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Abstract:

The removal of the phenylurea herbicide monolinuron (MLN) from water was investigated by
the electro-Fenton method, based on the electro-catalytic in situ continuous production of
large amounts of the strong oxidant hydroxyl radicals. The effect of several parameters,
including the Fe®" initial concentration, applied current and type of anode (Pt and boron-
doped diamond - BDD), on the MLN degradation kinetics was evaluated. MLN decay kinetics
was monitored by HPLC, fitting a pseudo first-order reaction, leading to a rate constant kans =
(3.1 £0.2) 10° M! 57, Several oxidation intermediates species were identified and followed
by HPLC and GC-MS. A quasi complete mineralization rate (98% TOC removal) of MLN
solution was reached after 8 h of treatment on BDD anode with low energy consumption.
Identification of carboxylic acids and inorganic ions was carried out by HPLC and ionic
chromatography analyses. Based on identification of aromatic and aliphatic intermediates,
inorganic end-products and TOC removal value, a complete MLN mineralization pathway

was also proposed.

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
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1. INTRODUCTION

Although pesticides and herbicides are utilized worldwide to protect crops, they also
contribute significantly to the environmental pollution and their widespread use can cause
serious health effects. Indeed, most pesticides do not reach their target and they can
contaminate the atmosphere, surface waters and groundwater through various mechanisms

such as volatilization, runoff, infiltration, etc. [1, 2].

Monolinuron (MLN) is a phenylurea herbicide, widely applied in agriculture, notably
to control weeds in potato plantations [3]. Because of its relatively high hydro-solubility
(Table 1), MLN possesses a great mobility in water, and, as a result, it constitutes a potential
contaminant of water surface and ground waters. Numerous studies have revealed the
presence of MLN in water as well as in food products [4-6]. For example, Traoré et al. [7]
measured the mean contamination level of lagoon waters of Aghien and Potou in Ivory Coast
and reported mean contamination level by eight substituted urea as 121 pg L' where
maximum concentration of MLN was around 30 pug L'!. MLN itself is not very toxic.
Nevertheless, quality standards have been established to preserve human health. For example,
the Directive 98/83/EC mentioned, for the quality standard for human health, a protective
value of 0.1 ug L! for drinking water and which is not based on the criteria of toxicology but
rather of the limit of analytical quantification [8]. However, his degradation products,
including aniline and para-chloroaniline (PCA), are considered as highly toxic and harmful to
human health [9]. Therefore, it is of considerable interest to develop methods for
decontamination of water polluted by such a persistent organics in order to ensure

environmental safety. Advanced oxidation processes (AOPs) have been developed for
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effective remediation of pesticides in soil and aqueous media [10-13]. Electro-Fenton (EF)
process constitutes a potentially powerful AOP method which has been used in many studies

for removing phenylurea pesticides, such as fenuron, monuron and diuron [14-16].

EF process is based on the Fenton's reaction (equation 1), which produces hydroxyl
radicals ("OH) in the treated solution. ‘OH are very powerful oxidizing agents, able to react
with any organic compounds until their complete mineralization (i.e. their conversion into
CO2, H,0 and inorganic ions) [10]. In this process, firstly a catalytic amount of Fe?* is
introduced in the reaction medium, then hydrogen peroxide (H20>) is continuously generated

in situ via electrochemical reduction of dissolved O (equation 2) [17-19]:

Fe** + H,0O, — Fe** + "OH + OH~ (1)
0,+2H" 4+2e — HO» (2)

The Fenton’s reaction can be maintained by means of a quick regeneration of the Fe?*

(equation 3) based on the electrochemical reduction of Fe* formed in equation 1 [10]:
Fe** + e~ — Fe?* 3)

Carbon felt cathode and two anodes, including platinum (Pt) and boron doped diamond
(BDD), have been successfully used in a number of studies for wastewater treatment by the
EF process [19-21].Due to its high O> evolution over potential which allows to produce
comparatively more amount heterogeneous hydroxyl radicals M("OH) (equation 4), we will
pay more attention to the BDD anode. M("OH) is very efficient for mineralization of organics
and specially short-chain carboxylic acids which are low affinity against homogeneous “OH

[19, 21-23] generated in solution bulk.

BDD + H,O — BDD('OH) + H* +¢e” 4)
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To the best of our knowledge, the degradation of MLN by the EF process has never
been reported. The main goal of this work was the treatment of MLN aqueous solution by the
EF process using Pt and BDD anodes. MLN degradation kinetics was monitored by HPLC,
and the mineralization ability of the process was assessed by measuring the total organic
carbon (TOC) removed during electrolysis. Thereafter, oxidation intermediates were
identified by GC-MS, and carboxylic acids and inorganic ions formed during mineralization
were followed, respectively, by ion exclusion HPLC and by ionic chromatography analyses.
This information allowed us to propose a plausible mineralization pathway of MLN by

hydroxyl radicals in aqueous medium.

