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This study aims the removal of a carbamate herbicide, propham, from aqueous solution by

direct electrochemical advanced oxidation process using a boron-doped diamond (BDD)

anode. This electrode produces large quantities of hydroxyl radicals from oxidation of

water, which leads to the oxidative degradation of propham up to its total mineralization.

Effect of operational parameters such as current, temperature, pH and supporting

electrolyte on the degradation and mineralization rate was studied. The applied current

and temperature exert a prominent effect on the total organic carbon (TOC) removal rate of

the solutions. The mineralization of propham can be performed at any pH value between 3

and 11 without any loss in oxidation efficiency. The propham decay and its overall

mineralization reaction follows a pseudo-first-order kinetics. The apparent rate constant

value of propham oxidation was determined as 4.8� 10�4 s�1 at 100 mA and 35 1C in the

presence of 50 mM Na2SO4 in acidic media (pH: 3). A general mineralization sequence was

proposed considering the identified oxidation intermediates.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

It is well known that a lot of wastes are formed during the

production of pesticides and their application processes

(Felsot et al., 2003). Most of these compounds pose environ-

mental problems due to their eco-toxicity and stability. The

aqueous effluents contaminated by these pollutants must

thus be treated before their injection in the natural environ-
r Ltd. All rights reserved.
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ment. There are various methods for the treatment of these

wastes such as activated carbon adsorption, chemical oxida-

tion, biological treatment, etc. (WHO, 2001). But these

classical processes are not generally sufficiently efficient in

the elimination of these pollutants. For example, activated

carbon adsorption involves phase transfer of pollutants

without decomposition and thus induces another pollution

problem. Chemical oxidation is unable to mineralize the
0.
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Table 1 – Physicochemical properties of propham

Chemical name Isopropyl carbanilate

Chemical structure

N

O

O

H

Molecular weight 179.2 g mol�1

Water solubility 32–250 mg L�1 at 20–25 1C

Melting point 87–88 1C

Adsorption coefficient,

K(oc)a
1.604

a K(oc) ¼ (conc. adsorbed/conc. dissolved)/% organic carbon in soil.
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persistent organic pollutants. Concerning the biological

treatment, the main drawbacks are non-efficiency in pre-

sence of non-biodegradable and toxic pollutants, slow reac-

tion rates, disposal of sludge and the need for strict control of

proper pH and temperature. In order to overcome these

disadvantages, more powerful oxidation methods are re-

quired than those currently applied in wastewater treatments

for achieving their complete destruction.

The development of new technologies such as advanced

oxidation processes (AOPs) has attracted great attention

during the last two decades for the treatment of toxic and

persistent organic pollutants in aqueous media because of

their ability to reach the total mineralization (Neyens and

Bayeans, 2003; Pignatello et al., 2006; Oturan and Brillas, 2007).

These processes involve chemical, photochemical or electro-

chemical techniques to bring about chemical degradation of

organic pollutants. Among them, electrochemical advanced

oxidation processes (EAOPs) offer many advantages such as

low operational cost and high mineralization efficiency of

pollutants compared to other known chemical and photo-

chemical ones (Oturan, 2000; Oturan et al., 2001; Boye et al.,

2002; Brillas et al., 2004; Diagne et al., 2007; Ozcan et al., 2007;

Sirés et al., 2007). In this sense, anodic oxidation is a very

common EAOP. In this process pollutants can be oxidized by

direct electron transfer reaction from organics to the elec-

trode surface or the action of highly oxidizing radical species

(i.e. hydroxyl radicals) formed on the high O2-overvoltage

anode surface. In this manner, a wide variety of electrode

materials such as dimensionally stable anodes (RuO2 or IrO2-

coated Ti) (Simond et al., 1997), thin film oxide anodes (PbO2,

SnO2) (Belhadj Tahar and Savall, 1998; Malpass et al., 2006),

noble metals (platinum) (Vlyssides et al., 2004) and carbon-

based anodes (Lissens et al., 2003) have been investigated. On

the other hand, these electrodes have some drawbacks in the

electrochemical oxidation of pollutants. The usage of the

boron-doped diamond (BDD) as anode material in wastewater

treatment processes has attracted great attention recently

because of its high stability and efficiency (Guinea et al., 2008;

