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The electrochemical treatment of 100 mg L�1 nitrobenzene solutions in 0.05 M Na2SO4 in the pH range 2.0–4.0
at 25 �C has been comparatively studied in the presence of Fe2þ, Cu2þ and/or UVA light as catalysts using an
undivided cell with a Pt anode and an O2-diffusion cathode able to electrogenerate H2O2 . A quite slow
degradation is found for the solution with 1 mM Cu2þ due to the low production of oxidizing hydroxyl radical
(OH�) from anodic oxidation of water and the action of the Cu2þ/Cuþ system. Electro-Fenton treatment with
1 mM Fe2þ leads to a high concentration of OH� in the medium from Fenton’s reaction, but less than 70% of
the nitrobenzene is mineralized since stable complexes of Fe3þ with products are formed. These complexes are
quickly photodecomposed in the photoelectro-Fenton treatment of the same solution under UVA irradiation,
leading to overall depollution at low currents. Complete degradation is also feasible using 1 mM Cu2þ and
1 mM Fe2þ at high current because OH� can slowly destroy the complexes between Cu2þ and intermediates. The
positive synergetic effect of all catalysts allows the quickest nitrobenzene mineralization using 1 mM Cu2þ and
1 mM Fe2þ under UVA irradiation. The nitrobenzene decay always follows a pseudo-first-order reaction.
Aromatic products such as o-nitrophenol, m-nitrophenol, p-nitrophenol and 4-nitrocatechol have been followed
by reverse-phase chromatography. Nitrate ions are formed from oxidation of nitroaromatic products.
Generated carboxylic acids such as maleic, fumaric and oxalic have been detected by ion-exclusion
chromatography. The different evolution of complexes of oxalic with Cu2þ and Fe3þ explains the influence
of the catalysts on nitrobenzene degradation.

Introduction

Several indirect electro-oxidation treatments based on the
combined use of cathodically generated hydrogen peroxide
and iron ions as a catalyst have been recently developed for
the degradation of toxic and biorefractory organic pollutants
in acid waters.1–20 In such methods, hydrogen peroxide is
continuously supplied to the contaminated solution from the
two-electron reduction of oxygen gas:

O2ðgÞ þ 2Hþ þ 2e� ! H2O2 ð1Þ

Reaction (1) can take place on graphite,1 reticulated vitreous
carbon,2,3,8,11 mercury pool,10,16 carbon felt13,14,20 or O2-diffu-
sion4,6,7,9,12,15,17–19 cathodes. Fe2þ is usually added to the acid
solution to enhance the oxidizing power of H2O2 , since Fe3þ

and hydroxyl radical (OH�) are formed from the well-known
classical Fenton reaction between Fe2þ and H2O2 :

21–24

Fe2þ þH2O2 ! Fe3þ þOH
� þOH� ð2Þ

Hydroxyl radical thus produced is a non-selective and strong
oxidant of organic pollutants, yielding dehydrogenated or
hydroxylated derivatives that can be finally mineralized, that
is converted into CO2 and inorganic ions. In addition, OH�

can also rapidly react with Fe2þ to give Fe3þ:

Fe2þ þOH
� ! Fe3þ þOH� ð3Þ

The second-order rate constant (k2) for reaction (3) is 4.3� 108

M�1 s�1,22 a value several orders of magnitude higher than the
53 M�1 s�1 determined for reaction (2).22 An advantage of the
use of the Fe3þ/Fe2þ catalytic system is that Fe2þ is not

removed from the solution by the above reactions, since it is
continuously regenerated in small amounts from the reduction
of Fe3þ with electrogenerated H2O2 by reaction (4) with
k2 ¼ 3.1� 10�3 M�1 s�1,23 with hydroperoxyl radical (HO2

�)
by reaction (5) with k2< 1� 103 M�1 s�1,25 and/or with
organic radical intermediates R� by reaction (6).

Fe3þ þH2O2 ! Fe2þ þHþ þHO2
� ð4Þ

Fe3þ þHO2
� ! Fe2þ þHþ þO2 ð5Þ

Fe3þ þR
� ! Fe2þ þRþ ð6Þ

The existence of reactions (4)–(6) ensures the propagation of
catalytic reaction (2) with the production of a sufficient con-
centration of OH� in the medium for an efficient destruction
of organic pollutants. The hydroperoxyl radical produced is
a species with a much weaker oxidizing power than OH�.
The so-called electrogenerated Fenton’s reagent

