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Abstract

The electrochemical production of Fenton's reagent by simultaneous reduction of dioxygen and ferric ions on a
carbon felt electrode, permits a controlled, in situ generation of hydroxyl (OHá) radicals. The possibility of using
electrochemically produced OHá radicals for solving environmental problems is investigated. Continuous and
controlled production of hydroxyl radicals was achieved by electrochemical reduction of O2 in the presence of a
catalytic amount of ferric or ferrous ion. These radicals are used for remediation of water containing
toxic-persistent-bioaccumulative organic pollutants through their transformation into biodegradable compounds
or through their mineralization into H2O and CO2. A widely used herbicide, 2,4-dichlorophenoxyacetic acid
(2,4-D), was selected as a model for a toxic organic pollutant. High pressure liquid chromatography (HPLC) was
used to quantify the distribution of the hydroxylated products obtained. Rate constants for the hydroxylation
reactions of 2,4-D, 2,4-dichlorophenol (2,4-DCP), 2,4-dichlororesorcinol (2,4-DCR) and 4,6-dichlororesorcinol
(4,6-DCR) were determined. The mineralization of 2,4-D and its derivatives was followed by total organic carbon
(TOC) measurements. More than 95% of 2,4-D and the intermediates generated during the electrolysis can be
mineralized.

1. Introduction

Removal of pollutants in drinking water may involve
techniques such as ¯occulation, ®ltration and sterilisa-
tion procedures. One of the traditional puri®cation
methods involves activated carbon ®ltration. However,
this technique only removes the pollutants; it does not
destroy them. Biodegradation is an important water
treatment method, but microorganisms leave intact
many persistent organic contaminants. These physical
or biological techniques may be coupled to chemical
treatments which make use of a limited number of
chemicals which are mostly precursors of highly reactive
intermediates such as hydrogen peroxide, hydroxyl
radical etc. which oxidize most of the organic species.
In the case of industrial or agricultural e�uents and

surface or ground water contamination by persistent
(nonbiodegradable) organic pollutants, a chemical treat-
ment is necessary in order to improve the quality of
water resource which will be used for drinking. This
treatment should eliminate toxic compounds before
releasing the wastewater into natural cycles. Recent
advances and technological improvements in this ®eld
have led to the development of oxidative degradation

procedures applying catalytic and photochemical meth-
ods known as advanced oxidation processes (AOPs) [1].
In recent years, interest in the use of electrochemical

techniques for the destruction of nonbiodegradable
organic toxics dissolved or dispersed in water has
increased [2]. Direct electrochemical techniques for
water puri®cation involve the anodic [3±9] or cathodic
[10±14] transformation of pollutants. Indirect electro-
chemical techniques involve electrogeneration of strong
oxidants [15±17].
In this paper we describe an indirect electrochemical

method for ecological treatment of water contaminated
by organic pollutants. This method is based on an in situ
and catalytic production of Fenton's reagent ± a mixture
of hydrogen peroxide H2O2 and ferrous iron Fe2� ± to
produce hydroxyl radicals [18, 19] according to

H2O2 � Fe2� ÿ! Fe3� �OHÿ �OHá �1�

Many studies, including ours [20, 21] have shown
that these radicals react very e�ciently with organic
compounds, ®nally leading to their destruction. Using
these radicals in order to degrade industrial or agricul-
tural toxic persistent organic pollutants therefore looks
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very promising. In fact, hydroxyl radical is an extremely
potent oxidising agent with a short life, which is able to
oxidise organic compounds by hydrogen abstraction
reaction (Equation 2), by redox reaction (Equation 3) or
by electrophilic addition to p systems (Equation 4):

RH�OHá ÿ! Rá �H2O �2�

OHá �RX ÿ! RX�á �OHÿ �3�

�4�

These reactions generate organic radicals, which by
additionofmolecularoxygenyieldperoxyl radicals,which
in turn initiate chain reactions of oxidative degradation
(Equations 5 and 6), leading ®nally to CO2 and H2O.