2. MATERIAL AND METHODS

2.1 Chemicals

MLN (3-(4-Chlorophenyl)-1-methoxy-1-methylurea, purity > 99%) (Table 1) and
methanol were purchased from Sigma-Aldrich and were used as received. Carboxylic acids
and other chemicals utilized in chromatographic analysis were supplied by Sigma-Aldrich,
Fluka or Acros Organics (purity > 99%). Anhydrous sodium sulfate and anhydrous potassium
sulfate (purity > 99%) were analytical grade and purchased from Sigma-Aldrich. They were
used as catalyst and as supporting electrolyte. Sulfuric acid (purity > 98%) and hexahydrated
Fe(Il) sulfate as catalyst source (99.5%) were obtained from Acros Organics. All the MLN
solutions were prepared with ultra-pure water, obtained from a Millipore Milli-Q system
(resistivity > 18 M cm at room temperature). 4-hydroxybenzoic acid (HBA) (purity =

99.7%) from Prolabo was used as the competition substrate in the kinetic experiments.

2.2 Electrochemical measurements
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A triple power supply (model HM7042-5, Germany) was used to monitor electrolyses
and to measure the electrical charge consumed. Oxygen from compressed air was
continuously supplied to the reaction medium by bubbling. Electrolyses were carried out in a
230-mL cylindrical glass cell containing a MLN aqueous solution (0.1 mM). The cathode was
a carbon felt piece covering the cell internal inner wall, and the anode was either a Pt
cylindrical grid or a 24-cm? BDD sheet placed in the center of the electrochemical cell. A
Na>SO4 aqueous solution (50 mM) was used as electrolyte, and the pH of the medium was
fixed at 3.0. Experiments were carried out in triplicate and the average values have been

reported in the figures.

2. 3. Instrumentation and analytical procedures

2.3.1 High performance liquid chromatography (HPLC)

The MLN kinetic decay and evolution of some intermediates products were monitored
by HPLC, using a Merck Lachrom liquid chromatograph, equipped with a diode array
detector (DAD model L-7455), and fitted with a L-7100 model pump and a reverse-phase
Purospher RP-18.5 pum, 4.6 mm (i.d.), 250 mm column placed in a L-7350 model oven
(Merck) at 40°C. Chromatograms were treated with Ezchrome Elite software. The column
was eluted with a water-methanol 35:65 v/v binary mixture mobile phase, at a flow rate of 0.7
mL min"' and under a 170 bar pressure. The determination of MLN and intermediate products
was performed by UV absorption at 240 nm. The generated aliphatic acids were identified and
quantified by ion-exclusion HPLC, using an Altech liquid chromatograph equipped with a
300-mm Supelcogel H column (¢ = 7.8) and an UV absorption detector set at 225 nm. Mobile

phase was a 1% H>SO4 aqueous solution with flow rate of 0.2 mL min™".

2.3.2 lonic chromatography
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Inorganic ions were analyzed by a Dionex ion chromatograph system (ICS-1000
model), equipped with a conductivity detector thermostated at 35° C, an AS4A-SC ion
exchange column (4 mm X 250mm) for anion analysis, and a CSRS 4 mm X 250 mm cation
exchange column for cation analysis. Mobile phases were either a mixture of sodium
bicarbonate (1.7 mM) and sodium carbonate (1.8 mM) for anion analysis, or a sulfuric acid (9
mM) solution for cation analysis. Flow rate were fixed, respectively, at 2 and 1 mL min.
2.3.3 Total Organic Carbon (TOC)

Mineralization degree of the initial and electrolyzed samples was assessed from the
decay of dissolved total organic carbon (TOC) measured with a Shimadzu, TOC-V analyzer.
Total combustion of the samples was carried out at 680 °C in presence of a Pt catalyst.
Oxygen was the carrier gas at 150 mL min! flow rate. Mineralization percentages were

determined according to the formula:

0,

Min (%) = % % 100 5)

where TOCyp and TOC; were, respectively, the total organic carbon values at the initial time

and at a time t.

2.3.4 Gas Chromatography-Mass Spectrometry (GC-MS)

MLN degradation by-products formed during the oxidative degradation were extracted with
ethyl acetate and then identified by GC-MS analysis using a Thermo Fisher Scientific device,
model ISQ-Trace-1300, equipped with an injector system split/splitless, and a 0.32-um
diameter and 15-m long column, kept in vacuum with a turbo-pump at high temperature (200
-250 °C). The mobile phase (helium) flux was maintained constant in range of 0.6 to 1.5 uL
min!. A NIST library Xcalibur software was utilized to interpret the mass spectra (m/z values

comprised between 50 and 650).
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3. RESULTS AND DISCUSSION

3.1 Kinetic study of the monolinuron degradation

Decay of MLN concentration was monitored by HPLC at a 240 nm absorption
wavelength. Chromatogram showed a well-defined peak with a retention time of 6.9 min. The
effects of applied current, catalyst concentration and type of anode on the MLN degradation

kinetics were investigated.