Chen and Chen, 2006; Brillas et al., 2005; Un et al., 2007). This

electrode allows the in-situ production of hydroxyl radicals

from water (Eq. (1)) or hydroxide ion (Eq. (2)) oxidation on the

electrode surface at large quantities (Comminellis, 1994;

Marselli et al., 2003; Michaud et al., 2003; Canizares et al.,

2004; Flox et al., 2005; Sirés et al., 2007). These radicals are

very powerful oxidizing agents and they react unselectively

with organics giving dehydrogenated or hydroxylated by-

products until their total conversion into CO2, water and

inorganic ions:

H2O! dOHads þHþ þ e2 (1)

or hydroxide ion at pH X10:

OH2 ! dOHads þ e2 (2)

Propham is a carbamate herbicide for the control of weeds

in alfalfa, clover, flax, lettuces, afflow, spinach, sugar beets

and peas. It prevents cell division and acts on meristematic

tissues. Moreover, it is an acetylcholinesterase inhibitor and

at the same time it could be degraded into aniline metabolites

that are more dangerous than the parent molecule (Orejuela

and Silva, 2004). Therefore, the removal of propham from
aqueous solution was performed previously by using the

membrane separation technique (Kosutic and Kunst, 2002).

Moreover, degradation of propham was investigated by using

TiO2 as heterogeneous photocatalyst (Muneer et al., 2005;

Bahnemann et al., 2007). To the best of our knowledge, there

is no study on the electrochemical oxidation of propham by

anodic oxidation with a BDD anode. In this study, we

examined the removal of propham from its aqueous solution

by electrochemical oxidation using a BDD anode for the first

time in the literature. The effects of important operating

parameters such as applied current, temperature, pH and

types of the supporting electrolyte on the degradation rate

and mineralization efficiency were investigated. The oxida-

tion by-products such as aromatics, short-chain carboxylic

acids and inorganic ions were determined by high-perfor-

mance liquid chromatography (HPLC), liquid chromatogra-

phy–mass spectrometry (LC–MS), gas chromatography–mass

spectrometry (GC–MS) and ion chromatography (IC) methods.

Finally, an oxidative degradation pathway of propham by dOH

radicals generated on BDD anode in aqueous medium was

proposed.
2. Materials and methods

2.1. Chemicals

Propham was obtained from Riedel-de Haên. Its physico-

chemical properties are given in Table 1. Sodium sulphate

(anhydrous, 99%, Across), sodium nitrate (99%, Merck),

lithium perchlorate (99.99%, Aldrich), sodium chloride

(99.7%, Merck) and potassium sulphate (99%, Fluka) were

used as supporting electrolytes. Sulphuric acid (ACS reagent

grade, Across), potassium hydrogen phthalate (Nacalai Tes-

que Inc.), hydrochloric (37%), perchloric, nitric and acetic

acids (glacial p.a., Across) were obtained as reagent grade.

Sodium nitrate and ammonium nitrate (99%, Merck) were

used as standard solutions for the IC analyses. Sodium

hydroxide and methanesulphonic acid and tetrabutylammo-

nium hydroxide solutions were used as eluent and regener-

ant, respectively. Oxalic, maleic, glyoxylic, acetic, formic and
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oxamic acids were obtained from Fluka and used without

further purification. All solutions were prepared by using pre-

distilled 18 MO cm�1 deionized water (Sartorius).
2.2. Electrochemical cell

Experiments were performed in a 0.175 L undivided and

thermostated cylindrical glass cell (5 cm diameter) equipped

with two electrodes. The anode was a BDD thin film deposited

on both sides of a niobium substrate (3�4 cm) obtained from

Magneto Chem. The cathode was Pt gauze (Aldrich). The

distance between the electrodes was 3 cm. Before the

degradation experiments, the electrode surface was cleaned

in the propham-free solution by using the same conditions.

The degradation experiments were performed by using

aqueous solutions of propham (0.50 mM 0.15 L�1). In order to

investigate the effect of the supporting electrolyte on the

degradation of propham, one of the following salts was used

in each experiment: Na2SO4 (0.05 M), NaNO3 (0.1 M), NaCl

(0.1 M) and LiClO4 (0.1 M). The supporting electrolyte was

0.05 M K2SO4 in the by-products analysis. Prior to electrolysis,

the pH of the solution was set to a known value: 3, 6, 9 and 11.