Rá �O2 ÿ! ROá
2 ÿ!ÿ! �5�

�6�

2,4-D is a widely used herbicide both in developed and
developing countries (almost 100 millions kg per year in
the United States, Europe and the Third World).
Di�erent methods have been used for the degradation
of this herbicide: reductive electrochemical dechlorina-
tion [22, 23], chemical oxidation [24], photo-Fenton
[25, 26], redox photodegradation [27, 28], electro-Fenton
[29], photodecomposition [30, 31], and biodegradation
[32±34]. All of these aim at the elimination of this
pesticide under the best technical and economical
conditions. With the same objective, we have studied
hydroxyl radical production by electrochemical reduc-
tion of O2 in aqueous solution containing 2,4-D. The
mechanism and kinetics of the reaction between OHá

radicals and 2,4-D have been examined. The hydroxyl-
ation of 2,4-D, the further evolution of hydroxylated
derivatives and their transformation into water and
carbon dioxide have been followed by high performance
liquid chromatography (HPLC) and total organic car-
bon (TOC) measurements.

2. Experimental details

2.1. Chemicals

All the products were of commercial origin and were
used without further puri®cation. 2,4-dichlorophenoxy-
acetic acid (2,4-D), 2,4-dichlorophenol (2,4-DCP), 2,4-
dichlororesorcinol (2,4-DCR), 4,6-dichlororesorcinol
(4,6-DCR), 2-chloro 1,4-hydroquinone (2-CHQ),
2-chloro 1,4-benzoquinone (2-CBQ), 1,2,4-trihydroxy-
benzene (1,2,4-THB), salicylic acid (SA) and iron(III)
chloride were purchased in the highest purity from
Aldrich. Methanol (Chromanorm quality), sulphuric

acid (H2SO4) (Titrinorm grade) and other solvents were
obtained from Prolabo. Carbon felt (working electrode
material) was obtained from Carbone±Lorraine, molec-
ular oxygen (O2) from Carboxyque. Solutions were
prepared with deionized water obtained from Millipore
Milli-RO 6 system. The pH of initial solutions is set at 2
by addition of aqueous H2SO4. The initial concentra-
tions were: 0.5 to 2 mM for 2,4-D, 5 mM for 2,4-DCP,
2,4-DCR and 2,6-DCR. For kinetic studies all solutions
were 1.0 mM.

2.2. Electrochemistry

Electrolyses were performed with an EG&G potentio-
stat/galvanostat (model 273A, Princeton Applied Re-
search) and were carried out in a 150 mL three-electrode
electrochemical cell. The working electrode was a
10 cm2 piece of carbon-felt. A saturated calomel elec-
trode (SCE, E � 0:242 V vs NHE) from Radiometer was
used as reference electrode. The counter electrode was a
1 cm2 platinum sheet (Radiometer). This electrode was
placed in a cylindrical anodic compartment separated
from the cathodic compartment by a glass frit of
porosity 5.
The central anodic compartment contained only a

0.01 M H2SO4 solution. The volume of the aqueous
0.01 M H2SO4 solution containing the product to be
oxidized was 125 mL. Prior to the electrolysis, dioxygen
was bubbled for 5 min to saturate the aqueous solutions
and then 12.6 mg of iron(III) chloride salt was intro-
duced ([Fe3�] = 1 mM), the solution was continuously
agitated by a magnetic stirrer and dioxygen was bubbled
through the solution during the electrolysis.
The controlled potential electrolysis were conducted

at ÿ0:50 V vs SCE, a potential which permits the
simultaneous reduction of both dioxygen and Fe3�

(yielded by Fenton's reaction according to Equation 1)
to superoxide ion (Oáÿ

2 ) and ferrous ion (Fe2�), respec-
tively. Under these conditions the current remained
constant (60 mA) and permitted a constant production
of OHá radicals. The amount of charge passed trough
the solution is measured and displayed continuously by
the EG&G galvanostat/potentiostat. The samples were
withdrawn at regular charge intervals: 0, 50, 100, 200,
etc. C for HPLC or TOC analysis.

