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ABSTRACT 

Atrazine (ATZ) is one of the most common pesticides detected in surface water in Quebec 24 

(Canada). The present study was mainly focused on the degradation of ATZ and its by-products 25 

using electrochemical advanced oxidation processes such as photo-electro-Fenton (PEF), electro-26 

Fenton (EF) and anodic-oxidation with simultaneous H2O2 formation (AO - H2O2). The 27 

comparison of these processes showed that PEF process was found to be the most effective 28 

process in removing ATZ and its by-products from both synthetic solution (ATZ0 = 100 µg L-1) 29 

and real agricultural surface water enriched with ATZ (ATZ0 = 10 µg L-1). Different operating 30 

parameters, including wavelength of the light, pH, current density and the presence of natural 31 

organic matter (humic acids) were investigated for PEF process using boron-doped diamond 32 

(BDD) anode and graphite cathode. The current density and the wavelength of the light were the 33 

most important parameters in the ATZ degradation efficiency. The best operating conditions were 34 

recorded for the synthetic samples at a current density of 18.2 mA cm-2, a pH of 3.0 and treatment 35 

time of 45 min. Results showed that atrazine-desethyl-desisopropyl (DEDIA) was the most 36 

important by-product recorded. More than 99% of ATZ oxidation was recorded after 15 min of 37 

treatment and all the concentrations of major by-products were less than the limit of detection 38 

after 45 min of treatment. The PEF process was also tested for real surface water contaminated by 39 

ATZ: i) with and without addition of iron; ii) without pH adjustment (pH ∼ 6.7) and with pH 40 

adjustment (pH ∼3.1). In spite of the presence of radical scavenger and iron complexation the 41 

PEF process was more effective to remove ATZ from real surface water when the pH value was 42 

adjusted near to 3.0. The ATZ removal was 96.0% with 0.01 mM of iron (kapp = 0.13 min-1) and 43 

100% with 0.1 mM of iron (kapp = 0.17 min-1). 44 

Keywords: Atrazine; Degradation, Photoelectro-Fenton; Hydroxyl radicals; Energy consumption 45 

.  46 
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Highlights 

• PEF process is a feasible technology for the treatment of water contaminated by ATZ. 47 

• More than 99% of ATZ oxidation was recorded after 15 min of treatment in synthetic effluent. 48 

• Atrazine-desethyl-desisopropyl (DEDIA) was the most important by-product recorded. 49 

• 100% of ATZ was removed from surface water in spite of the presence of radical scavengers. 50 

 51 
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1. INTRODUCTION 

Pesticides represent an effective solution to increase food production, ensure the maintenance of 52 

railways, gardens and golf courses. Since two decades, the market of sales and the world 53 

consumption of pesticides continually increased (Drogui and Lafrance 2012). Among herbicides, 54 

atrazine has received much attention in the past and in recent years. Atrazine (ATZ) was used 55 

mainly to fight weed and grass weeds which harm the culture of corn, sorghum and sugarcane 56 

(Solomon et al. 1996). In Quebec (Canada), as well as in other countries such as USA and Spain, 57 

atrazine is one of the most common pesticides detected in the surface water and groundwater 58 

(Hildebrandt et al. 2008, Giroux et al. 2010, Reilly et al. 2012, Giroux and Pelletier 2012). The 59 

presence of atrazine in aquatic ecosystems have negative impacts on the phytoplankton species 60 

which contribute significantly to the primary production (DeLorenzo et al. 2001); on the larval 61 

amphibians such as northern leopard frog (Koprivnikar 2010) and on the neonatal turtles 62 

(Neuman-Lee and Janzen 2011). Moreover, scientific reports found that atrazine can act as an 63 

endocrine disruptor (Trentacoste et al. 2001) who induces complete feminization of amphibians 64 

such as Xenopus laevis (Hayes et al. 2010). Considering the toxicity of ATZ on aquatics species 65 

and the risk to human health, many research efforts attempted to eliminate this herbicide from 66 

aquatic environment with efficient treatment technology such as advanced oxidation processes 67 

(AOPs). The AOPs are environmentally friendly chemical, photochemical, photocatalytic, 68 

electrochemical and photoelectrochemical technologies based on the production of hydroxyl 69 

radical (HO•) (Komtchou et al. 2016a). In wastewater treatment, hydroxyl radical have a strong 70 

oxidizing power (E° (HO•/H�O) = 2.80 V vs. standard hydrogen electrode (SHE) which can react 71 

with organic compounds and their by-products degradation, until mineralization into CO2, water 72 

and inorganic ions. Among these AOPs methods, the electrochemical advanced oxidation 73 

processes (EAOPs) such as anodic oxidation with electrogenerated H2O2 (AO - H2O2), electro-74 

Fenton (EF) and photoelectro-Fenton (PEF) have been successfully applied to degrade and 75 
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mineralize ATZ in water effluents (Borràs et al. 2010, Oturan et al. 2012, Ding et al. 2017, 76 

Aquino et al. 2017). Unfortunately, none of these studies have tracking the evolution of by-77 

products of ATZ during the different steps of degradation. Therefore, this study investigates the 78 

EAOPs using boron-doped diamond (BDD) anode and graphite cathode to remove atrazine and 79 

its by-products from surface water by means of undivided electrochemical cell. The choice of 80 

BDD over conventional electrodes (PbO2, SnO2, Ti/IrO2) can be justified by the high quality and 81 

properties of this electrode such as stability to corrosion and inert surface with low adsorption 82 

properties (Panizza and Cerisola 2009). Likewise, the choice to use graphite plate as cathode is 83 

justified by its efficiency to generate the H2O2 (Eq. (1)) by cathodic reduction of dissolved 84 

oxygen (Khataee et al. 2012, Komtchou et al. 2016b). 85 

O�	(g) 	+ 		2H� + 2e� 	→ 					H�O�																																																																		(1) 

In the AO-H2O2 process, hydroxyl radicals are generated on the anode surface (M) from the 86 

oxidation of water (Eq. (2)) when the current intensity is applied. The principal mechanism of 87 

pesticide degradation is direct oxidation at the anode surface. 88 

M	 +	H�O	 → 		M	(HO•) 	+		H� 		+	e�																																																									(2)	 

Moreover, when the graphite plate is used as cathode electrode, the electrochemical reduction of 89 

dissolved O2 at the cathode surface produces H2O2. It is possible that the decomposition of H2O2 90 

gives other weaker oxidant such as hydroperoxyl radical (Eq. (3)) that can participate to the 91 

degradation of pesticides. 92 

H�O� 	→ 	HO�
• 	+	H� 	+ 		e�																																																																											(	3) 

In the EF process, the highly oxidizing HO• is produced via Fenton’s reaction in acidic medium 93 

(Eq. (4)) when the electrogenerated H2O2 reacts with iron catalyst (Fe2+) added in the solution. 94 
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The cathode ensures to continuously generate Fenton’s reagents (Eqs. (1) and (5)). Likewise, the 95 

efficiency of EF can be improved under UV irradiation during electrolysis. 96 

H�O� 		+ 		Fe�� 	→ 		 Fe�� 	+ 		HO• 	+ 		OH�																																																	(4)					 

Fe�� 	+ 		e� 			→ 					Fe��																																																																																				(5) 

In the PEF process, the treated solution under EF conditions is simultaneously irradiated with UV 97 

light and the photolysis of Fe(OH)2+ contribute to generates a greater amount of HO• (Eq. (6)). 98 

Likewise, the regeneration of Fe2+ improves the Fenton’s reaction for HO• formation (Eq. (4)). 99 

Fe(OH)�� + 		ℎ�		 → 		HO• 			+ 				Fe��																																																														(6) 

According to Irmak et al. (2006) and Masomboon et al. (2010), the other advantage of PEF is the 100 

photodecarboxylation of iron complexes that generates carbon dioxide and ferrous iron (Eq. (7)). 101 