The effect of current on the oxidative degradation of MLN and comparison of the
influence of Pt and BDD anodes were performed using a 0.2 mM catalyst (Fe?*) concentration
at pH 3. For both anodes, kinetic curves were characterized by a regular exponential decay of
FLM concentration when the current increased from 50 mA to 500 mA (Fig. 1). As can be
seen, the best degradation rate was reached at 250 and 300 mA for BDD and Pt anodes,
respectively. MLN complete degradation took place after about 10 and 15 min electrolysis
with BDD and Pt anodes, respectively. Degradation of MLN was significantly quicker than
that obtained by Zouaghi et al. using sonocatalysis (over 40 min) [24] and heterogeneous
photocatalysis using TiO, under simulated solar irradiation (kapp = 0.035 min!) [25]. The
better performance of BDD anode can be explained by its large Oz-evolution potential and
physical adsorption inversely to Pt for which M("OH) are chemisorbed and consequently less
available. Degradation of MLN becomes slower for currents above these optimal values.
Indeed, at high current values BDD('OH), H>O> and consequently ‘OH were produced at high
quantities due to enhancement of electrochemical reactions (Egs. 1-4). High concentrations of
H>0, promote the wasting of ‘OH in the bulk solution (Egs. 6, 7) [12, 13]. On the other hand,
high concentration of BDD("OH) leads to their wasting through Egs. (8) and (9). Moreover, at
high current values, the 4-electron reduction of O2 into H>O (equation 10) can took place and

compete with the formation of H,O» (equation 2) [26-28].
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H>0: + "OH — H20 + HO>* (k=2.7x10" M's (6)

H>02 — H20 + 1/20; (7)
2 BDD("OH) — 2 BDD + H20> (8)
2 BDD('OH) — 2 BDD + Oz + 2H" + 2e~ 9
Oz + 4e” + 4H"— 2H0 (10)

The effect of variation of catalyst (Fe**) concentration from 0.05 to 0.5 mM on the
kinetic curves was investigated at the optimal current value with BDD anodes (Fig. 2). It can
be noted that the degradation kinetics was accelerated when the Fe?* concentration increased
from 0.05 to 0.1 mM. A same kinetics behavior was obtained for 0.2 mM catalyst
concentration. But, Fig. 2 also showed that beyond 0.2 mM, the MLN degradation kinetics
was slowed due to the enhancement of parasitic reaction (equation 11) leading to the
consumption of formed ‘OH. Moreover, the Fe** ions, formed from the Fenton reaction
(equation 1), can react with H2O», leading to the formation of hydroperoxy radicals (HO>")

(equation. 11) [11, 23], a less reactive oxidant than *OH.

Fe?* + *OH — Fe** + OH (k=3.2x10"M!sh (11)
Fe** + H,0; — Fe?* + HO,' + H* (k=0.01 M'sh (12)

The influence of the type of anode on the MLN degradation kinetics was depicted in
Fig. 3. This figure shows also the comparison of degradation efficiency of the EF and anodic
oxidation (AO) treatments. Two results can be drawn from this figure: i) EF process is
significantly more efficient than AO process in degradation of MNL and b) EF process is
clearly more efficient with BDD anode than with Pt anode. This advantage of the BDD anode
over the Pt one can be related to its high amount of M("OH) production (related to its large
O»-evolution overvoltage) compared to Pt anode and high reactivity of BDD("OH) than
Pt("OH) which are strongly adsorbed to the anode surface and therefore less available to

oxidize MNL molecules. The efficiency of these treatments in the MLN degradation followed

8
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the order: AO-Pt < AO-BDD < EF-Pt < EF-BDD. A similar order of efficiency was already
demonstrated by our group [15, 20] in the degradation of 2-chlorobenzoic acid and 2-

nitrophenol in aqueous medium.