2.3. HPLC

The decay of 2,4-D and change of the chemical
composition of the solutions under study were followed
by reverse-phase chromatography using a Gilson HPLC
system, equipped with a u.v. detector (model 118) set at
k � 280 nm and ®tted with a reverse phase Hypersil
ODS 5 lm, 4:6mm� 25 cm column from Supelco Inc.
This instrument was connected to a Macintosh LC 475
microcomputer which was controlled by a data acqui-
sition and treatment software (Dynamaxâ from RAIN-
IN Instrument Co. Inc.). A Rheodyne 7125 injector with
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a 10 lL sample loop was used. Analyses were performed
at room temperature and at isocratic mode where the
mobile phase composition was: MeOH/H2O/HAc:
58:40:2 v/v, with a ¯ow rate = 0.5 mL minÿ1.
Qualitative and quantitative analyses were performed

by comparison with authentic samples. The calibration
curves were established in a concentration range from
0.01 to 2.0 mM for 2,4-D and from 0.005 to 1.0 mM for
2,4-DCP, 2,4-DCR, 4,6-DCR, 2-CHQ and 2-CBQ.
Product identi®cation was conducted by retention time
(tR) comparison and internal standard addition methods
under same conditions.

2.4. TOC analysis

Total organic carbon (TOC) measurements (thermal-
catalytic oxidation principle) of initial and treated
solutions were carried out by Analytik Jena GmbH
using a IDC (Instrument Development Company)
Micro N/C TOC analyser equipped with a ALS-C
Autosampler. Samples were withdrawn from the elec-
trolysis solution at di�erent intervals. They were ®ltered
and acidi®ed by HCl and brought to pH 2 prior to
analysis. The injection volumes were 100 lL. The
temperature in the oven was 680 �C in combination
with a Pt catalyst. Calibration of the analyser was
achieved with potassium hydrogen phthalate standards
(Merck).

3. Results and discussion

3.1. Electrochemically hydroxyl radicals production

Figure 1 shows schematically the principle of electro-
chemically production of OHá radicals. It is su�cient to
apply a low cathodic potential (ÿ0:5 V vs SCE, i.e.
0.255 V vs NHE) to the working carbon electrode to
start the production of radicals. At this potential,
dissolved dioxygen is reduced to superoxide ion (Oáÿ

2 )
which reacts quickly with H� in protic medium to
produce peroxyl radical HOá

2. This radical is unstable
and leads through disproportionation to the formation
of hydrogen peroxide:

O2 � 2H� � 2 eÿ ) * H2O2

E� � 0:695V vs NHE �7�

At the applied potential which reduces O2, a second
cathodic reaction takes place simultaneously; the reduc-
tion of ferric ion to ferrous ion (E� � 0:77 V vs NHE):

Fe3� � eÿ ) * Fe2� �8�

The Fenton's reagent being thus electrochemically
generated [21, 35±37], leads to the OHá radical produc-
tion by the following homogeneous reaction in solution:

H2O2 � Fe2� �H� ÿ! Fe3� �H2O�OHá �1�

The sum of Reactions 7, 8 and 1 gives us the global
reaction that takes place in the cathodic compartment:

O2 � 3H� � 3 eÿ ÿ! H2O�OHá �9�

In the anodic compartment, the reaction that takes place
is simply the oxidation of water:

H2O) * 1
2O2 � 2H� � 2 eÿ �10�

The evolution of oxygen on the surface of platinum
electrode as well as the increasing of acidity in the anodic
compartment can be observed during electrolysis.
Balanced overall reaction of electrochemical process

taking place in the electrolysis cell and leading to the
production of hydroxyl radicals is thus:

1
2O2 �H2Oÿ!e

ÿ
2OHá �11�

This overall reaction emphasises the catalytic character
of this process: on one hand, the Fe2� ion consumed by
Reaction 1 is continuously regenerated on the cathode,
on the other hand, 75% of the dioxygen required for the
in situ formation of H2O2 is produced by oxidation of
water at the anode (Figure 1). Thus the only reagents
necessary for the production of two moles of OHá are
half a mole of oxygen and energy (see the conclusion)
from the electrical generator.