Electrolyses were performed at current controlled conditions

by using a constant current value (30, 50, 100, 300 and

500 mA). During the electrolysis, the reaction medium was

agitated continuously by a magnetic stirrer (500 rpm) and

samples were withdrawn from the reaction medium at

regular time intervals.
2.3. Analytical procedures

The degradation of propham was monitored by HPLC using an

Agilent 1100 system equipped with a diode array detector, an

autosampler and a reversed-phase Inertsil ODS-3 (5mm,

4.6�250 mm) column. The column was thermostated at

40 1C. Injection volume was 20mL. The column was

eluted with a mixture of water–methanol–acetic acid at

44:54:2 (v/v/v) with a flow rate of 0.9 mL min�1. Detection

was performed at 254 and 280 nm. The aromatic intermedi-

ates were identified by retention time comparison and

internal standard addition methods. Short-chain carboxylic

acids were identified and quantified by a Supelcogel H column

(f ¼ 7.8�300 mm). H2SO4 (4 mM) was used as mobile phase

with a flow rate of 0.50 mL min–1. Detection was performed at

210 nm.

The concentrations of ammonium and nitrate ions released

during the electrolyses were determined by IC (Dionex-100

equipped with a conductivity detector). A cation (IonPacs

CS12A-Dionex) and an anion exchanger column (IonPacs

AS14-Dionex) were used for ammonium and nitrate ion

analyses, respectively. The injection volume was 25mL. The

mobile phase and regenerant were 20.0 mM methanesulpho-

nic acid and 100.0 mM tetrabutylammonium hydroxide solu-

tions for the cationic column, respectively, with a flow rate of

0.85 mL min�1. On the other hand, 30.0 mM sodium hydroxide

and 22.0 mM H2SO4 were used for the anionic column as

mobile phase and regenerant, respectively, with a flow rate of

0.80 mL min–1. Calibration curves were obtained by using the

pure standards of the related ions.
The degradation of propham and its oxidation intermedi-

ates were monitored by LC–MS using an Agilent 1100 LC

coupled to an Agilent 6300 mass spectrometer with an

electron spray ionization interface and a heated nebulizer,

in the positive mode. A reversed-phase Inertsil ODS-3 (3mm,

4.6�150 mm) column was used in the LC–MS experiments.

The column was thermostated at 40 1C. A volume of 20mL of

sample was injected. The column was eluted with a mixture

of water–methanol–acetic acid at 54:44:2 (v/v/v) with a flow

rate of 0.5 mL min�1.

Some intermediates were identified by GC–MS (Thermo

Finnigan PolarisQ GC–MS analyser). The treated solutions

were extracted three times with dichloromethane and ethyl

acetate and analysed by using a 25 m (i.d. 0.32 mm) SE-54

column. The temperature of the column was programmed.

The initial temperature was 50 1C for 2 min and increased up

to 280 1C with a rate of 10 1C min�1.

The total organic carbon (TOC) of the samples was

determined by using a Shimadzu TOC-V analyser. The

platinum catalyst was used in the combustion reaction.

The carrier gas was oxygen with a flow rate of 150 mL min–1.

The detector of the TOC system was a non-dispersive infrared

detector. Calibration of the analyser was achieved with

potassium hydrogen phthalate (99.5%, Merck) and sodium

hydrogen carbonate (99.7%, Riedel-de Haên) standard solu-

tions for total carbon (TC) and inorganic carbon (IC),

respectively. The difference between TC and IC gives the

TOC value of the sample.

The mineralization current efficiency (MCE) values were

determined according to the following expression (Eq. (3))

(Hanna et al., 2005):

MCE ¼
DðTOCÞexp

DðTOCÞtheor
� 100 (3)

where D(TOC)exp is the experimental TOC at a given time and

D(TOC)theor is the theoretical TOC removal considering that

applied electrical charge ( ¼ current� time) is consumed for

the mineralization of propham according to the electroche-

mical oxidation reaction (Eq. (4)), which presupposes the

consumption of 54 F per mole of propham:

C10H13NO2 þ 21H2O! 10CO2 þNO3
� þ 55Hþ þ 54e� (4)
3. Results and discussion

3.1. Effect of applied current

The oxidation of organics on the BDD anode occurs by two

ways: direct electron transfer from organics to BDD anode

and oxidation by dOH formed on the BDD anode surface

according to Eqs. (1) and/or (2) (Comminellis, 1994; Marselli

et al., 2003). The latter process is more efficient in the

degradation of organics on the BDD anode. The concentration

of dOH radical depends on the applied current value. There-

fore, here, the effect of applied current values on the

degradation rate of propham was examined by using the

applied current values of 30, 50, 100, 150, 300 and 500 mA. The

obtained results are shown in Fig. 1. When the applied current
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Table 2 – Effect of (a) applied current, (b) temperature and
(c) supporting electrolyte on TOC analyses results and
corresponding MCE% values for the anodic oxidation of
propham after 180 min electrolyses time

TOC
(mg C L�1)a,b

TOC removal
(mg C L�1)a,b

MCEa,b,c

(%)

(a) Applied current (mA)

30 24.12 38.65 77.68

50 14.31 48.46 58.44

100 10.16 52.61 31.72

300 3.48 59.28 11.92

500 3.12 59.64 7.2

(b) Temperature (1C)

15 15.40 47.37 28.56

20 13.75 49.02 29.56

25 10.16 52.61 31.72

30 9.53 53.24 32.10

35 8.22 54.54 32.89

(c) Supporting electrolyte

Na2SO4 8.22 54.54 32.89

NaNO3 35.88 26.89 16.22

LiClO4 11.23 51.54 31.08

NaCl 19.39 43.38 26.16

Other operating conditions are given in Figs. 1(a), 2(b) and 4(c).
a Initial TOC: 62.77 mg C L�1.
b Electrolysis time: 180 min.
c Mineralization current efficiency values calculated from Eq. (3).
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Fig. 1 – Effect of applied current on the propham degradation

kinetics during the electrochemical oxidation using a BDD

anode at room temperature: (K) 30 mA; (� ) 50 mA; (E)

100 mA; (m) 300 mA; (’) 500 mA. [Propham]0 ¼ 0.5 mM,

[Na2SO4] ¼ 50 mM, pH: 3, V ¼ 0.15 L.
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value increased from 30 to 50 mA, a slight increase was

observed in the degradation rate of propham. Beyond this

value, the effect of applied current is not significant. In all

cases, the degradation of propham was completed within

180 min. After this time, the main organics present in the

solution are aromatic by-products and short-chain carboxylic

acids. In order to clarify the oxidation ability of the system,

we performed TOC analyses of the samples after 180 min of

electrolyses (Table 2a) and corresponding MCE% values were

calculated according to Eq. (3). As can be seen from Table 2a,

the TOC removal values were increased and the MCE% values

were decreased by increasing applied current. This decrease

can be related to (i) the formation of O2, which is more

dominant than dOH at high current (at voltage) values and

(ii) the possible formation of weak oxidants as persulphate

(Eq. (5)) and hydrogen peroxide.

It was interesting to note that while the initial degradation

rate of propham was almost the same for all applied current

values, the TOC removal values greatly increased at higher

applied current values. This situation can be explained in the

following way. The aromatic reaction intermediates formed

by the oxidation of propham are more reactive towards

hydroxyl radicals than propham. By increasing applied

current values, the formation rate of dOH also increased and

these radicals were consumed simultaneously by the aro-

matic and aliphatic by-products. As a result the degradation

rate of propham did not change significantly. On the other

hand, the TOC removal values remained almost constant at

300 and 500 mA. The results show that the optimal current

value was about 300 mA for the mineralization of propham.

This result is in agreement with the literature (Panizza and

Cerisola, 2005; Chen and Chen, 2006) because the oxidation of

H2O to O2 is favoured in detriment of �OH formation at high

current values.
3.2. Effect of temperature

The effect of temperature on the anodic oxidation behaviour of

propham was investigated at different temperature values

between 15 and 35 1C at 100 mA constant current. The maximal

value before the significant loss of water by evaporation is 35 1C

(Boye et al., 2002). As can be seen from Fig. 2, the degradation of

propham showed a similar trend for all temperature values. By

increasing the temperature from 15 to 35 1C, a significant

increase was obtained in the degradation rate of propham.