3.2 Mineralization study of monolinuron

3.2.1 TOC removal kinetics

To study the effect if current on the mineralization of MLN solution the electrolysis time was
extended up to 8 h and the evolution of mineralization rate was followed by measuring the
change of solution TOC with electrolysis time at different current values between 50 and
1500 mA. As can be seen in Fig. 4, the mineralization rate strongly depended on the applied
current, but also on the nature of the anode used in EF process. In the case of the BDD anode
(Fig. 4a), the mineralization rate exceeded 98% for 500 mA whereas it was only 69.7% in the
case of Pt anode (Fig. 4b) at 500 mA constant current electrolysis. The mineralization rate
reached around 80% even for a current significantly higher such as1500 mA. This important
difference between the efficiency of both anodes was attributed to the high oxidizing power of
BDD, which allowed a MLN complete oxidation, leading to a total mineralization of its
aqueous solution according to equation 13. As reported by previous works [17, 29, 30], this
result might be explained by the excellent mineralization power of BDD anode in relation to
its, large Oz-evolution overpotential (1.7 V) and availability of slightly adsorbed hydroxyl
radicals, as already evoked in sub-section 3.1 [19]. These characteristics led to the rapid and
easy formation of larger amount of heterogeneous BDD("OH) radicals (equation 4) and a
good reactivity with organic pollutants [17, 19, 31]. Inversely, in the case of Pt anode,
mineralization could be limited by the chemisorption of ‘OH radicals on Pt surface, which
reduced the oxidation capacity of Pt("OH) radicals [17, 26]. Also, the applied current value
probably played an important role in the anodic oxidation [26, 29]. On can see that, upon

increasing the current from 100 to 500 mA, the TOC removal efficiency increased from 95 to

9
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98% for the BDD anode. Obviously, the effect of current on mineralization rate is more
important in EF process with Pt anode: mineralization rate increased from 42.7% at 100 mA
to 69.7% at 500 mA. This indicates that the mineralization was promoted mainly by
homogeneous "OH at low currents due to the formation of low amount of Pt("OH). In contrast,
the contribution of Pt("OH) becomes more important at high current values as can be seen on
the Fig. 4b. In the case of BDD anode, the current efficiency was limited beyond 500 mA by
some parasitic reactions for which reaction rate is enhanced at high current values such H>
evolution (equation 14) and reduction of H>O> (equation 15) at the cathode and O> evolution
(equation 16) as well as H>O; oxidation at the anode (equation 6) [10, 19]. These reactions

decrease mineralization efficiency of MNL solution in agreement with previous reports [18,

26].

BDD(*OH) + org.— BDD + CO> + H20 + inorganic ions (13)
2H20 + 2e” — H» + 20H- (14)
H>0> + 2H* + 2e~ - 2H,0 (15)
2BDD('OH) — 2BDD + O; + 2H* + 2¢~ (16)

3.2.2 Evolution of the carboxylic acids
Several carboxylic acids, including oxalic, oxamic, formic, acetic, malonic and tartronic acids,
were detected during the mineralization of MLN and their identification and quantification
were performed by using standard solutions. Fig. 5 shows the different behavior of these acids
on the both types of anode.

In the case of the BDD anode, maximum concentrations of 0.005 mM for tartronic and
formic acids, 0.009 mM for malonic acid and 0.01 mM for acetic acid were reached after a

30-min electrolysis, whereas maximum concentrations of, respectively, 0.002 and 0.012 mM

10
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for oxamic and oxalic acids were attained after a 60-min electrolysis. With the exception of

formic acid, all these acids disappeared after 4 h of treatment (Fig. 5a).

For the Pt anode, concentrations of carboxylic acids were higher than those obtained
with BDD anodes; the maximum concentrations were reached after 30-min electrolysis for,
malonic and acetic acids at concentrations of 0.006 and 0.015 mM, respectively. For tartronic
and oxalic acids, maximum concentrations of 0.012 and 0.026 mM, respectively, were
attained after 60-min electrolysis. Formic and oxamic acid reached maximum concentrations
of 0.016 and 0.005 mM, after 3 h and 4 h of electrolysis, respectively (Fig. 5b). Oxalic,
oxamic and formic acids are known to be resistant to oxidation by *OH [32] and constitute the

residual TOC at the end of treatment.

It is well known that carboxylic acids have low affinity for homogeneous OH [10 ,17].
Another reason is the formation of carboxylate-iron complexes which have a great resistance
to oxidation by OH and present great stability in the case of Pt anode [23, 32, 33]. According
to Sirés et al. [21], the carboxylato-Fe?* complexes can be destroyed by "OH s whereas the
carboxylato-Fe** complexes can more efficiently destroyed by BDD('OH). Consequently,
quick mineralization of carboxylic acids was noted in the case of BDD anode thanks to its
high mineralization power [21, 33]. The high concentration of BDD('OH) on the anode
surface and their relatively free character makes them more reactive against destruction of
carboxylic acids. However, the degradation kinetic of carboxylic acids could be affected by
wasting reactions such as recombination of homogeneous radicals (equation 17) and the
destruction of the heterogeneous radicals BDD("OH) (equation 16) due to the presence of

weak amounts of TOC in the medium at longer electrolysis times.

‘OH + "OH — H20: k=610°M"sh 17)

11
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Nevertheless, all our results confirmed the very strong oxidative activity of the BDD
anode and its greater effectiveness than the Pt anode for the treatment of MLN and its

intermediates and end-products.