3.2. Degradation of 2,4-D and product analysis

The chromatographic survey by HPLC during the entire
electrolysis permits to follow the chemical composition

Fig. 1. Scheme of the electrocatalytic Fenton's reagent generation and

homogenous OHá radical production in aqueous solution.
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of the solution as a function of the total charge
consumed. Figure 2 shows the rapid decrease of 2,4-D
(peak I) concentration in the aqueous solution as well as
the very early appearing and rapidly increasing of a
compound (peak II) with a retention time higher than
2,4-D (Table 1). This compound is the ®rst hydroxyl-
ated derivative of 2,4-D, formed by attack of OHá

radicals. At 50 C, new peaks appear which correspond
to products III, IV, V and VI, and a group of peaks,
with a retention time (tR) of 5±8 min.
Products II±V are identi®ed (Table 1) by comparison

of their HPLC retention times with those of authentic
samples. During the course of the electrolysis, the
concentration of products II±VI increase, reach a
maximal value and then decrease. This indicates that
these products are in turn attacked by hydroxyl radicals
and their maximum corresponds to a stationary state
where the rate of reaction with hydroxyl radicals equals
their rate of formation from 2,4-D. This behaviour is
exempli®ed on Figure 3 in the case of the three
hydroxylated derivatives of 2,4-D: 2,4-DCP, 2,4-DCR
and 4,6-DCR.

Fig. 2. Reverse-phase HPLC chromatograms (detection at 280 nm) of a 125 mL aqueous solution containing initially 2.0 mM of 2,4-D.

Evolution of product distribution with total charge consumed during degradation of 2,4-D by electrochemically generated OHá radicals. (a) 0 C,

(b) 50 C, (c) 150 C, (d) 300 C, (e) 500 C, (f) 700 C. For compound numbers see Table 1.

Table 1. Hydroxylation products of 2,4-D identi®ed by HPLC

analysis (see experimental section for analysis conditions)

Peak n� tR (min) Identi®cation Chemical formula

I 22.15 2,4-D

II 25.17 2,4-DCP

III 17.83 2,4-DCR

IV 12.67 4,6-DCR

V 10.92 2-CHQ

VI 10.23 2-CBQ

VII 6.34 1,2,4-THB
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At 500 C there are no aromatic compounds left in the
solution and at 700 C, the chromatogram is almost
reduced to a straight base line (Figure 2), indicating
that the possible (unsaturated) aliphatic compounds
(with retention time between 5 and 8 min) are also
degraded.

3.3. TOC removal

Electrolysis of solutions (125 mL) initially containing
1 mM (220 ppm) of 2,4-D leads to a gradual decrease in
TOC with electrolysis time. Figure 4 shows the TOC
decay during the controlled potential electrolysis under
conditions described in the experimental section and
with a current I � 60 mA. The percentage of TOC
removal was 33, 52, 65 and 76 for 60, 120, 180 and
240 min, respectively. At 2000 C the quantity of organic
matter which is present in the solution is less a 7% of the
initial quantity of 2,4-D. Moreover, as indicated by the
chromatographic analysis, this organic matter is com-
posed of aliphatic compounds. Thus the toxicity of the
initial molecule has been eliminated by the ring opening
reactions of the aromatic hydroxylated intermediates.
This TOC decay is related to the mineralization (trans-
formation into to H2O + CO2) of the herbicide 2,4-D in
the presence of electrochemically generated OHá radi-
cals. The rate of mineralization is high at the beginning
of the electrolysis; it diminishes towards the end. Casado
et al. [12] have observed a similar behaviour during the
photoelectro-Fenton process in the case of 4-chlorophe-
nol. These results indicate that 2,4-D is mineralized by
electrochemically produced OHá radicals yielding CO2,
H2O and HCl. The mineralization reaction can be
written as follows:

C6H6Cl2O3 � 22OHá ÿ! 6CO2 � 2HCl� 13H2O

�12�

The apparent current e�ciency (ACE) at a given time is
obtained from the following equation:

ACE � D�TOC�exp
D�TOC�theo

� 100 �13�

where D�TOC�exp is the experimental TOC decay
([TOC]0±[TOC]t) and D�TOC�theo is the theoretically
calculated TOC decay assuming that the applied elec-
trical charge is completely used for Reaction 12.
Figure 4 permits to determine the apparent current
e�ciency. It was 44% at 150 C (40 min). A progressive
decrease was observed throughout the process: 37% at
500 C (140 min) and 27% 1000 C (280 min) under
experimental conditions.