Fe(OOCR)��	 + 	ℎ�			 → 		 Fe�� 	+	CO� +	R•																																																			(7)	 

The combination of electrochemical, photochemical and photo-electrochemical processes in a 102 

same reactor gives an advantage to the PEF process to remove from water ATZ and its by-103 

products. Some authors argued that PEF process can be effectively used to remove high 104 

concentrations of ATZ (e.g. 20 and 30 mg L-1) in a small volume of synthetic solution (Borràs et 105 

al. 2010, Garza-Campos et al. 2014, Ding et al. 2017). Nowadays, the challenge is to develop 106 

industrial low-cost technologies to treat a large volume of real water and capable of 107 

simultaneously removing micro-pollutants (such as pesticides) and their metabolites that can be 108 

more toxic than the original compounds. 109 

The aim of this paper is to show the efficiency of a novel photo-electro-Fenton (PEF) process to 110 

remove relatively low concentrations of ATZ (10 and 100 µg L-1) from water, in comparison with 111 

other electrochemical advanced oxidation processes such as electro-Fenton (EF) and anodic-112 
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oxidation with simultaneous H2O2 formation (AO - H2O2). The experiments were carried out 113 

using a semi-pilot reactor having 5 L of capacity. The effects of operating parameters such as 114 

wavelength lights and current density were studied. Likewise, the effect of natural dissolved 115 

organic matter (humic acids) and the values of initial pH were investigated. The effectiveness of 116 

PEF process to remove ATZ from real agricultural surface water enriched with ATZ was also 117 

investigated. 118 

  119 
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2. MATERIALS AND METHODS 

2.1. Preparation of the synthetic solution of atrazine 

ATZ and five of its by-products (ATZ-OH, DEA, DIA, DEDIA and CA) were purchased from 120 

Sigma Aldrich (Oakville, ON, Canada) in the highest purity: 99.9%. ATZ stock solution (10 mg 121 

L−1) was prepared each week in 1000 mL of deionized water (conductivity = 0.31 µs cm−1). 122 

Dissolution of atrazine was carried out in the darkness. Mixing was achieved by a teflon-covered 123 

stirring bar installed in the bottom of the beaker at the room temperature (23 ± 2 °C) during 2 124 

days to make sure that complete dissolution was reached before use. This stock solution was 125 

stored in the darkness at 4 °C until use. Synthetic solution (SS) of atrazine was made by diluting 126 

the atrazine stock solution in deionized water and a stirring time around 20 min was fixed to 127 

ensure homogenization of the solution before each test. Final concentrations of synthetic solution 128 

atrazine were 10 and 100 µg L-1. In order to increase the electrical conductivity in the solution, 30 129 

mM of sodium sulfate salt (Na2SO4) was added. Likewise, the catalytic ferric ions was added 130 

using iron(II) sulfate heptahydrate (FeSO4.7H2O) supplied from Fisher Scientific (Toronto, ON, 131 

Canada). The initial pH was adjusted to 3.0 using sulfuric acid (0.1 M) supplied from Fisher 132 

Scientific (Quebec, QC, Canada). The names of the five major by-products of ATZ, their 133 

molecular formula and their retention time (liquid chromatography) are reported in SM1 (Table). 134 

2.2. Surface water sampling and atrazine spiking 

Surface water effluent (SWE) was sampled from agricultural areas beside intensive crops 135 

production (corn and soybean crops) where herbicides are often used. The sampling was carried 136 

out in the Nicolet River located in the province of Quebec (Canada). The SWE was collected, 137 

stored in polypropylene bottles and kept at 4 °C until use. The SWE had an initial content of 138 

soluble chemical oxygen demand (COD) of 92 ± 3.5 mg L-1, pH of 6.7 ± 0.4, alkalinity of 1.4 139 
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meq L-1, conductivity of 171.78 ± 18.32 µS cm-1, turbidity of 9.05 ± 0.46 NTU, and atrazine 140 

(ATZ) concentration of 0.083 ± 0.016 µg L-1. In view of testing the PEF process under different 141 

experimental conditions and to simulate a level of ATZ contamination most often encountered in 142 

surface water, SWE was enriched with 10 µg L-1 of ATZ. 143 

2.3. Electrolytic reactor setup 

In all tests, a total volume of 5 L of artificially contaminated water was used. The working 144 

volume of the electrolytic cell was 1.5 L, whereas 3.5 L was required for the recirculation tank. 145 

The treatment of ATZ was carried out in batch mode with undivided cylindrical cell made of 146 

quartz material with a dimension of 35 mm (width) х 250 mm (length) х 140 mm (height). The 147 

cell reactor is perforated at 50 mm from the top and bottom to ensure the recirculation of water 148 

through the cell and mixing solution in the cell in the continuous mode by means of a peristaltic 149 

pump operated at a constant speed of 250 mL min-1. The anode electrode (110 mm height х 100 150 

mm width x 1 mm thick) was either made of niobium coated with boron doped diamond 151 

(Nb/BDD) having an effective area for reaction of 90 cm2. The graphite carbon plates as cathode 152 

(110 mm height х 100 mm width x 5 mm thick) have a surface area of 110 cm2. The anode and 153 

cathode were placed in parallel, fixed vertically at 20 mm from the bottom of the cell and the 154 

inter-electrode gap was 10 mm (SM2). The anode and cathode were connected respectively to the 155 

positive and negative outlets of a DC power generator. The electrical current was applied to the 156 

electrodes using a digital DC generator model DCS40-75E (Sorensen DCS series, San Diego, 157 

USA) with a maximum current rating of 75 A, an open circuit potential of 40 V, and with a power 158 

of 3000 W. The PEF trials were made with different light irradiations, namely: fluorescent high 159 

intensity UV lamp model B-100 AP (100 W) which has a black filter. When the filter is attached, 160 

the wavelength and light intensity of the lamp are respectively 365 nm, and 125 mW cm-2. When 161 

the filter is not fixed, the irradiation of the lamp is similar to AM 1.5 solar illumination conditions 162 

and the light intensity is 300 mW cm-2. The light intensity of the fluorescent lamp was measured 163 
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with a photometer radiometer data logger DO 9721 supplied by Delta Ohm (Padova, Italy). The 164 

other source of irradiation is the mercury vapor lamp model 3SC9 pen ray lamp (11 W, 254 nm, 165 

light intensity = 5.4 mW cm-2). Her light intensity was measured with a photometer (Model PS-3, 166 

99-0057-01, UVp Company, USA).  167 

2.4. Experimental procedure 

The first set of experiments was conducted to compare the removal efficiencies of ATZ using 168 

anodic oxidation with H2O2 (AO - H2O2), electro-Fenton process (EF) and photoelectro-Fenton 169 

process (PEF). AO - H2O2 process consist in treating ATZ using an electrochemical reactor 170 

comprising of Nb/BDD (anode) and graphite (cathode) on which H2O2 could be generated. EF 171 

process was carried out in the presence of 0.1 mM Fe2+ (corresponding to 27 mg L-1 of 172 

FeSO4.7H2O used as catalyst for H2O2 decomposition) during AO - H2O2 process. PEF process 173 

combined EF process under UV irradiation. Experiments were carried out during 300 min of 174 

treatment time. A volume of 5 L of solutions containing 100 µg L-1 of ATZ at pH 3.0, in the 175 

presence of 30 mM of Na2SO4 was subjected to treatment at a current density of 2 mA cm−2. 176 

A second set of experiments consisted to test the influence of different operating parameters 177 

during the treatment of synthetic solution (SS) containing ATZ (100 µg L-1). Operating 178 

parameters, such as light wavelength (254, 364 and 567 nm), current density (1.0 - 18.2 mA cm−2) 179 

in the absence or in the presence of natural organic matter (humic acids, 5.0 and 10.0 mg L-1) 180 

were investigated. The third set of experiments consisted to apply the best operating conditions of 181 