TOC analyses were also performed for each trial and results

are depicted in Table 2b. The initial TOC value of propham

solutions (62.77 mg C L�1) decreased to 15.40 and 8.22 mg C L�1

for 15 and 35 1C, respectively, at the end of the 180 min

electrolyses. The MCE% values also increased by increasing

the temperature, which causes the improvement of the

propham degradation rate. These results showed that TOC

removal values were significantly enhanced by increasing the

solution temperature. Similar results were previously reported

by Sharifian and Kirk (1986) and Belhadj Tahar and Savall

(1998). It can be explained in the following ways: (i) decrease

of polymeric products formed during the oxidation process,

(ii) increase of mass transfer rate of organics from solution to

the electrode surface (Chen and Chen, 2006) and (iii) decrease

of organics’ stability as the reaction temperature increases.

3.3. Effect of pH

The pH of electrolyses medium is the other important

parameter for the electrochemical oxidation procedures.
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Fig. 2 – The effect of temperature on the degradation

behaviours of propham by electrochemical oxidation on a

BDD anode at 100 mA. (E) 15 1C; (’) 20 1C; (m) 25 1C; (� )

30 1C; ( ) 35 1C. [Propham]0 ¼ 0.5 mM, [Na2SO4] ¼ 50 mM,

pH: 3, V ¼ 0.15 L.
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Fig. 3 – The degradation behaviors of aqueous solution of

propham at pH values 3 (’), 6 (E), 9 (m) and 11 (� ) by

electrochemical oxidation on a BDD anode. [Propham]0:

0.5 mM, [Na2SO4]: 50 mM, I: 100 mA, V: 0.15 L, T: 35 1C.
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Fig. 4 – The effect of supporting electrolyte on the

degradation behaviors of propham by electrochemical

oxidation on a BDD anode: (m) 0.05 M Na2SO4; (E) 0.1 M

NaNO3; (’) 0.1 M LiClO4; (� ) 0.1 M NaCl.

[Propham]0 ¼ 0.5 mM, I ¼ 100 mA, V ¼ 0.15 L, pH ¼ 3,

T ¼ 35 1C.
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The effect of pH on the electrochemical oxidation of organics

has been previously investigated by many authors (Canizares

et al., 2004; Mitadera et al., 2004; Brillas et al., 2005; Flox et al.,

2005; Martinez-Huitle et al., 2005; Polcaro et al., 2005;

Muruganathan et al., 2007). Lissens et al. (2003) and Canizares

et al. (2004) reported that the oxidation process is more

favourable in alkaline media. In contrast, Martines-Huitle

et al. (2007) and Scialdone et al. (2007) indicated that the

efficiency of the process was increased in acidic media.

According to this literature, it can be concluded that the effect

of pH strongly depends on the nature of the investigated

organics. Therefore, the effect of pH on the degradation rate

of propham was studied at large pH range from acidic to

basic. Aqueous solutions of propham (0.5 mM) were electro-

lysed at pH values of 3, 6, 9 and 11 (Fig. 3). As can be seen from

this figure, the pH of the medium slightly affects the

degradation kinetics of propham. A very small decrease was

observed in the degradation rate at pH 11. This situation

indicates that the degradation of propham can be performed

at any pH value between 3 and 11 without any significant loss

in oxidation efficiency of the system. There is no significant

difference for the calculated TOC removal (5571 mg C L�1)

and MCE% (E33%) values at different pH values.

3.4. Effect of supporting electrolyte type

In order to verify the influence of the supporting electrolyte

on the degradation kinetics and mineralization efficiency of

propham aqueous solutions, the experiments were per-

formed in acidic medium (pH 3) containing different support-

ing electrolytes as 0.05 M Na2SO4, 0.1 M NaNO3, LiClO4 and

NaCl (Fig. 4). The degradation rate of propham was slightly

increased when Na2SO4 was used as the supporting electro-

lyte instead of NaNO3. As can be seen from Fig. 4, the

complete degradation of propham almost took place in a

180 min electrolysis period in the presence of Na2SO4, NaNO3

and LiClO4. However, it finished in 15 min in the case of NaCl.
In order to compare the TOC removal values of these systems,

we performed the TOC analyses at 180 min electrolyses and

calculated the corresponding MCE% values (Table 2c). The

TOC removal and MCE% values of propham mineralization

were increased in the following order: NaCloNaNO3o
LiClO4oNa2SO4. Although the use of NaCI as a supporting

electrolyte has a very important effect on the propham

degradation kinetics, this effect was not seen on the miner-

alization efficiency. These results can be explained in the

following way: The SO4
2� ions are easily oxidized at BDD

anode to form persulphate (Eq. (5)) ions (Rodrigo et al., 2001;

