggests that the degradation of A¥&s limited at this value of pH (pH=6.7).
Therefore, this result confirms the efficiency dRPprocess at pH value around 3 because the

generation of oxidants (such46° radicals) was relatively high.

3.5.1. Mechanisms of the oxidation of ATZ and its by-products

To maximize the detection of by-products such amnayic acid, the initial ATZ concentration
imposed was relatively high (around 10 migdr 0.046 mM). The removal of ATZ was fast and
after 180 min of treatment, the concentration watow the detection limit (Fig. 7a). The
chromatograms at 0, 120, 300 and 420 min of treatrabow the variations of the main by-
products such as cyanuric acid (SM4). During tleeteblysis, the concentrations of by-products

decreased in the following order: DEDIA > DIA > DEA ATZ-OH > CA. The maximum
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concentration values of these four primary by-patsliwere 1200 pgt(DEDIA), 145 pg
(DIA), 128 pg L* (DEA) and 105 pg E (ATZ-OH) after 60 min of treatment (Fig. 7b). Inet
case of cyanuric acid, the concentration incregsadually and the maximum concentration was
23 pg L* after 420 min of treatment (Fig. 7c). This behavioan be explained because CA is
one of the most persistent by-products from ATZrddgtion and having low reactivity with
hydroxyls radicals (Borras et al. 2010, Oturan let2812). In the other hand, the CA can be
removed with a high current density such as 504nthA cn¥ (Borras et al. 2010, Oturan et al.
2012). This argument justified why in this stud{eaf420 min of treatment, the concentration of
CA did not decrease in our electrochemical celgpite that a current density imposed of 18.2
mA cmi’.

The specific mass and ionic spectra of degradatioducts gave the secondary by-products of
ATZ, which was formed by dechlorination, dealkybettiand alkylic-oxidation mechanisms.
However, more by-products were not clearly ideatifiname and molecular formula) because
some values of m/z gave unidentified intermediataapounds (SM 5). Therefore, the possible
pathways of ATZ degradation by hydroxyl radicalpegrs to be similar to those proposed by

Komtchou et al. (2016b) using electrophotocatalptimcess.

3.5.2. Mineralization and inor ganic ions generated by ATZ degradation

The initial TOC concentration recorded in real anef water (river water) was 9.6 + 0.16 mig L
The residual TOC concentration recorded at theoribe treatment was 1.8 + 0.06 mg (Fig.
8a). The reduction of TOC was 81.3% after 420 m@atment. This result indicates that a high
fraction of ATZ and other fractions of some refagtorganic matter were completely oxidized
into water, giving carbon dioxide and inorganicdgofhe consumed specific charge (Q, in Ah L
Y during the electrolysis was very low (2.8 AH hfter 420 min of treatment) compared to that

recorded (18 Ah ) by Borras et al. (2010). In these conditions (®BL™ at 420 min), high
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mineralization of organic matter was recorded. doficm this mineralizationNH; was detected
(Fig. 8c) and the maximum concentration was 0.36@.045 mg [* (0.02 mM). During the
electrolysis, the mineralization current efficied®yCE) (Eq. (9)) was evaluated (Fig. 8b) and the
maximum efficiency was 8.3%. This value explaindd/she degradation of ATZ was fast in the
electrochemical cell. But this degradation produttesl intermediates products such as cyanuric
acid having low reactivity with hydroxyl radicalsikewise, the energy consumption per unit of
TOC mass (Eg. (11)) increases (Fig. 8d) and thisqat that it is feasible to reduce the current
density during the treatment. In the other hanel G®D measurements showed that in the treated

solution (samples), the oxygen demand was belowirtiieof detection (3 mg L O,).

4. CONCLUSION

In this study, the presence of ATZ 0.1 ug L) and its by-products was detected in the samples
of Nicolet River in Quebec — Canada. The efficien€yhe PEF process in acidic medium, using
BDD anode to remove ATZ (10 pg'Land its by-products in this river water samplessw
demonstrated. To the best of our knowledge, norattuelies using the PEF process attempted to
treat natural surface water, sampled in agricultam@a and containing low concentration of ATZ.
This was done in part considering the natural phivafer as well as in the presence of natural
dissolved organic matter (humic acids). In the RE6cess, the synergistic action of direct
oxidation, indirect oxidation and photolysis (madia and complexes) under UV irradiation
increased the generation BD® radicals and other strong oxidants that removeakzimte from
water. The degradation of atrazine led to cyanadid having low reactivity with hydroxyls
radicals. Thereby, the cyanuric acid did not deswem our electrochemical cell. Despite the
presence of radical scavenger in surface wateralthéement of TOC was 81.25% after 420 min
of treatment. Likewise, the high mineralizationremt efficiency and the low chemical reagents

consumption proved that the PEF process was anoamventally friendly process. Nevertheless,
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the cost of energy consumption and UV lamps ararthim drawback of this process. Therefore,
the solar energy is the one of the alternativetgmluto reduce the energy consumption. The
efficiency of the PEF process using solar light @i® discussed in this study. But the PEF using
UV light source reduces the time of treatment camegbato solar light. Beyond all this, the

optimum pH of the PEF process represents the ptaabstacle to combine this process with
biological treatment in a water treatment plantdamove refractory organic compounds such as
pesticides. The next step should be the studyefifcellization and micellar solubilization of

atrazine in the presence of humic acids by usiregctein paramagnetic resonance (EPR)
spectroscopy. This will help us to deeply undembtdr® mechanism behind atrazine degradation

using electrochemical advanced oxidation processt® presence of natural organic matter.
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Table 1 Current density effect to theremoval of ATZ after 15 min of treatment

d Removal of  Kgpp Half-life EC

(MA cm?®) ATZ (%) (min)  (min) (kWh m™®)
1 38.12 0.04 17.33 1.43

4.5 56.85 0.09 7.70 31.88

9.1 68.18 0.13 533 43.85

18.2 99.57 0.36 1.93 55




Table 2 Chemicals analysis of the water of the river

Compound Mean Standard
(mg LY deviation (mgL™)
CI 9.58 0.14
$02- 9.32 0.17
NO3 2.24 0.03
ca** 19.63 0.14
Na* 4.50 0.07
Mg* 3.86 0.04
K* 2.51 0.06
Féota 0.66 0.06
Al 0.64 0.07
Si 3.39 0.14
S 334 0.06

P tota 0.05 0.01
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Fig. 5 Removal of atrazine (100 pg'Lin solution (5 L) at pH 3.0 without humic acid® ), with
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