PEF process for the treatment of SWE enriched with 10 µg L-1 of ATZ. The fourth set of 182 

experiments consisted to increase the initial concentration of ATZ to 10 mg L−1 in order to 183 

identify by-products such as cyanuric acid (CA) during the treatment of SWE using PEF process. 184 

All experiments were carried out in batch mode and the reactor was rinsed several times with 185 

distilled water before each experiment. Likewise, the experiments were repeated in triplicate to 186 

verify the reproducibility. During all assays at room temperature, the reactor was protected from 187 
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any external light with a dark cover. Then, 20 mL of the treated solution was taken out at 188 

different time intervals between 0 and 420 min, and then analyzed with LC-MS/MS. Likewise, at 189 

different time intervals, the pH and temperature inside the electrolytic cell were measured using a 190 

pH-meter (Accumet Excel XL25-pH/mV/Temp/Ion Meter, Fisher Scientific Co). 191 

2.5. Analytical methods  

2.5.1. Measurement of residual hydrogen peroxide concentration 

The capacity of EPC reactor to generate H2O2 was tested under UV irradiation lamp using 192 

distilled water containing Na2SO4 (0.05 M) which insured a high level of the electrical 193 

conductivity. During the trials, the residual H2O2 concentration was measured using volumetric 194 

dosage (Sigler and Masters 1957). The cerium ion solution (Ce (SO4)2, 2(NH4)2 SO4, 2 H2O), 195 

(5.88 x 10−3 M) was used under acidic conditions (H2SO4, 9 N) in the presence of three drops of 196 

ferrous ortho-phenanthroline (Fe(o − phen)�
��) used as an indicator. The gradual change of the 197 

solution color from red to the blue indicates a total oxidation of hydrogen peroxide. The residual 198 

concentrations of H2O2 were determined with H2O2 calibration curve by plotting the cerium 199 

volume (mL) as a function of H2O2 concentration (from 0 to 3.94 x 10−3 M). 200 

2.5.2. Extraction of herbicide compounds in surface water  

Atrazine and its by-products compounds were extracted from water by solid phase extraction 201 

(Sep-Pak cartridge octadecyl C18, Waters, Ontario, Canada) with a solvent mixture of 202 

MeOH/H2O. Cartridges were conditioned by passing 5 mL of MeOH and 5 mL of milli-Q water 203 

by gravity. A volume of 200 mL of river water was treated by passing through the cartridges 204 

using a Visipreptm SPE vacuum manifold. Then, the cartridges were washed with 5 mL of 205 

methanol solution (5%) in milli-Q water, and the compounds were eluted with 5 mL of methanol. 206 

Elution was performed by gravity in conical tubes provided for this purpose and the solution was 207 
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evaporated with a gentle stream of nitrogen. After evaporation the final volume of 1 mL was 208 

injected into the liquid chromatography mass spectrometer (LC-MS/MS, TS Quantum Access, 209 

Thermo Scientific, Mississauga, Ontario, Canada). 210 

2.5.3. Measurement of ATZ and by-products concentrations  

During the experiments, residual concentrations of ATZ and its by-products were quantified by 211 

liquid chromatography mass spectrometer (LC-MS/MS, Thermo TS Quantum Access). The 212 

chromatographic column used was the Hypersil Gold aQ C8 (Thermo Hypersil Ltd., Runcorn, 213 

UK) with a particle size of 3.0 µm and a 100 mm length x 2.1mm inner diameter. The analytes 214 

were separated using an ammonium acetate-buffered binary mobile phase and subsequently 215 

detected by positive electrospray ionization tandem mass spectrometry. The concentration of each 216 

identified component is determined using the internal standard technique. The mobile phase 217 

composition was acetonitrile and 5mM ammonium acetate at pH 6.5, using the solvent gradient 218 

15:85 (0 min), 80:20 (8 min), and 15:85 (20 min) and the flow rate was 0.25 mL min-1. 219 

Calibration standard solutions between 1.0 µg L-1 and 100 µg L-1 of ATZ and four of its 220 

degradation products (ATZ-OH, DEA, DIA and DEDIA) were prepared in water by serial 221 

dilution of the stock solutions. The stock solutions were preserved in methanol and stored at 4 °C 222 

until use. Quality control included chromatographic and extraction blanks, duplicates (every 10 223 

samples) and fortified samples (every 15 injections) and control samples made from commercial 224 

standards. The instrumental detection limits for ATZ and DEA were 0.2 µg L-1: DIA and DEDIA 225 

were 1 µg L−1 and ATZ-OH was 0.4 µg L−1. The linear regression equation of the calibration 226 

curve (Y = 0.0627x − 0.00042, R2 = 0.9999) allow to determine the remaining ATZ concentration 227 

and define the efficiency of the different processes studied such as PEF process. Nitrogen was 228 

used as a sheath and auxiliary gas. Working conditions were as followed: spray voltage was 3500 229 

V and capillary temperature was 350 °C. 230 
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2.5.4. Measurement of cyanuric acid concentration 

During the step of mineralization of ATZ, the cyanuric acid concentration was evaluated and 231 

quantified by liquid chromatography mass spectrometer (LC-MS/MS, Thermo TSQ Quantum 232 

Access). The chromatographic column used was the Hypersil Gold C18 (100 mm lengh x 2.1mm 233 

inner diameter) heated at 30 °C. The analytes were separated using an acetic acid buffered binary 234 

mobile phase and subsequently detected by negative electrospray ionization tandem mass 235 

spectrometry. The mobile phase composition was acetic acid solution (0.1%) in milli-Q water and 236 

methanol, using the solvent gradient 90:10 (0 min), 20:80 (5 min) and 90:10 (9 min) : the flow 237 

rate was 0.20 mL min-1. Nitrogen was used as a sheath and auxiliary gas. Working conditions 238 

were as followed: spray voltage was 4000 V and capillary temperature was 350 °C. Calibration 239 

standard solutions between 12.5 µg L-1 and 245 µg L-1 of cyanuric acid were prepared in milli-Q 240 

water and the instrumental detection limit of cyanuric acid was 3.0 µg L-1. 241 

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

The anion Cl- released into the treated solutions during electrolysis was determined by ion 242 

chromatography using Dionex ICS-2000 Basic Ion Chromatography System (Sunnyvale, CA, 243 

USA) fitted with an IonPac column AS18, 4 x 250 mm and AG18, 4 x 50 mm. The sensitivity of 244 

this detector was improved from electro-chemical suppression using an AERS 500, 4 mm self-245 

regenerating suppressor. Measurements were made with a solution of 23 mM KOH for anion-246 

exchange column. Ammonia concentration was determined according to the analytical method 247 

proposed by LACHAT Instrument (QuikChem® Method 10-107-06-2-B). TOC was measured 248 

using a Shimadzu TOC 5000A analyzer (Shimadzu Scientific Instruments, Kyoto, Japan). The 249 

chemical oxygen demand (COD) was measured by colorimetric method in presence of potassium 250 

dichromate according to the method (MA. 315-DCO 1.0) proposed by CEAEQ (CEAEQ 2003). 251 
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2.6. Estimation of energy consumption 

During the electrolysis, the energetic efficiency of EAOPs processes such as the energy 252 

consumption per unit volume (Eq. (8)) and the mineralization current efficiency (Eq. (9)) were 253 

calculated from different equations.  254 

EC	(kWh	m��) = 	
'()** 	+	,

-.
																																																																																(8)	 

where Ecell is the voltage of generator (V), I is the applied current (A), t is the time of electrolysis 255 

and Vs is the solution volume (L). 256 

In the case of the mineralization current efficiency (Eq. (9)), the equation was 257 

	MCE	(%) = 	
12-.(∆TOC)