Panizza and Cerisola, 2005). These very reactive species can
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also react with the organics and cause an increase the

mineralization rate. The very fast degradation kinetics in

the case of NaCl can be explained by a parallel degradation

reaction in the solution phase via indirectly formed reactive

species. The chloride ions were oxidized to chlorine gas (Cl2)

at the BDD anode (Eq. (6)), which reacts with water to form

hypochlorite (ClO�) ions (Eq. (7)) (Tatapudi and Fenton, 1994;

Iniesta et al., 2001):

2HSO4
� ! S2O8

2� þ 2Hþ þ 2e� (5)

2Cl� ! Cl2 þ 2e� (6)

Cl2 þH2O! HClOþ Cl� þHþ (7)

The formed chlorine gas, a strong chlorination agent, and

hypochlorite ions can react with propham to form chlori-

nated by-products (Iniesta et al., 2001). The initial propham

degradation kinetics enhanced and led to the formation of

chlorinated by-products. As a result the mineralization

efficiency and MCE% of propham aqueous solutions de-

creased.

3.5. Degradation and mineralization kinetics of propham

The degradation and mineralization kinetics of propham was

investigated by electrolysing 0.5 mM propham aqueous solu-

tion at acidic media containing 0.05 M Na2SO4 at 100 mA

constant current. The degradation kinetics of propham was

followed by HPLC while the solution TOC removal as a

mineralization measure was conducted by TOC analysis

(Fig. 5). The propham concentration and TOC value of solution

decreased with increasing electrolyses time, and complete

degradation and mineralization were achieved in 180 and

480 min, respectively. The degradation of organics with
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Fig. 5 – Kinetics behaviour of (’) 0.5 mM propham and (E)

solution TOC decay as a function of electrolyses time in

aqueous solution during anodic oxidation with BDD anode.

Inset shows the corresponding pseudo-first-order kinetics

plots for (’) propham oxidation and (E) mineralization

kinetics. I ¼ 100 mA, [Na2SO4] ¼ 50 mM, pH ¼ 3, V ¼ 0.15 L,

T ¼ 35 1C.
hydroxyl radicals generally follows the pseudo-first-order

reaction kinetics in EAOPs (Guinea et al., 2008; Diagne et al.,

2007; Oturan et al., 2001; Brillas et al., 2003). Therefore, the

pseudo-first-order kinetic equation was used in order to

determine the degradation and mineralization behaviour of

propham. The obtained results were very well fitted to the

corresponding straight lines (Fig. 5 inset). We thus calculated

the apparent rate constant value (kapp) for the degradation of

propham as 4.8�10�4 s�1 (R2: 0.9952). The obtained results for

the mineralization procedure showed two distinct straight

lines. This situation can be explained in the following way.

The dominant organic compounds in solution were short-

chain carboxylic acids in the second step (after 180 min)

because propham and its aromatic by-products were com-

pletely destructed during the first step as can be seen from

Fig. 6a. The short-chain carboxylic acids are more resistant to

mineralization by dOH (Buxton et al., 1988). Therefore, the

mineralization rate of propham and the corresponding kapp

value was decreased at treatment time up to 180 min.

3.6. Identification and evolution of degradation by-
products

The oxidation of propham on BDD anode has led to the

formation of aromatic by-products, short-chain carboxylic

acids and inorganic ions. The identification of aromatic by-

products obtained from the degradation of 0.5 mM propham

aqueous solutions containing 0.05 M Na2SO4 at 100 mA

constant current and pH 3 were performed by HPLC, GC–MS

and LC–MS systems. The reversed-phase HPLC chromato-

grams showed that propham was converted mainly to a

degradation by-product at the retention time of 6.16 min and

to several other by-products at very low concentration levels.