(EFR)1,8,10,11,13,14,20 is the most typical indirect electro-oxida-
tion method with H2O2 electrogeneration. It consists of the
treatment of an acid solution with a small concentration of
Fe2þ or Fe3þ contained in the cathodic compartment of a
divided electrolytic cell. When O2 is bubbled through the solu-
tion, H2O2 is formed via reaction (1) and pollutants are
destroyed by the OH� produced in reaction (2). In previous
work,6,7,12,15,17–19 we have studied the degradative behavior
of two other indirect electro-oxidation techniques, so-called
electro-Fenton and photoelectro-Fenton, performed in an
undivided cell with a Pt anode and a carbon–polytetrafluoro-
ethylene (PTFE) O2-fed cathode, which is able to produce
H2O2 by reaction (1) at rates appropriate to the needs of
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effluent treatment. The electro-Fenton method involves the
addition of catalytic Fe2þ to the initial acid solution to permit
the main destruction of pollutants by OH� generated in the
medium by reaction (2), although they can also be degraded
by reaction with adsorbed OH� formed on the Pt anode surface
from water oxidation:26–29

H2O ! OH
�
ads þHþ þ e� ð7Þ

In the photoelectro-Fenton method, the solution is also irra-
diated with UVA light at lmax ¼ 360 nm to favor the regenera-
tion of Fe2þ from additional photoreduction of Fe(OH)2þ,
which is the predominant Fe3þ species at pH 3:21,22

FeðOHÞ2þ þ hn ! Fe2þ þOH
� ð8Þ

Although reaction (8) accelerates the production of OH� and
hence, the mineralization of organics, the action of UVA light
is much more complex, since it can photodecompose com-
plexes of Fe3þ with some oxidation products, for example,
oxalic acid.30

The above EFR, electro-Fenton and photoelectron-Fenton
methods based on the use of iron ions as catalyst have been
successfully utilized for the mineralization of aromatic com-
pounds such as aniline,4,7 phenol,8,9 4-chlorophenol,6 chloro-
phenoxy herbicides,10,12–15,17–19 atrazine16 and bisphenol A.20

However, less is known about other possible indirect electro-
oxidation procedures involving OH� production by Fenton-
like reactions with catalysts different from iron ions. Recently,
Gozmen et al.20 reported that the EFR treatment of 200 mL of
a 0.7 mM bisphenol A solution in 0.01 M HCl is more efficient
than the analogous electrochemical degradation with electro-
generated H2O2 and Cu2þ as catalyst. In contrast, Gallard
et al.31 showed that the oxidation rate of a 1 mM atrazine solu-
tion of pH 3 by means of H2O2/Fe

3þ is enhanced in the pre-
sence of Cu2þ, due to the generation of higher concentration
of oxidizing OH�. To try to develop quicker oxidation methods
for water remediation, more experimental effort is then needed
to clarify the oxidative ability of indirect electro-oxidation sys-
tems containing Fe2þ, Cu2þ and UVA light as combined cata-
lysts for H2O2 electrogeneration. In this way, we have
undertaken a study to test the effects of such catalysts on the
electrochemical destruction of nitrobenzene, a well-known
toxic pollutant of industrial waste waters.32 An efficient degra-
dation of this compound in aqueous medium has been
reported using some advanced oxidation processes (AOPs) in
which the oxidizing agent OH� is generated from chemical
and photochemical systems such as H2O2/Fe

2þ,33 H2O2/
UV,33,34 H2O2/Fe

3þ/UV,35 O3 ,
36–39 O3/H2O2 ,

32,37 O3/
UV,32,37–39 O3/H2O2/UV37 and O3/Fe

3þ/UV.38 Nitrophenols
have been detected as primary products of nitrobenzene
oxidation by O3/H2O2 and O3/UV.32

This paper reports the results obtained for the degradation
of an acidic aqueous solution containing 100 mg L�1 of nitro-
benzene and a low salt content of 0.05 M Na2SO4 of pH 3.0 in
an undivided cell with a Pt anode and an O2-diffusion cathode.
Comparative electrolyses using 1 mM Cu2þ, 1 mM Fe2þ (elec-
tro-Fenton method), 1 mM Fe2þþUVA light (photoelectro-
Fenton method), 1 mM Cu2þþ 1 mM Fe2þ and 1 mM
Cu2þþ 1 mM Fe2þþUVA light as catalysts have been made
at different currents to establish the oxidative ability of each
system. The influence of pH and Cu2þ and Fe2þ concen-
trations upon the behavior of the combined methods has
been studied. Stable products have been identified and quanti-
fied in each case and a reaction scheme for nitrobenzene
mineralization involving all these species is proposed.
The H2O2 accumulated in each electrolytic system without
contaminants has been previously determined to clarify its
catalytic effect.