4.32	X1089+,
																																																																												(9) 

where F is the Faraday constant (96487 C mol-1), Vs is the solution volume (L), ∆(TOC) is the 258 

decay of TOC (mg L-1) in solution, m is the number of carbon atoms of ATZ, I is the applied 259 

current (A), n is the number of electrons consumed per ATZ molecule, and t is the time to treat 260 

the solution. According to Borràs et al. (2010), the number of carbon atoms of ATZ and the 261 

number of electrons consumed during the mineralization was shown in this reaction (Eq. (10)) : 262 

C;H<=ClN@ + 31H�O			 → 		8CO� +	Cl� + 5NO�
_ + 	76H� +	70e�													(10) 

The energy consumption per unit of TOC mass (Eq. (11)) was calculated by the equation : 263 

ECBCD(kWh	mg�<	TOC) = 	
'()** 	+	,

(∆TOC)-.
																																																																		(11) 

where Ecell is the voltage of generator (V), I is the applied current (A), t is the time of electrolysis, 264 

∆(TOC) is the decay of TOC (mg L-1) in solution and Vs is the solution volume (L). 265 
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3. RESULTS AND DISCUSSION 

3.1. Linear voltammetry 

The aim of these experiments was to select the anode having a higher O2 overpotential value. The 266 

linear voltammetry of three different anodes (Nb/BDD, Ti/PbO2, and Ti/Pt) was study in the 267 

presence of 7.04 µM of Na2SO4 at 500 rpm, with a scan rate of 2 mV s-1 at room temperature 268 

(around 22 °C). Based on the Comninellis model, two types of electrodes can be distinguished: 269 

active electrodes (such as Ti/Pt) and non-active electrodes (such as Nb/BDD) (Comninellis 1994, 270 

Brillas et al. 2009). The oxidation of H2O into O2 appeared at 0.7 V on Ti/Pt and at 1.2 V on 271 

Ti/PbO2, whereas it appeared at 1.5 V on Nb/BDD (SM3). This test shows that Nb/BDD had the 272 

highest overpotential value. Likewise, it was found that only Nb/BDD can oxidize the sulfate ions 273 

into peroxodisulfate anions (Eq. (12)). 274 

2	SO=
�� 	→ 	 S�O;

�� +	2e�																																																																																					(12) 

Consequently, Nb/BDD was selected as the most effective working anode for the degradation of 275 

ATZ and its main by-products in water. 276 

3.2. Hydrogen peroxide production 

The hydrogen peroxide can be electrochemically generated at the electrode cathode by oxygen 277 

reduction (Brillas et al. 2009, Sirés et al. 2014, Komtchou et al. 2015). This reduction of 278 

dissolved oxygen was more favourable in acidic condition for which H2O2 is more stable 279 

(Komtchou et al. 2015). The aim of these experiments was to evaluate the capacity of the 280 

electrolytic cell (comprised of graphite cathode and BDD anode) to produce H2O2 in the presence 281 

of Na2SO4 (0.03 M) in the solution (5 L), but in the absence of ATZ. Fig. 1 shows H2O2 282 

concentrations generated during electrolysis for different current densities imposed. The 283 
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maximum H2O2 concentration (4.15 mg H2O2 L-1) was obtained with 18.2 mA cm-2 (curve c), 284 

whereas a minimum H2O2 concentration (1.23 mg H2O2 L
-1) was recorded with a current density 285 

of 2.0 mA cm-2 (curve a). As it can be seen in Fig.1, H2O2 increased with current intensity. These 286 

results were consistent to those recorded by Brillas et al. (2000) and Komtchou et al. (2015) while 287 

using advanced electrochemical oxidation processes (such as electro-Fenton and photoelectro-288 

Fenton processes) for carbamazepine and dichlorophenoxyacetic acid removal from waters. These 289 

result confirmed that graphite can be used as a cathode material to produce H2O2. Likewise, in the 290 

electrolytic cell H2O2 can be decomposed into hydroxyl radical (Eq. (13)) in the presence UV 291 

light (Sirés et al. 2014): 292 

H�O� + 		ℎ�		 → 	2	OH·																																																																																											(13) 

The comparison between the curves (c) and (d) in Fig. 1, gives the estimation of residual H2O2 293 

concentrations in the electrolytic cell after 60 min of electrolysis under UV light (λ = 254 nm) 294 

when applying a current density of 18.2 mA cm-2. H2O2 concentration varying from 2.14 to 4.15 295 

mg H2O2 L
-1 was measured in the absence of UV irradiations (curve c) when a current density of 296 

18.2 mA cm-2 was applied. By comparison, residual concentrations ranging from 1.4 to 3.5 mg 297 

H2O2 L
-1 were recorded in the presence of UV irradiations (λ = 254 nm) (curve d) for the same 298 

current density of 18.2 mA cm-2. The relatively low H2O2 concentration that was recorded in the 299 

presence of UV irradiation can be attributed to hydroxyl radical formation (the decomposition of 300 

H2O2 into •OH). 301 

3.3. Comparison between electrochemical advanced oxidation processes in treating water 

contaminated by ATZ 

The first set of experiments was carried out to compare the degradation efficiencies of ATZ and 302 

its by-products using AO- H2O2, EF and PEF processes. Fig. 2a shows ATZ concentration 303 
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changes using different advanced oxidation processes operated at a current density of 2 mA cm-2. 304 

After 90 min of treatment, the degradations of ATZ were 45.42%, 60.89% and 99.11% using AO 305 

- H2O2, EF and PEF processes, respectively. 306 

3.3.1. AO - H2O2 process 

ATZ removal using AO - H2O2 process results from hydroxyl radicals generated on the surface of 307 

BDD by anodic oxidation of water (Eq. (14)).  308 

BDD + H�O	 → 	BDD(HO•) 	+ H� + e�																																																															(14	)	 

The degradation of ATZ can also be attributed to indirect oxidation obtained with H2O2 and 309 

S�O;
�� simultaneously generated at the cathode and anode, respectively. The rate constant of ATZ 310 

degradation using AO - H2O2 process was about 0.007 min-1. The concentration of major by-311 

products is very high (Fig. 2b) such as DEA (29 µg L-1) and DEDIA (12 µg L-1) after 30 min of 312 

treatment. The quantity of oxidants such as HO• radical in the electrochemical cell was possibly 313 

insufficient to attack simultaneously high amounts of both ATZ molecule and its major by-314 

products. 315 

3.3.2. EF process 

In the EF process, ATZ removal efficiency was 60.89% after 90 min of treatment (Fig. 2a) and 316 

the corresponding degradation rate constant was about 0.01 min-1. The degradation of ATZ is due 317 

to the presence of ferrous ions used as catalyst for the H2O2 decomposition into HO• (Eq. (4)). 318 

Also, the heterogeneous reaction of adsorbed hydroxyl radical generated by BDD anode (Eq. 319 

(14)) and the complementary reactions of oxidants generated in solution (such as H�O�, HO�
• , and 320 

S�O;
��) increase the degradation rate of ATZ. During the electrolysis, the majors by-products 321 

decrease in this order DEA > DIA > DEDIA > ATZ-OH (Fig. 2c). After 240 min of treatment, 322 
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only the concentration of DEDIA (4.7 µg L-1) was higher than the detection limit. As it can be 323 

seen, the EF process was more effective than AO - H2O2 process probably owing to the more 324 

appropriate oxidizing conditions obtained in the case of EF process (more reactive oxygen species 325 

generated). 326 

3.3.3. PEF process 

In the PEF process using UV light (254 nm) in the presence of H2O2 and ferrous ions, the 327 

degradation efficiency recorded was more than 99% after 90 min of treatment time (Fig. 2a) and 328 

the rate constant of degradation was about 0.05 min-1. This fast disappearance of ATZ can be 329 

attributed to three mains electrochemical/chemical reactions that took place simultaneously for 330 

hydroxyl radical formation: i) Fe2+ regeneration from photoreduction of Fe(OH)2+ that leads to 331 