Fig. 3. Hydroxylation of 2,4-D and variation of the concentration of some of its derivatives during electrolysis as function of electric charge

passed. Key: (n) 2,4-D, (d) 2,4-DCP, (m) 2,4-DCR, (r) 4,6-DCR. Initial concentration of 2,4-D was 2.0 mM and the volume of solution was

125 mL.

Fig. 4. TOC decay with total charge passed during the mineralization

of a 125 mL aqueous solution containing 220 ppm (1 mM) of 2,4-D.
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3.4. Determination of the initial rate constants

Under our experimental conditions (saturated aqueous
solution [O2] =1.3 mM, I � 60 mA) the rate of pro-
duction of OHá is electrochemically controlled and
constant. As it is a species with a very short life, the
quasi-stationary state can be applied to hydroxyl
radical concentration and consequently the hydroxyl-
ation reactions are pseudo ®rst order reactions in terms
of substrate.
The relative rate constants for hydroxylation reaction

of 2,4-D, 2,4-DCP, 2,4-DCR and 4,6-DCR were deter-
mined by reference to salicylic acid (k � 2:2 �
1010 L molÿ1 sÿ1) [38] which is a well known trap for
OHá radicals. A mixture of salicylic acid (C0 � 1 mM,
V � 125 mL) and the substrate under examination
(C0 � 1 mM, V � 125 mL) was electrolysed and their
relative concentrations were measured by HPLC at the
beginning of the electrolysis at 5 C. The relative rate
constants found were 1.57, 1.52, 1.45 and 1.76 for 2,4-D,
2,4-DCP, 2,4-DCR and 4,6-DCR respectively, close to
the diffusion limited rate constants. These relative rate
constants con®rm the product distribution during elec-
trolysis (cf. Figure 2) and indicate that not only 2,4-D
but all of the intermediates formed during its degrada-
tion are transformed to CO2 and H2O with high initial
rate constants trough hydroxylation and ring opening
reactions. This is obviously one of the interesting results
of this procedure.

3.5. Mechanistic considerations

The reaction mechanism of OHá radicals with aromatic
compounds has been previously investigated [21, 39±44].
The ®rst step is the fast electrophilic addition
(k � 1010 L molÿ1 sÿ1) of hydroxyl radical on to the
aromatic ring, leading to the formation of a cyclohex-
adienyl radical. This radical can undergo di�erent types
of reactions as dimerisation, disproportionation, oxida-
tion, etc. according to the characteristics of the reaction
medium. Under our conditions, in the presence of
dioxygen, the reaction medium is oxidising; therefore
the oxidation reaction leading to the formation of
hydroxylated compounds should dominate. However
the product analysis of the reaction mixture with
respect to 2,4-D, shows that this reaction is simulta-
neously accompanied by the cleavage of the side chain.
Two reaction pathways take place simultaneously
and lead to the formation of the dichlorophenols
(Scheme 1).
The kinetic data (cf. Section 3.4) indicate that the

dichlorophenols 2,4-DCP and 2,4-DCR are also as
reactive towards the OHá radicals as the 2,4-D. A second
electrophilic attack of the OHá radical leads to the
formation of the dihydroxylated derivatives [21], among
which the 4,6-DCR (Scheme 2).
The formation of the 2-CHQ and 2-CBQ suggests the

existence of a dechlorination process. An ipso attack of
the OHá radical on the chlorine position leading to

cyclohexadienyl radical may provoke departure of
chlorine (Scheme 3).
Formation of quinones is a common observation

of the hydroxylation processes in oxidising media.
The 2-CBQ is formed by the oxidation of the
2-CHQ:

�14�

The dechlorination of 2-CHQ leads to formation of
1,2,4-THB by a similar process shown by Scheme 3.
Many recent studies [12, 26, 44±46] dealing with the

reaction of hydroxyl radicals produced by pulse

Scheme 1. Proposed reaction pathways for the formation of 2,4-DCP

and 2,4-DCR by the hydroxylation of 2,4-D.