Some of them were identified as hydroquinone, benzoqui-

none and catechol with retention times of 3.36, 4.10 and

4.36 min, respectively. On the other hand, the GC–MS analyses

results indicated that propham oxidation leads to the

formation of two isomer products at the retention times of

9.32 and 9.97 min. According to molecular ion (M+) and mass

fragmentation, these by-products were identified as mono-

hydroxylated forms of propham. The formation of these by-

products can be explained as the o- and p-hydroxylation of

benzene ring in propham structure (o- and p-hydroxyphenyl

carbamic acid isopropyl ester). The LC–MS analyses of the

same samples confirmed the formation of these two isomers

at the retention time values 14.80 and 37.10 min. According to

the polarities of the o- and p-hydroxyphenyl carbamic acid

isopropyl ester, we thought that the by-product observed at

6.16 min in HPLC analyses should be the p-hydroxyphenyl

carbamic acid isopropyl ester. The identified aromatic by-

products and their evolutions are given in Table 3 and Fig. 6a,

respectively. As can be seen in Fig. 6a, the only dominant

aromatic by-product is p-hydroxyphenyl carbamic acid iso-

propyl ester as indicated before. While the concentration of

propham was rapidly decreased during the oxidation process,

those of the by-products were increased in the first 50 min of

electrolyses. Finally, propham was completely converted to

more simple products. The formation of benzoquinone was

very fast and it reached its maximum concentration value at

about 10 min and completely disappeared in 30 min. The
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Fig. 6 – Time-course of the identified (a) aromatic by-products: ( ) propham; (E) hydroquinone; (’) benzoquinone;

(m) p-hydroxypropham; (� ) o-hydroxypropham; (K) catechol, (b) short-chain carboxylic acids: (E) oxalic; (’) maleic;

(m) oxamic; (� ) glioxylic; ( ) formic; (K) acetic and (c) inorganic ions: (m) NH4
+; (’) NO3

� during the anodic oxidation of 0.5 mM

propham aqueous solution with BDD anode, [K2SO4] ¼ 50 mM, I ¼ 100 mA, V ¼ 0.15 L, T ¼ 35 1C. The evolutions of by-products

were determined by HPLC (a, b) and IC (c).
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other aromatic by-products hydroquinone, catechol and

o-hydroxyphenyl carbamic acid isopropyl ester concentra-

tions remained at very small steady-state values during the

electrolyses.

Ion-exclusion chromatograms of the above solutions

showed the formation of several carboxylic acids as oxalic,

maleic, oxamic, glyoxylic, formic and acetic acids with the

corresponding retention times of 7.04, 8.91, 10.60, 12.37, 16.81

and 18.04 min, respectively. The evolution of these carboxylic

acids during the anodic oxidation process is given in Fig. 6b.

They are formed at high formation rates at the initial stage of

the electrolyses, and they reached their maximal accumula-

tion values in 90 min and then their concentrations were

gradually decreased.

The identification and quantitative analyses of inorganic

ions resulting from the mineralization of propham were

performed by ion-exchange chromatography. The nitrogen

atom present in the propham structure was converted to NO3
�

and NH4
+ ions during the mineralization process. The evolu-

tion of is ions were given in Fig. 6c. As can be seen,

ammonium ion concentration was gradually increased and

it reached a steady-state value after 4 h. The formation rate of
nitrate ions during the degradation process was significantly

slower than that of ammonium ion. This situation can be

attributed to the electrochemical oxidation of NH4
+ to NO3

� and

NO2
� at BDD anode (Ammar et al., 2007). At the end of the

electrolyses, the total concentrations of the ammonium and

nitrate ions reached the stoichiometric ratio of the initial

nitrogen. Almost 99% of the initial nitrogen was quantified

after 8 h of treatment.

3.7. Mineralization pathway

The determination of the degradation by-products allows us

to propose a mineralization pathway for the anodic oxidation

of propham (Fig. 7). Electrogenerated hydroxyl radical was

stated as BDD (OH) and for the sake of simplicity we gave the

hydroxyl radical only at the beginning of the reaction

sequence. The mineralization of propham mainly followed

two parallel ways. Firstly, the mineralization started with

hydroxylation of the electron-rich benzene ring of propham.
dOH can be bounded preferentially to ortho and para positions.