HO• formation (Eq. (6)); ii) decomposition of H2O2 into hydroxyl radical in the presence of UV254 332 

light (Eq. (13)) which generates the hydroxyl radical in solution; iii) photolysis of peroxodisulfate 333 

anions (Eq. (15)) gives a sulphate anion radical which is a very strong oxidant reagent (Herrmann 334 

2007, Criquet and Leitner 2009): 335 

		S�O;
�� + hv(�=;	JK	�@<	LM) 	→ 	2SO=

�•								(EN = 2.43	V/NHE)																										(15) 

and (d) dechlorination of ATZ molecules which take place by heterolytic cleavage of ATZ in 336 

polar solvents such as water (Chen et al. 2009) (Eqs. (16) to (18)). 337 

ACl + ℎ�	 →	ACl∗																																																																																																							(16) 

ACl∗ 	→ 		A� 	+ 	Cl�																																																																																																				(17) 

A� +H�O	 → AOH +	H�																																																																																										(18) 
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During the PEF process, the concentrations of the major by-products decrease in the following 338 

order: ATZ-OH > DEA > DIA > DEDIA (Fig. 2d). The concentrations of major by-products are 339 

very low as compare to AO- H2O2 and EF processes. The high concentration of ATZ-OH (around 340 

8.5 µg L-1 at 30 min) can be explained by mechanism of dechlorination of ATZ under irradiation 341 

UV light (254 nm). After 180 min of treatment, the residual concentrations of ATZ-OH, DEA and 342 

DIA were below the detection limits. The concentration of DEDIA (3.1 µg L-1) was relatively low 343 

compared to those recorded for AO - H2O2 and EF processes. According to Komtchou et al. 344 

(2016b), DEDIA was formed by dealkylation of both DEA and DIA. This behaviour can explain 345 

the persistence of this by-product and the low reactivity with oxidants such as hydroxyls radicals 346 

using AO - H2O2, EF and PEF processes. The degradation rate of ATZ (including its by-products) 347 

increased while using PEF process followed by EF and AO - H2O2 processes. The energy 348 

consumptions (Eq. (8)) were respectively estimated to 76.0, 60.8 and 30.4 Kwh m-3 for AO - 349 

H2O2, EF, and PEF processes. To effectively remove ATZ and its by-products from water, the 350 

PEF process was selected for the next step of the experiments. 351 

3.4. Optimization of PEF process for the treatment of water contaminated by ATZ 

3.4.1. The wavelength effect 

In the PEF process, the light intensity and wavelength are the important parameters which affect 352 

the effectiveness of the treatment. In order to understand the impact of the light source, the 353 

experiments were carried out using different wavelengths: UVC (λ = 254 nm), UVA (λ = 365 nm) 354 

and visible light (λmax = 576 nm). After 90 min of treatment, the removal efficiencies of 69.3%, 355 

80.4% and 99.1% were obtained using 365 nm, visible light and 254 nm, respectively (Fig. 3a). 356 

The use of UVC irradiation gave the best results because the UVC irradiations induce the 357 

photolysis of different species present in the system such as Fe(OH)2+, S�O;
�� and ATZ (Criquet 358 

and Leitner 2009, Borràs et al. 2010, Komtchou et al. 2016b). Likewise, the generation of HO• 359 
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from the homolytic cleavage of H2O2 improves the degradation of ATZ and its by-products (Fig. 360 

3b). By comparison, under UVA irradiation the decomposition of H2O2 into HO• is not possible 361 

because H2O2 does not absorb at all above 320 nm (Sum et al. 2005). Thereby, the action of UVA 362 

light increases the conversion of Fe3+ to Fe2+ (Eq. (5)). During the electrolysis using UVA, the 363 

maximum concentration of by-products (Fig. 3c) was 10.12 µg L-1 (DIA) and 9.18 µg L-1 (DEA). 364 

The low concentration of ATZ-OH (1.45 µg L-1) indicated that the dechlorination of ATZ 365 

molecules was reduced because the wavelength is higher than 254 nm. After 180 min of 366 

treatment, only the concentration of ATZ-OH was below the detection limit. 367 

In the case of ATZ degradation under visible light, a high intensity of irradiation which enter into 368 

the solution increase the photoreduction of dissolved ferric iron to ferrous iron. Also, the 369 

photodecarboxylation of complexes between Fe(III) and the intermediates by-products is 370 

improved by the additional absorption at λ > 400 nm. Likewise, during the PEF process under 371 

visible light the temperature increased from 18.9 to 39.3 °C after 300 min of treatment. According 372 

to Lee and Yoon (2004), the visible light is a heat source which increase the activity of the photo 373 

Fenton systems. This was the reason for which the degradation of ATZ and its by-products was 374 

higher under visible light than that recorded under UVA light using PEF process (Fig. 3d). During 375 

the electrolysis, the concentrations of the major by-products decrease in the following order: DIA 376 

> DEA > DEDIA > ATZ-OH. The by-product DEDIA was detected and quantified in treated 377 

solution after 300 min of treatment regardless of the wavelength imposed. 378 

The energy consumption (Eq. (8)) was estimated to 59.2, 53.2 and 30.4 Kwh m-3 using PEF (365 379 

nm), PEF (visible light) and PEF (254 nm), respectively. Thus, the wavelength of 254 nm was 380 

selected for the next step of the study.  381 
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3.4.2. The current density effect 

In the electrochemical advanced oxidation processes (such as PEF process), the values of current 382 

density affect the effectiveness of the treatment because it regulates the generation of hydroxyl 383 

radicals. Thus, different current densities ranging between 1.0 to 18.2 mA cm-2 were tested during 384 

the degradation of ATZ (100 µg L-1) for an initial pH 3.0 with 0.1 mM Fe2+. Table 1 shows a 385 

faster and higher ATZ degradation while increasing the current density. After 15 min of 386 

treatment, the percentages of ATZ removal were 99.57%, 68.18%, 56.85% and 38.12% 387 

respectively with 18.2, 9.1, 4.5 and 1.0 mA cm-2 (corresponding to 2000, 1000, 500 and 100 mA). 388 

The increase of the effectiveness of PEF process while increasing the current density can be 389 

attributed to three main points: (i) high production of hydroxyl radicals on BDD anode material 390 

for high current densities confirming the efficacy of BDD anode in the PEF process; (ii) the rate 391 

of H2O2 production increases with current densities (Fig. 1) so that the Fenton's reaction (Eq. (4)) 392 

can be accelerated, and (iii) the increase in H2O2 concentration in solution contributes to generate 393 

more hydroxyl radicals owing to the decomposition of H2O2 in the presence of UV irradiation 394 

(Eq. (13)). The reaction of ATZ with hydroxyl radicals can be described by an apparent first-395 

order kinetic model (Eq. (19)). 396 

v =
d	[ATZ]

dt
= 	WXYZ,			\B]	[HO

•][ATZ] = 	WX^^[ATZ]																																									(19) 

The apparent rate constants, kapp, were calculated in Table 1 according to the linear regression 397 

from the slope of a plot of ln (C0/C), where C0 is the initial concentration and C is the 398 

concentration of ATZ at time t (Eq. (20)).  399 

ln
CN

C
= 	WX^^ ∗ t																																																																																																															(20) 
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The different values of kinetic rate constants (kapp) came from correlation coefficients R2 higher 400 

than 0.96. Table 1 gives the values of kapp and half-life of ATZ using PEF process. Comparing the 401 

half-lives of ATZ, it can be seen that the degradation is faster using 18.2 mA cm-2. 402 