Scheme 2. Proposed reaction pathway for the formation of 4,6-DCR

from 2,4-DCP.
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radiolysis, photochemistry or by Fenton reaction have
shown the instability of the hydroxylated aromatic
compounds in presence of these radicals. Sun and
Pignatello [26] have reported the mineralization of 2,4-
D by photochemically produced OHá radicals. von
Sonntag et al. [45] and Casado et al. [12] have recently
studied the degradation of 4-chlorophenol by OHá

radicals leading to the cleavage of the aromatic ring,
accompanied by the leaving of chlorine atom. The
mineralization mechanism which can be summarized
by Scheme 4 is indeed very complex. It consists of a
chain reaction involving di�erent reactive oxygen
species.
The group of peaks observed at the beginning of the

HPLC chromatograms is due to the presence of the polar
compounds in the solution. These compounds which are
formed by ring opening reaction of hydroxylated deriv-
atives have been previously identi®ed as carboxylic acids,
aliphatic alcohols, aldehydes or esters. Maleic and
fumaric acids have been identi®ed in the case of the 4-
chlorophenol [12] and in the case of the 2,4-D, oxalic acid
was observed [26]. Mineralization reaction pathways by
OHá attacks of some carboxylic acids such as formic,
acetic, glycolic, oxalic etc. and of 1,2-ethanediol mono-
formate (O@CHAOACH2ACH2AOH) and 1,2-ethane-
diol diformate (O@CHAOACH2A CH2AOACH @O)
were also reported [47]. The TOC (Figure 4) and
chromatographic (Figure 2) analysis results show that
mineralization of aliphatic compounds by OHá radicals is
slower than that the hydroxylation of aromatics.

4. Conclusion

We have demonstrated that the ®rst stable products
formed by the reaction of OHá radicals with 2,4-D are
dichlorophenols. The hydroxylation reaction is accom-
panied by the cleavage of the CAO bond of the phenoxy
group. Further reaction of these products with loss of
chloride ions form carboxylic acids which oxidize to
oxalic acid before undergoing a rapid mineralization:

HOOCCOOH �OHá ÿ! CO2 �H2O� áCOOH

áCOOH�OHá ÿ! CO2 �H2O

This particular example of 2,4-D shows that destruction
of organic contaminants by electrochemically generated
OHá radicals is a very clean procedure, well suited to the
treatment of water contaminated by toxic-persistent-
bioaccumulative organic pollutants. The method is an
e�cient and ecologically friendly and uses a clean energy
source (electricity). Catalytic quantity of a soluble salt of
iron(II) or iron(III) is the only chemical reagent added to
the medium. No chemicals are produced to be extracted
after the treatment. The process needs only a simple
direct current generator instead of costly chemicals,
resulting a low cost and non-polluting method for in situ
destruction of toxic persistent organic pollutants. For
example, complete mineralization (cf. TOC results and
Figure 2) of 125 mL solution of 2,4-D (2 mg Lÿ1) needs
1000 C. In terms of electrical energy, this quantity
corresponds to 5:5� 10ÿ4 kW h. Given the price of
electrical energy (0:08 $ per kW h), the cost of treatment
remains very low even if large volumes are processed.
However the current density of superoxide ion and
related H2O2 production is limited by the solubility of
oxygen in aqueous solution. In order to increase the
e�ciency of the method, use of a gas di�usion electrode
[48] seems a suitable procedure.
Combining this process with biological treatments,

one can even further reduce the cost. One can stop the
electrolysis when no aromatic products remain in the
solution. The resulting ring opening compounds being
biodegradable, a biological process can thus complete
mineralization.
Use of electrochemically generated OHá radicals to

destroy organic pollutants provides an ecologically
friendly water treatment technique which can therefore
be considered as a serious alternative method for waste-
water treatment and as such can compete other methods
such as photochemical, radiolysis, Fenton's reagent.
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