The formation of these two isomers, p-hydroxypropham and

o-hydroxypropham, was observed during the experiments.
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Table 3 – Identified aromatic by-products formed during the anodic oxidation of propham with BDD using LC–MS, HPLC
and GC–MS systems

Chemical name Chemical structure Retention time Mass fragmentation

Hydroquinone

OHHO

3.31a –

Catechol OH

OH

4.36a –

p-Benzoquinone

OO

4.10a –

Propham (phenylcarbamic

acid isopropyl ester)
N

H

O

O

13.36a –

8.22b 179.1 (M+), 137, 120.1, 93.1, 78.1, 66.1

51.9c 180.5 (M+1), 138.4, 120.4

p-Hydroxyphenyl carbamic

acid isopropyl ester
N

H

O

OHO

6.16a –

9.97b 195.1 (M+), 153, 136.1, 109.1, 91.1, 80.1, 52

14.80c 197.1 (M+1), 186.3, 154.4, 136.3

o-Hydroxyphenyl carbamic

acid isopropyl ester

N

H

O

O

OH 10.51a –

9.32b 195 (M+), 177.6, 153, 135.1, 109.1, 80.1, 52

37.10c 196.7 (M+1), 154.4, 121.3, 110.4

[Na2SO4] ¼ 0.05 M, I: 100 mA, pH: 3, V ¼ 0.15 L.Obtained by aHPLC, bGC–MS and cLC–MS systems.
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Further reaction of these species with hydroxyl radicals has

led to the formation of corresponding aminophenols, dihy-

droxybenzenes and carbonic acid monoisopropyl ester. The

formation of aminophenols during photocatalytic oxidation

of propham was also reported by Muneer et al. (2005) and

Bahnemann et al. (2007). However, they were not identified in

our work because they are very unstable and rapidly

converted to hydroquinone and catechol. In addition, their

conversion directly to short-chain carboxylic acids such as

maleic, glyoxylic, formic and oxamic acids is also possible. In

the second route, the mineralization started with breaking of

the C–N bond to form aniline and carbonic acid monoisopro-

pyl ester. The formed aniline was rapidly converted to

benzoquinone and further reaction of the latter forms the

short-chain carboxylic acids such as maleic, fumaric,

glyoxylic and formic acids. The formed by-product carbonic

acid monoisopropyl ester was converted to isopropyl alcohol

and carbon dioxide. Further oxidation of isopropyl alcohol

gives lactic acid, which was not detected in this study; after
that this substance was converted to acetic acid (Flox et al.,

2006) and finally to oxalic acid. The nitrogen atoms present in

the different structures were released as ammonium and/or

nitrate ions. The last stage in the mineralization procedure

consisted of conversion of the ultimate carboxylic acids to

carbon dioxide and water and thus the total mineralization

can be achieved.
4. Conclusions

The electrochemical oxidation of propham has been deeply

investigated by using the anodic oxidation process with BDD

anode. This electrode behaves as a hydroxyl radical generator

under controlled conditions as a result of the water decom-

position on the electrode surface. Being a very reactive

species and having a very high oxidation power, these

radicals ensure the mineralization of propham in aqueous

medium. The operational system parameters were optimized.
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The obtained results showed that applied current value

slightly affects the degradation rate of propham, but it exerts

a prominent effect on the TOC removal rate of the treated

solution. The temperature of the medium also has a

prominent effect on the degradation rate and mineralization

efficiency of propham. The pH of the solution exerts a non-

significant effect on propham mineralization efficiency in a

broad pH region between 3 and 11. Although the degradation

kinetics of propham was fastest in the presence of NaCl as a

supporting electrolyte, the mineralization rate was faster in

the presence of Na2SO4. The maximum MCE (MCE%) values

were obtained in the case of 30 mA, at 35 1C and pH 6, and

Na2SO4 as supporting electrolyte. The oxidation of propham

by dOH and its mineralization follows the pseudo-first-order

reaction kinetics with apparent rate constant values of

4.8�10�4 and 1.93�10�4 s�1, respectively. The identification

and follow-up of the oxidation by-products permitted us to

propose a plausible mineralization pathway for the anodic

oxidation of propham in aqueous medium. Finally, it can be

concluded that the anodic oxidation with BDD electrode is

very promising for the complete removal of propham from

aqueous solutions.
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