During the PEF process, the concentration of ATZ-OH decreases when the current densities 403 

increase (Fig. 4). The maximum concentration of ATZ-OH was 12.16, 8.20, 6.15 and 4.65 µg L-1 404 

respectively with 1, 2, 4.5 and 9.1 mA cm-2 (Fig. 4a to Fig. 4c, and Fig. 3b). This behaviour 405 

proves that the attack of ATZ molecules is mainly due to the action of HO•	radicals. Likewise, 406 

treatment time required to remove the by-products in the solution decreases with an increase of 407 

the current densities because the production of oxidants such as HO• radical was relatively high 408 

for high current densities. Thereby, during the electrolysis at 18.2 mA cm-2, all the concentrations 409 

of major by-products were less than their limit of detection after 45 min of treatment. The 410 

persistent by-product DEDIA was totally removed from the treated solution. In order to reduce 411 

the electrolysis time, a current density of 18.2 mA cm-2 was selected for the next step of this 412 

study. 413 

3.4.3. The humic acids effect  

The humic acids (HA) are one of the major constituents of the natural dissolved organic matter in 414 

the aquatic environment. Several author’s showed that the photolysis of ATZ in the presence of 415 

HA decreases because HA react with hydroxyl radicals (Torrents et al. 1997, Prosen and 416 

Zupančič-Kralj 2005). But according to Aguer et al. (1999), the photochemical excitation of HA 417 

under irradiation at 254 nm generate hydrated electrons which can produce a strong oxidant in the 418 

presence of oxygen. The aim of these tests was to assess if the presence of HA in aqueous 419 

solution may increase or decrease the degradation of ATZ using PEF process. Fig. 5a shows ATZ 420 

degradation (100 µg L-1) without HA and with 5.0 and 10.0 mg L-1 of HA at an initial pH 3.0. 421 

After 10 min of treatment, the percentages of ATZ removal were 80.8%, 90.5% and 97.4% while 422 
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using 10.0, 5.0 and 0.0 mg L-1 of HA, respectively. According to Fukushima and Tatsumi (2001) 423 

and Ou et al. (2007), the HA have abilities to complex Fe(III) and this complex increase with HA 424 

concentration. Therefore, the photochemical excitation of HA can generated H2O2 in the presence 425 

of oxygen (Eqs. (21) to (23)). Likewise, the photoreduction of the complex Fe(III)-HA 426 

regenerated Fe2+ and the degradation of HA occurs (Eq. (24)).  427 

HA		 + 		hv			 → 				HA∗																																																																																																			(21) 

HA∗ 	+ 	O� 		→ 				HO�
• 																																																																																																			(22)	 

2	HO�
• 		→ 					H�O�																																																																																																									(23)	 

Fe(III) − HA		 + 		hv		 → 	HA•� 		+		Fe��																																																															(24) 

On the other hand, the complex Fe(OH)2+ decreases when the complexes Fe(III)-HA increases in 428 

the presence of HA. Therefore, the photoreduction of Fe(OH)2+ which generated hydroxyl radical 429 

decreases in the reactor. Secondly, it is possible that the presence of HA reduces the absorption 430 

light and the photodecomposition of H2O2 into hydroxyl radicals. Consequently, the parasitic 431 

reaction occurring between H2O2 and HO• increases in the reactor (Eq. (25)). 432 

H�O� 		+ 	HO• 			→ 	H�O		 +	H�O
•																																																																											(25) 

Thirdly, the regeneration of Fe2+ come from electroregenerated Fe2+ at the cathode (EF process), 433 

photoreduction of Fe(OH)2+ and Fe(III)-HA complexes. Thereby, the parasitic reaction occurring 434 

between Fe2+ and HO• increase with high regeneration of Fe2+ in the reactor.  435 

The fact that HA can react with hydroxyl radicals explain why the degradation of ATZ decreased 436 

when the concentration of HA increased in water. In the case of by-products such as ATZ-OH, 437 

some complexes compounds can be formed with HA (Martin-Neto et al. 2001). This behaviour 438 

can explain why the degradation of ATZ-OH was not rapidly recorded in the presence of HA 439 
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(Fig. 5c and 5d compare to Fig. 5b). Likewise, in the absence of HA, all the concentrations of 440 

major by-products such as DEDIA were less than the limit of detection (Fig. 5b). But in the 441 

presence of HA, the persistent by-product DEDIA was detected in the treated solution. This 442 

observation suggests that the HA can compete with ATZ and its by-products during water 443 

treatment. 444 

It is worth noting that, in the presence of natural organic matter (such as humic substances), these 445 

substances can act as micellar aggregates with hydrophilic exteriors surfaces and predominantly 446 

hydrophobic interiors (Guetzloff and Rice 1994, Chien et al. 1997, von Wandruszka 1998, de 447 

Melo et al. 2016). Thus, atrazine can bind to humic substance via cooperative hydrogen bonds 448 

and hydrophobic interactions that are stable only in the hydrophobic environment found at the 449 

interiors of humic micelles (Chien et al. 1997). In view of better understanding of atrazine 450 

degradation, a study of the micellization and micellar solubilization of atrazine in the presence of 451 

humic acids should be carried out by using electron paramagnetic resonance (EPR) spectroscopy.  452 

3.5. Application of PEF process for the treatment real agricultural surface water  

The effectiveness of PEF process to treat surface water (initial ATZ concentration < 0.1 µg L-1) 453 

spiked with ATZ was evaluated at a current density of 18.2 mA cm-2. During these tests, we did 454 

not add HA because this river water already contained natural dissolved organic matter. Before 455 

the treatment, the surface water was spiked with ATZ (10 µg L-1). This concentration was the 456 

maximum concentration found in Quebec rivers (Giroux and Pelletier 2012) after ATZ 457 

applications on the crops. The sampling of water was performed on August 10, whereas the ATZ 458 

application in this agricultural area was carried out around the end of June. Then, it was expected 459 

that the sampled water should contained low residual concentration of ATZ. 460 

After settling by gravity (without filtration), the supernatant was analyzed by ICP-AES Varian 461 

Vista AX to determine the metals concentration (e.g. Fe total, P total). The solid phase extraction 462 

allowed to extract the target compounds from water and chromatographic analysis showed the 463 
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presence of ATZ (0.083 ± 0.016 µg L-1), DEA (0.024 ± 0.006 µg L-1) and ATZ-OH (0.013 ± 464 

0.004 µg L-1). The DIA and DEDIA were not detected. Table 2 gives the result of the chemical 465 

analysis of the river water. The following metals were found in low concentrations (almost below 466 

25 µg L-1) : Ni, Sr, Cu, Mn, B, Ba, Cr, Ti, V and Zn. The presence of iron (Fe total) in water 467 

samples was an advantageous for PEF process application without adding any chemical. But the 468 

presence of natural scavenging agents of HO• radicals in water such as carbonate ions may reduce 469 

the effectiveness of PEF process to remove ATZ from surface water. 470 

Different tests were carried out using real surface water contaminated by ATZ: 1) treatment 471 

without adding Fe ([Fe naturally present in water] ≈ 0.01 mM); 2) Treatment with addition of 472 

Fetotal ([Fe] = 0.1 mM) using the iron (II) in form of sulphate heptahydrate. The tests were 473 

respectively performed without pH adjustment (around pH = 6.7) and with pH adjustment 474 

(around pH = 3.1). Fig. 6 shows that in spite of the presence of radical scavenger (e.g. carbonate 475 

ions) and the complexation of Fe(III) by Cl- or SO=
��, the PEF process was more effective to 476 

remove ATZ from surface water when the pH value was adjusted near to 3.0. Indeed, after 25 min 477 

of treatment, the ATZ removal was 96.0% with 0.01 mM of iron (kapp = 0.13 min-1) and 100% 478 

with 0.1 mM of iron (kapp = 0.17 min-1). 479 

Nonetheless, the percentage of ATZ removal was different while increasing the concentration of 480 

iron at pH 3.1 (Fig. 6a). This observation indicates that is not necessary to use high concentrations 481 

of iron to remove ATZ from water by PEF process. On the other hand without a pH adjustment 482 