3.2.3 Formation and Evolution of the inorganic ions

Ionic chromatography was used for the detection and quantitative analysis of inorganic
ions formed during the MLN mineralization. A comparative study of the behavior of these
ions in the case of the BDD and Pt anodes was performed for MLN in the same experimental

conditions than the monitoring of carboxylic acids.

As the MLN molecule contains Cl and N atoms, the formation of chloride (CI7),
ammonium (NH4") and nitrate (NO3") ions is expected during the mineralization experiments.

The results are depicted in Fig. 6.

In the case of the BDD anode, the concentration of Cl™ ions increased and reached a
maximum value of 0.08 mM (corresponding to 80% of the chlorine initial theoretical value)
after 3 h of electrolysis, then decreased very rapidly, reaching 0.01 mM after 8 h. For NO3
ions, a maximum concentration of about 0.05 mM was obtained after 1 h of electrolysis and
then decreased progressively to a nil concentration after 8 h of electrolysis, whereas for NH4*
ions a maximum concentration of about 0.17 mM was reached after 4 h of electrolysis, and

then increased slightly to reach 0.18 mM after 8 h of electrolysis (Fig. 6a).

For the Pt anode, the Cl™ ion concentration reached quickly to about 0.1 mM
(corresponding to its initial theoretical value) after 2 h electrolysis and then remained constant
inversely to that observed with BDD anode. NO3~ and NH4" ions reached a maximum
concentration of 0.043 and 0.15 mM, respectively, after about 3 h electrolysis and then NH4*
remained practically constant throughout the electrolysis whereas NOs~ concentration
decreased slightly (Fig. 6b). The decrease of CI™ ions was observed by several authors [21, 30,

12
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32-34] when using BDD anode in electrochemical advanced oxidation processes (EF or AO)
due to the outstanding oxidation power of this anode. Indeed, CI” is quickly oxidized into Cl»
gas (equation 18), which was rapidly transformed into HOCI/ Cl1O™ (equations 19 and 20) in
aqueous medium, an oxidant often used for water disinfection [35]. This phenomenon was not
observed with Pt anode since it is not able to oxidize effectively CI” ion. Then, as reported by
Randazzo et al. [36] during the comparative electrochemical treatments of two chlorinated
aliphatic hydrocarbons, HOCI/CIO™ can be consecutively transformed into less powerful

oxidant like CIO3™ and ClO4~ during oxidation processes

The decrease in NO3™ concentration (more evident in the case of BDD anode) can be
related to its electrochemical reduction on the large surface carbon felt cathode into NH4*
(equation 21). On the other side, the absence of nitrite (NO2") noted here may be due to the
presence of Cl™ ions. Indeed, Pérez et al [37] attributed the absence of NO;™ ions to their
immediate oxidation into nitrate (NO3~) ions by the action of hypochlorous acid (HOCI)
according to the equation 22, since the pH of the medium is about 3. In the same way, Wang
et al. [38] explained the absence of NO>™ ions in the solution by their reaction with active
chlorine species formed from oxidation of chloride ions at the anode. The same author [38]
suggested also that the presence of Cl™ ions could prevent the accumulation of NO;™ ions,
promoting their rapid and simultaneous oxidation into NOs;~ ions (equation 23). Several
authors demonstrated that the efficiency of NOs;~ removal depended to different parameters

such as the concentration of CI” ions, boron doping, sp3/sp2 carbon ratio, etc. [39, 40].

2CI" — CL, + 2e- (E°= 1.39 V) (18)
Cl, + H,0 — HOCI + HCI (19)
HOCI < CIO + H* (pKa =17.5) (20)
NO3- + 8e- + 10H* — NH,* + 3H,0 (E°= 0.875 V) Q1)

13
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NO2- + HOCl — NOs- + HCI (22)

NO>- + HO — NOs3- + 2e- + 2 H* (E°=0.835V) (23)

3.3 Determination of the rate constant for MLLN oxidation by "OH

The absolute (second order) rate constant (kabsomin)) for oxidation of MLN by *OH
(equation 24) was determined by competition kinetics method using 4-hydroxybenzoic acid
(HBA) (equation 25) as the standard competitor with a well-known Kabsa) = 2.19 x 10° M
s1) [41]. These reactions were carried out with a BDD anode at 50 mA constant current and
same concentrations of MLN and HBA (0.1 mM) during the first ten minutes of electrolysis,
in order to avoid the interference of probable intermediate products. The evolution of FLM
and HBA was continuously followed by HPLC analysis. Assuming that only these two
bimolecular reactions took place between ‘OH and MLN and between H°OH and HBA, and
that they obeyed to pseudo-first order kinetics, the combination of both rate constants (Ln
[MLN]o/[MLN]: = f (Ln([HBA]o / [HBA]r)) (equation 26) gave a linear plot (Fig. 7), of which

the slope led to the absolute rate constant value Kaps miny = (3.1 £0.2) 10° M 7L,

MLN +OH — produits (=252 = k. (g [HO] [MLN])  (24)

HBA + *OH — produits (— d[]:A] = k. [HEA) [HO'] [HBA]j (25)
[MLN], — kaps ML [HEA], (26)
[MLN]: kahz (HEA) [HEAL

This large value of kabs (MLN) 1S of the same order of magnitude than the absolute rate
constants of some other phenylurea pesticides, such as diuron, fenuron, linuron pesticides,
found by several authors using the electro-Fenton reaction or other advanced oxidation
processes [10,14, 42].