(pH = 6.7), ATZ removal was 44.75%, whereas it was 32.96% with 0.1 mM of iron after 30 min 483 

of treatment. According to De Laat and Gallard (1999) and Brillas et al. (2009), the ferric ions 484 

precipitate in solution (Fe(OH)3) at pH > 5.0. Thereby, hydroxyl radicals formation decreased 485 

because of photoreduction of Fe(OH)2+. Therefore, the degradation of ATZ was mainly due to 486 

anodic oxidation using BDD and the photolysis of oxidant such as H2O2. 487 
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Notwithstanding the treatment during the first 10 min, the Fig. 6b shows that the removal of ATZ 488 

with 0.1 mM of iron is higher than without iron adjustment. This efficiency of PEF process with 489 

0.1 mM iron at 10 min of treatment time can be justified by Fenton’s reaction. After oxidation of 490 

Fe(II), the high concentration of ferric ions can be combined with the hydroxide ions leading to 491 

the formation of iron hydroxides Fe(OH)3. This behaviour causes the decay of the degradation 492 

curve and the parasitic reactions linked to the presence of iron hydroxides explained why after 15 493 

min of treatment, the position of the curve with 0.1 mM of iron is below the curve without iron 494 

adjustment. 495 

During the electrolysis at pH 3, the analyses with chromatography identified DEDIA, DEA and 496 

ATZ-OH as being the by-products. At pH 6.7, DEA and ATZ-OH were the only ones of the by-497 

products that were detected. At pH 3.1 with 0.1 mM of iron, the Fig. 6c shows that the maximum 498 

concentration of by-products was obtained, but the treatment time was short and the removal of 499 

by-products has been not optimal. However, at pH 6.7 with 0.1 mM of iron, the by-products 500 

(DEA and ATZ-OH) increased gradually (Fig. 6d). The absence of others by-products such as 501 

DEDIA and DIA suggests that the degradation of ATZ was limited at this value of pH (pH=6.7). 502 

Therefore, this result confirms the efficiency of PEF process at pH value around 3 because the 503 

generation of oxidants (such as HO• radicals) was relatively high. 504 

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

To maximize the detection of by-products such as cyanuric acid, the initial ATZ concentration 505 

imposed was relatively high (around 10 mg L-1 or 0.046 mM). The removal of ATZ was fast and 506 

after 180 min of treatment, the concentration was below the detection limit (Fig. 7a). The 507 

chromatograms at 0, 120, 300 and 420 min of treatment show the variations of the main by-508 

products such as cyanuric acid (SM4). During the electrolysis, the concentrations of by-products 509 

decreased in the following order: DEDIA > DIA > DEA > ATZ-OH > CA. The maximum 510 
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concentration values of these four primary by-products were 1200 µg L-1 (DEDIA), 145 µg L-1 511 

(DIA), 128 µg L-1 (DEA) and 105 µg L-1 (ATZ-OH) after 60 min of treatment (Fig. 7b). In the 512 

case of cyanuric acid, the concentration increased gradually and the maximum concentration was 513 

23 µg L-1 after 420 min of treatment (Fig. 7c). This behaviour can be explained because CA is 514 

one of the most persistent by-products from ATZ degradation and having low reactivity with 515 

hydroxyls radicals (Borràs et al. 2010, Oturan et al. 2012). In the other hand, the CA can be 516 

removed with a high current density such as 50 and 40 mA cm-2 (Borràs et al. 2010, Oturan et al. 517 

2012). This argument justified why in this study after 420 min of treatment, the concentration of 518 

CA did not decrease in our electrochemical cell, despite that a current density imposed of 18.2 519 

mA cm-2.  520 

The specific mass and ionic spectra of degradation products gave the secondary by-products of 521 

ATZ, which was formed by dechlorination, dealkylation and alkylic-oxidation mechanisms. 522 

However, more by-products were not clearly identified (name and molecular formula) because 523 

some values of m/z gave unidentified intermediates compounds (SM 5). Therefore, the possible 524 

pathways of ATZ degradation by hydroxyl radicals appears to be similar to those proposed by 525 

Komtchou et al. (2016b) using electrophotocatalytic process. 526 

3.5.2. Mineralization and inorganic ions generated by ATZ degradation 

The initial TOC concentration recorded in real surface water (river water) was 9.6 ± 0.16 mg L-1. 527 

The residual TOC concentration recorded at the end of the treatment was 1.8 ± 0.06 mg L-1 (Fig. 528 

8a). The reduction of TOC was 81.3% after 420 min treatment. This result indicates that a high 529 

fraction of ATZ and other fractions of some refractory organic matter were completely oxidized 530 

into water, giving carbon dioxide and inorganic ions. The consumed specific charge (Q, in Ah L-
531 

1) during the electrolysis was very low (2.8 Ah L-1 after 420 min of treatment) compared to that 532 

recorded (18 Ah L-1) by Borràs et al. (2010). In these conditions (2.8 Ah L-1 at 420 min), high 533 
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mineralization of organic matter was recorded. To confirm this mineralization, NH=
� was detected 534 

(Fig. 8c) and the maximum concentration was 0.362 ± 0.045 mg L-1 (0.02 mM). During the 535 

electrolysis, the mineralization current efficiency (MCE) (Eq. (9)) was evaluated (Fig. 8b) and the 536 

maximum efficiency was 8.3%. This value explained why the degradation of ATZ was fast in the 537 

electrochemical cell. But this degradation produced the intermediates products such as cyanuric 538 

acid having low reactivity with hydroxyl radicals. Likewise, the energy consumption per unit of 539 

TOC mass (Eq. (11)) increases (Fig. 8d) and this proved that it is feasible to reduce the current 540 

density during the treatment. In the other hand, the COD measurements showed that in the treated 541 

solution (samples), the oxygen demand was below the limit of detection (3 mg L-1 O2). 542 

4. CONCLUSION 

In this study, the presence of ATZ (≈ 0.1 µg L-1) and its by-products was detected in the samples 543 

of Nicolet River in Quebec – Canada. The efficiency of the PEF process in acidic medium, using 544 

BDD anode to remove ATZ (10 µg L-1) and its by-products in this river water samples was 545 

demonstrated. To the best of our knowledge, no other studies using the PEF process attempted to 546 

treat natural surface water, sampled in agricultural area and containing low concentration of ATZ. 547 

This was done in part considering the natural pH of water as well as in the presence of natural 548 

dissolved organic matter (humic acids). In the PEF process, the synergistic action of direct 549 

oxidation, indirect oxidation and photolysis (mediators and complexes) under UV irradiation 550 

increased the generation of HO• radicals and other strong oxidants that removed atrazine from 551 

water. The degradation of atrazine led to cyanuric acid having low reactivity with hydroxyls 552 

radicals. Thereby, the cyanuric acid did not decrease in our electrochemical cell. Despite the 553 

presence of radical scavenger in surface water, the abatement of TOC was 81.25% after 420 min 554 

of treatment. Likewise, the high mineralization current efficiency and the low chemical reagents 555 

consumption proved that the PEF process was an environmentally friendly process. Nevertheless, 556 
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the cost of energy consumption and UV lamps are the main drawback of this process. Therefore, 557 

the solar energy is the one of the alternative solution to reduce the energy consumption. The 558 

efficiency of the PEF process using solar light was also discussed in this study. But the PEF using 559 

UV light source reduces the time of treatment compared to solar light. Beyond all this, the 560 

optimum pH of the PEF process represents the principle obstacle to combine this process with 561 

biological treatment in a water treatment plant to remove refractory organic compounds such as 562 

pesticides. The next step should be the study of the micellization and micellar solubilization of 563 

atrazine in the presence of humic acids by using electron paramagnetic resonance (EPR) 564 

spectroscopy. This will help us to deeply understand the mechanism behind atrazine degradation 565 

using electrochemical advanced oxidation processes in the presence of natural organic matter. 566 
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Table 1 Current density effect to the removal of ATZ after 15 min of treatment 

d  
(mA cm-2) 

Removal of 
ATZ (%) 

kapp 
(min-1) 

Half-life 
(min) 

EC  
(kWh m-3)  

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 5.33 43.85 

18.2 99.57 0.36 1.93 55 
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Table 2 Chemicals analysis of the water of the riverTable 2 Chemicals analysis of the water of the riverTable 2 Chemicals analysis of the water of the riverTable 2 Chemicals analysis of the water of the river    

Compound Mean  
(mg L-1) 

Standard 
deviation (mg L-1) 

Cl- 9.58 0.14 

���
�� 9.32 0.17 

���
� 2.24 0.03 

Ca2+ 19.63 0.14 

Na+ 4.50 0.07 

Mg2+ 3.86 0.04 

K+ 2.51 0.06 

Fetotal 0.66 0.06 

Al 0.64 0.07 

Si 3.39 0.14 

S 3.34 0.06 

P total 0.05 0.01 
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Fig. 1 Production of H2O2 during the electrolysis of 5.0 L containing 0.03 M of Na2SO4 at pH 3.0 
with different current density: (a) 2 mA cm-2, (b) 9.1 mA cm-2, (c) 18.2 mA cm-2 and (d) 18.2 mA 
cm-2 under UV light at 254 nm. The bars represent standard deviations. 
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Fig. 2 Removal of atrazine (100 µg L-1) in solution (5 L) at pH 3.0 with 2 mA cm-2 using the 
electrochemical advanced oxidation processes (a): (■) AO-H2O2, (●) EF and (▼) PEF. Evolution 
of by-products of atrazine : (□) DEDIA, (○) DIA, (∆) DEA and (◊) ATZ-OH during electrolysis 
by AO-H2O2 (b), EF (c) and PEF (d). The bars represent standard deviations.
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Fig. 3 Removal of atrazine (100 µg L-1) in solution (5 L) using PEF process at pH 3.0 with 
different wavelength lights (a): (▼) 254 nm, (►) 365 nm and (♦) 567 nm. Evolution of by-
products of atrazine : (□) DEDIA, (○) DIA, (∆) DEA and (◊) ATZ-OH during electrolysis using 
254 nm (b), 365 nm (c) and 567 nm (d). The bars represent standard deviations.
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Fig. 4 Evolution of by-products of atrazine: (□) DEDIA, (○) DIA, (∆) DEA and (◊) ATZ-OH 
during PEF process with 1 mA cm-2 (a), 4.5 mA cm-2 (b) and 9.1 mA cm-2 (c) by PEF process 
using 254 nm. The bars represent standard deviations.
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Fig. 5 Removal of atrazine (100 µg L-1) in solution (5 L) at pH 3.0 without humic acids (▼), with 
5.0 mg L-1 (♦) and with 10.0 mg L-1 (■) of humic acids at 18.2 mA cm-2 by PEF process using 254 
nm. Evolution of by-products of atrazine : (□) DEDIA, (○) DIA, (∆) DEA and (◊) ATZ-OH 
during PEF process without humic acids (b), with 5.0 mg L-1 (c) and 10.0 mg L-1 of humic acids 
(d). The bars represent standard deviations.



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

 

 

Fig. 6 Removal of atrazine (10 µg L-1) in river water (5 L) using 18.2 mA cm-2 at pH 3 in plot (a), 
(▼) with 0.1 mM of iron and (■) without iron adjustment. At pH 6.7 in plot (b), (●) with 0.1 mM 
of iron and (♦) without iron adjustment. In plot (c) evolution of by-products of atrazine: (□) 
DEDIA, (∆) DEA and (◊) ATZ-OH during PEF process with 0.1 mM of iron at pH 3.1. In plot (d) 
evolution of by-products of atrazine: (∆) DEA and (◊) ATZ-OH during PEF process without iron 
adjustment at pH 3.1. The bars represent standard deviations. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

 

 

Fig. 7 Degradation of atrazine (10 mg L-1) in river water (5 L) using 18.2 mA cm-2 at pH 3.1 (a). 
Evolution of by-products of atrazine: (□) DEDIA, (○) DIA, (∆) DEA and (◊) ATZ-OH during 
PEF process (b). Evolution of cyanuric acid during PEF process (c). The bars represent standard 
deviations. 
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Fig. 8 Total organic carbon abatement (a), evolution of mineralization current efficiency (b), 
NH4

+ (c) and energy consumption (d) during the electrolysis of river water effluent (5 L) using 
18.2 mA cm-2 at pH 3.1. The bars represent standard deviations. 
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Fig. 2 Removal of atrazine (100 µg L-1) in solution (5 L) at pH 3.0 with 2 mA cm-2 using the 
electrochemical advanced oxidation processes (a): (■) AO-H2O2, (●) EF and (▼) PEF. Evolution 
of by-products of atrazine : (□) DEDIA, (○) DIA, (∆) DEA and (◊) ATZ-OH during electrolysis 
by AO-H2O2 (b), EF (c) and PEF (d). The bars represent standard deviations. 
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Fig. 3 Removal of atrazine (100 µg L-1) in solution (5 L) using PEF process at pH 3.0 with 
different wavelength lights (a): (▼) 254 nm, (►) 365 nm and (♦) 567 nm. Evolution of by-
products of atrazine : (□) DEDIA, (○) DIA, (∆) DEA and (◊) ATZ-OH during electrolysis using 
254 nm (b), 365 nm (c) and 567 nm (d). The bars represent standard deviations 
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Fig. 4 Evolution of by-products of atrazine: (□) DEDIA, (○) DIA, (∆) DEA and (◊) ATZ-OH 
during PEF process with 1 mA cm-2 (a), 4.5 mA cm-2 (b) and 9.1 mA cm-2 (c) by PEF process 
using 254 nm. The bars represent standard deviations 

.
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Fig. 5 Removal of atrazine (100 µg L-1) in solution (5 L) at pH 3.0 without humic acids (▼), with 
5.0 mg L-1 (♦) and with 10.0 mg L-1 (■) of humic acids at 18.2 mA cm-2 by PEF process using 254 
nm. Evolution of by-products of atrazine : (□) DEDIA, (○) DIA, (∆) DEA and (◊) ATZ-OH 
during PEF process without humic acids (b), with 5.0 mg L-1 (c) and 10.0 mg L-1 of humic acids 
(d). The bars represent standard deviations. 
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Fig. 6 Removal of atrazine (10 µg L-1) in river water (5 L) using 18.2 mA cm-2 at pH 3 in plot (a), 
(▼) with 0.1 mM of iron and (■) without iron adjustment. At pH 6.7 in plot (b), (●) with 0.1 mM 
of iron and (♦) without iron adjustment. In plot (c) evolution of by-products of atrazine: (□) 
DEDIA, (∆) DEA and (◊) ATZ-OH during PEF process with 0.1 mM of iron at pH 3.1. In plot (d) 
evolution of by-products of atrazine: (∆) DEA and (◊) ATZ-OH during PEF process without iron 
adjustment at pH 3.1. The bars represent standard deviations. 
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Fig. 7 Degradation of atrazine (10 mg L-1) in river water (5 L) using 18.2 mA cm-2 at pH 3.1 (a). 
Evolution of by-products of atrazine: (□) DEDIA, (○) DIA, (∆) DEA and (◊) ATZ-OH during 
PEF process (b). Evolution of cyanuric acid during PEF process (c). The bars represent standard 
deviations. 
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Fig. 8 Total organic carbon abatement (a), evolution of mineralization current efficiency (b), 
NH4

+ (c) and energy consumption (d) during the electrolysis of river water effluent (5 L) using 
18.2 mA cm-2 at pH 3.1. The bars represent standard deviations. 

 

 