3.4 Mineralization efficiency and Energy consumption
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Taking into account the quasi-complete mineralization (more than 98% TOC removal
with BDD anode) of MLN solution, we can write the following electrochemical

mineralization reaction:

CoH11CIN202 + 16H20 — 9CO2 + 2NH4* + CI™ + 43H" + 42¢~ 27)

Based TOC removal results and equation 27, we calculated the mineralization current
efficiency (MCE) [23, 43] and the energy consumption (EC) [15, 44] according to equations

28 and 29, respectively.

FV,_,A(TO
MOE(%) = —— ot (J? Deww . 100 (28)
432%10" mlt
C(kw.h)_ U,y *1%t 79
gToC/  V,, * A(TOC),., (29)

where Ucen is the cell average voltage (V), 1 is the applied current (A), t is the electrolysis time
(h), Vol is the solution volume (L), A (TOC)exp is the experimental TOC decay (mg L!), m is
the number of C atoms in the molecule MLN (9), F is the Faraday constant (96487 C mol™'), n
is the number of electrons exchanged and 4.32.107 is the homogenization conversion factor

units (= 3600 s h! x 12000 mg C mol?).

Results obtained are depicted in Table 2, showing the great mineralization power of
electro-Fenton process with BDD anode. In fact, both higher MCE and lower EC values are
obtained with BDD anode. As can be seen from Table 2, the larger value of MCE and lower
value of EC in the case of electro-Fenton with BDD compared to that with Pt anode showed

the great importance of the type of anode in mineralization of organic pollutant.

These results also reflected the high oxidizing power of BDD due to the formation of
high amount additional BDD("OH) (equation 4), that could easily oxidize the carboxylic
acids, in contrast with the Pt("OH) having low mineralization power against these species [19,

20].
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It is worthy to note that both anodes (BDD and Pt) give comparable and good
degradation rate (with 10 and 15 min for complete degradation of 0.1 mM MLN,
respectively). For only degradation purpose, Pt anode would be used instead of BDD anode
which is more expensive. However, a significant difference has been noted during
mineralization experiments where mineralization efficiency and EC were clearly better in the
case of BDD anode that has also been already reported in the literature [45-48] for total

removal of organics and their aromatic and aliphatic intermediates.

3.5 Identification of by-products by HPLC and GC-MS

Degradation of MLN by electro-Fenton led to the formation of several intermediate
products detected by HPLC and/or GC-MS as shown in Table 3. Hydroquinone (1) and
benzoquinone (2) were only detected by HPLC whereas p-hydroxyaniline (3), p-chloroaniline
(4) and p-chlorophenol (5) were detected by both analysis methods. Besides some others
intermediates such as p-chloroisocyanatobenzene (6), p-hydroxyphenylurea (7), p-
chlorophenylurea (8), p-chlorophenylmethylurea 9), p-
chlorophenylhydroxymethylmethoxyurea (10) and p-chlorophenylhydroxyméthylurea (11)

were only monitored by GC-MS analysis.

It can be seen that MLN intermediates were formed from N-demethylation,
hydroxylation and dechlorination reactions of the aromatic ring [49]. These degradation
pathways have already been reported by some authors during mineralization of phenylurea
pesticides [14, 49]. Further studies based on photolysis also described N-demethylation and

hydroxylation as major routes of MLN degradation [50].

In fact, the N-demethoxylation and subsequent N-demethylation of MLN led,
respectively, to (9) and (8). Similar degradation pathway leading to these two products was

already suggested by Nelieu et al. [49] during the phototransformation of the MLN. Then, p-
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hydroxyphenylurea (7) was formed by dechlorination of this latter intermediate by ipso attack
of *OH on -Cl position [51]. However, the breaking of the C-N bond of MLN led to
elimination of N-methyl-methoxyaniline chain and formation of (4) and (6). These two by-
products could also be obtained from (8) or (9), respectively, by breaking of the C-N bond of
the carbonyl group followed by deamination. Chlorinated by-products as (4), (6), (8) and (9)

are part of the MLN metabolites most commonly found in environmental matrices [24, 50].

On the other hand, the direct hydroxylation of the MLN aliphatic chain led to the
formation of (10). The compound (11) is then formed from N-demethoxylation of (10). This
latter product was also detected by Nélieu et al. [49] among the MLN photoproducts in
aqueous media and could also be obtained by hydroxylation of (9). All oxidation pathways
can conduct to the formation of (4), (6), (5) and (3) by elimination of aliphatic moieties under
oxidative attacks of *OH following H atom abstraction reaction mechanisms. Their further
oxidations promote the formation of quinone derivatives, such as hydroquinone and
benzoquinone, already highlighted by some authors [49, 52] whose oxidative ring opening
reaction led to the formation of carboxylic acids. These latest were then completely oxidized
into CO», H>0O and inorganic ions at the end of treatment. The different pathways discussed
above are depicted on Figure 8 which shows the oxidative degradation of MLN complete

mineralization in aqueous solution during EF process.

4. CONCLUSIONS

Electro-Fenton advanced oxidation process was used with success for the effective
degradation and complete mineralization of MLN in aqueous medium. We have demonstrated
that this treatment largely depended on the applied current and type of anode. Optimum
degradation was obtained at 300 and 250 mA after 10 min of electrolysis, respectively, for Pt

and BDD anodes. The initial catalyst concentration (Fe**) constitutes an important parameter
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because, beyond a concentration value of 0.1 mM, we noted a decrease of the degradation
rate. The optimum mineralization rate (98%) was obtained with BDD anode at 500 mA, after
8 h of electrolysis. In all cases, the MLN degradation reaction followed a pseudo-first order
kinetic. The absolute rate constant for oxidation of MLN by ‘OH was determined as 3.1x10°
M !s! indicating the great oxidizing power of hydroxyl radicals and the high capacity of the
electro-Fenton process to complete mineralization of MNL solution. The monitoring by
HPLC, ion chromatography and GC-MS analyses of the formation and evolution of aromatic
and aliphatic (carboxylic acids) intermediates as well as end-products (TOC removal and
inorganic ions) formed during the MLN electrolysis, allowed us to propose a plausible
mineralization mechanism for MLN by "OH generated in the process. Electro-Fenton with
BDD electrode has demonstrated promising prospect during this study and will be applied in

the future work to the treatment of surface and ground waters containing residual pesticides.
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Table captions

Table 1. Some physicochemical properties of monolinuron.

Chemical Molecular structure Molecular Solubility Log Kow
formula weight (mg L") in water  at 25°C
(g mol™t) at 25°C
0
HC /

N—C

CoH1iCIN2O2  yo—( \NOCI 214.65 735 23
/
H

Table 2. Energy consumption (EC) and mineralization current efficiency (MCE) during the
electro-Fenton and anodic oxidation treatments of 0.1 mM MLN solution after 8 h of

electrolysis. V =230 ml; pH = 3; I = 500 mA.

Type of TOC reduction EC MCE (%)
Process (%) (kWh (g TOC)™)

AO-BDD 97.0 10.2+0.3 23.9
EF-Pt 69.7 124+0.4 17.2
EF-BDD 98.2 10.0+0.3 242
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Table 3. HPLC and GC-MS detection of monolinuron (0.1 mM) and its metabolites formed
during electro-Fenton treatment. Fe?* 0.1 mM, Na>SO4 50 mM; pH 3, V=230 mL.

Compounds HPLC | GC-MS Structures
Rt (min) Rt (min) (m/z)

\
Monolinuron 7.04 18.18 214 N—C

H;C—O N Cl
/

H
Hydroquinone
(1 353 | e | e OH@»on

Benzoquinone
2) 377 | e | e o o

p-hydroxyaniline
3) 3.33 19.27 109 HaN o

p-chloroaniline
@) 5.56 19.47 127 N “

p-chlorophenol o o
5) 6.37 18.06 128

p-chloroisocyanatobenzene
e | 10.12 153 0=C=N cl
//O
p-hydroxyphenylurea | ------ 13.88 152 HN—C
N OH
(7) )
H
O

V4
p-chlorophenylurea | - 19.18 170 HzN_C\NOC]
8) e
O

p-chlorophenylmethylurea N
------ 19.47 184 NS
) H,C N cl
H
p-chlorophenylhydroxymethyl HO—cl 0
methoxyurea | - 20.16 231 FAREN
(10) H;C—O /N Cl
HO—CI\J2 I;/o
p-chlorophenylhydroxymethylurea | = ------ 21.0 201 VAR
(1 1) H /N Cl
H

R; = retention time
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Figure captions
Fig. 1- Effect of current on MLN during electro-Fenton treatment of 0.1 mM MLN solution
with BDD (a) and Pt (b) anodes at 500 mA. [Na;SO4] = 50 mM; [Fe**] = 0.2 mM; pH=3; V
=230 mL.

Fig. 2- Effect of catalyst (Fe**) concentration on degradation kinetics of MLN with BDD
anode. [Fe**] (mM): 0.05 (¢), 0.1 (m), 0.2 (A), 0.5 (e). Experimental conditions: [MLN]p =
0.1 mM, I =250 mA, [NaxSO4] = 50 mM, pH =3, V =230 mL.

Fig. 3- Evolution of MLN degradation kinetics during anodic oxidation (AO) and electro-
Fenton (EF) treatments under constant current of 200 mA: AO/Pt (A), AO/BDD (A), EF/Pt
(0); EF/BDD (m). [MLN]o = 0.1 mM; [Fe**] = 0.1 mM (only in the case of EF process);
[Na2SO4] = 50 mM; pH =3; V =230 mL.

Fig. 4- Effect of the applied current on the MLN mineralization rate in terms of TOC removal
at different electrolysis times during the electro-Fenton process with BDD (a) and Pt (b)
anodes. [MLN]p = 0.1 mM, [Fe**] = 0.1 mM, Na,SO4 50 mM; pH =3,V =230 mL.

Fig. 5- Evolution of carboxylic acids formed during the mineralization of 0.1 mM of MLN by
electro-Fenton process with (a) BDD anode, (b) Pt anode. I = 500 mA; [Fe**] = 0.1 mM;
[Na2SO4] = 50 mM; pH =3; V =230 mL.

Fig. 6- Evolution of the inorganic ions: CI" (o), NH4+* (A) and NO3™ (m) formed during the
electro-Fenton treatment of 0.1 mM MLN solution with BDD (a) and Pt (b) anodes. I = 500
mA. [Fe’*] = 0.1 mM; [K2SO4] = 25 mM; pH = 3; V =230 mL.

Fig. 7- Determination of the absolute rate constant of the MLN oxidation reaction by the
hydroxyl radicals generated by the electro-Fenton process with Pt anode. I = 50 mA; [Fe**] =
0.2 mM; [Na2SO4] = 50 mM; pH =3; V =230 mL.

Fig. 8- Proposed mechanism for the mineralization of MLN in aqueous solution by electro-

Fenton process. [MLN]o = 0.1 mM, [Fe**] = 0.1 mM, Na»SO4 50 mM; pH =3,V =230 mL,
BDD anode, I = 500 mA.
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Fig. 1- Effect of current on MLN degradation kinetics during EF treatment of 0.1 mM MLN
with BDD (a) and Pt (b) anodes at 500 mA. [Na;SO4] = 50 mM; [Fe**] =02 mM; pH=3;V
=230 mL
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Fig. 2- Effect of catalyst (Fe’*) concentration on degradation kinetics of MLN with BDD. [Fe?*]
(mM): 0.05 (¢), 0.1 (m), 0.2 (A), 0.5 (e). Experimental conditions: [MLN]o= 0.1 mM, I = 250 mA,
[Na;SO4] = 50 mM, pH =3, V =230 mL.
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Fig. 3- MLN degradation kinetics during the anodic oxidation (AO) and electro-Fenton (EF)
treatments under constant current of 200 mA: AO/Pt (A), AO/BDD (A), EF/Pt (O); EF/BDD (m).
[MLN]o = 0.1 mM; [Fe**] = 0.1 mM (only in the case of EF process); [Na;SO4] =50 mM; pH=3;V =

230 mL.
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Fig. 4- Effect of the applied current on the MLN mineralization rate in terms of TOC removal

at different electrolysis times during the electro-Fenton process with BDD (a) and on Pt (b)

anodes. [MLN]o = 0.1 mM, [Fe**] = 0.1 mM, Na,SO4 50 mM; pH =3,V =230 mL.
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Fig. 5- Evolution of carboxylic acids formed during the mineralization of 0.1 mM MLN by the
electro-Fenton process with BDD (a) and Pt (b) anodes at 500 mA constant current. [Fe**] = 0.1 mM;

[NaxSO4] =50 mM; pH = 3; V =230 mL.
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Fig. 6- Evolution of the inorganic ions: Cl" (e), NHs+* (A) and NO;s (m) formed during the electro-
Fenton treatment of 0.1 mM MLN solution with BDD (a) and Pt (b) anodes. I = 500 mA. [Fe**] = 0.1
mM; [K>SO4] =25 mM; pH = 3; V =230 mL.
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Fig. 7- Determination of the absolute rate constant of the MLN oxidation reaction by the hydroxyl

radicals generated by the electro-Fenton process with Pt anode. I = 50 mA; [Fe?*] = 0.1 mM; [Na,SO4]
=50 mM; pH =3; V=230 mL.
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Fig. 8- Proposed mechanism for the mineralization of MLN in aqueous solution by the electro-Fenton
process. [FLM]p = 0.1 mM, [Fe?*]=0.1 mM, Na,SO4 50 mM; pH = 3, V =230 mL, BDD anode, I =
500 mA.

31