Experimental

Chemicals

Nitrobenzene, o-nitrophenol, m-nitrophenol, p-nitrophenol, 4-
nitrocatechol, maleic acid, fumaric acid and oxalic acid were
reagent grade supplied by Merck and Fluka. Anhydrous
sodium sulfate, used as background electrolyte, and heptahy-
drated ferrous sulfate and pentahydrated cupric sulfate, both
used as catalysts, were analytical grade from Fluka. All acid
solutions were prepared with high-purity water obtained from
a Millipore Milli-Q system, with conductivity< 6� 10�8 S
cm�1 at 25 �C. The initial solution pH was adjusted with
analytical grade sulfuric acid purchased from Merck. Organic
solvents and the other chemicals employed were either HPLC
or analytical grade from Merck, Fluka and Aldrich.

Instruments and analysis procedures

Electrochemical experiments were performed with an Amel
2049 potentiostat-galvanostat. The solution pH was measured
with a Crison 2000 pH-meter. The concentration of H2O2

accumulated in the electrolyzed solutions at a given time was
obtained from the light absorption of the colored titanic–
hydrogen peroxide complex at l ¼ 420 nm,40 determined with
a Unicam UV4 Prisma double-beam spectrometer thermo-
statted at 25 �C. The mineralization of nitrobenzene solutions
was monitored by the decay of their total organic carbon
(TOC), obtained on a Shimadzu 5050 TOC analyzer using
the standard non-purgeable organic carbon (NPOC) method.
Before analysis, the samples extracted from electrolyzed solu-
tions were filtered with 0.45 mm PTFE filters purchased from
Whatman. The degradation of nitrobenzene and its aromatic
intermediates was followed by reverse-phase chromatography
with a Waters system. It consisted of a Waters 600 high perfor-
mance liquid chromatograph (HPLC), fitted with a Spherisorb
ODS2 5 mm, 150� 4.6 mm, column at room temperature, and
coupled with a Waters 996 photodiode array detector set at
l ¼ 280 nm, controlled through a Millennium-32

1

program.
Aliquots of 20 mL were injected into the HPLC chromatograph
and a 50:45:5 (v/v/v) methanol–phosphate buffer (pH 2.5)–
pentanol mixture was employed as eluent at 1.0 mL min�1.
Generated carboxylic acids were identified and quantified by
ion-exclusion chromatography using the above HPLC
chromatograph fitted with a Bio-Rad Aminex HPX 87H,
300� 7.8 mm, column at 35 �C, along with the photodiode
array detector set at l ¼ 210 nm. In this technique, samples
of 20 mL were also analyzed and a 4 mM H2SO4 solution
was employed as eluent at 0.6 mL min�1. The concentration
of nitrite and nitrate ions in the final electrolyzed solutions
was determined by ion chromatography using a Kontron 600
HPLC, fitted with a Waters IC-Pak anion column at 35 �C
and coupled with a Waters spectrophotometric detector. The
eluent employed for ion chromatography was a borate–gluco-
nate buffer of pH 8.5 and aliquots of 100 mL were injected into
the liquid chromatograph after being ultramicrofiltrated by
Ultrafree filters with a 10 000 Dalton cutoff. The concentration
of iron ions and/or Cu2þ in solutions was obtained by induc-
tively coupled plasma-atomic emission spectrometry (ICP-
AES) using a Thermojarrell Ash Polyscan 61 E inductively
coupled argon plasma spectroscope.

Electrolytic systems

All electrolyses were conducted in an open, undivided and
thermostatted cylindrical cell containing a 100- mL solution
stirred with a magnetic bar. The anode was a 10 cm2 Pt sheet
of 99.99% purity supplied by SEMPSA and the cathode was a
3.1 cm2 carbon-PTFE electrode fed with pure O2 at a rate of
20 mL min�1 to electrogenerate H2O2 from reaction (1). The
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electrolytic setup and the preparation of the O2-diffusion
cathode have been described elsewhere.4,12

Solutions of 100 mL containing 100 mg L�1 of nitrobenzene
(corresponding to 58.5 mg L�1 of TOC) in 0.05 M Na2SO4

adjusted to pH 2.0–4.0 using H2SO4 were comparatively
degraded by the different treatments at constant currents (I )
of 100, 300 and 450 mA. In all cases, the temperature was
maintained at 25 �C. The catalytic influence of Cu2þ or Fe2þ

was studied by adding 1 mM of each ion to the starting solu-
tion, while a concentration range 0.125–1 mM for both ions
was used to test the combined effects of Cu2þþFe2þ. These
ionic concentrations were chosen since 0.5–1 mM Fe2þ was
found as optimal for the electro-Fenton and photoelectron-
Fenton treatments of other aromatics in previous
work.12,15,17–19 The solutions were irradiated with a Philips 6
W fluorescent black light blue tube, which emitted UVA light
in the wavelength region between 300 and 420 nm, with a maxi-
mum at lmax ¼ 360 nm. This tube was placed at the top of the
open cell, 7 cm from the solution surface, supplying a photo-
ionization energy input to the solution of 140 mW cm�2,
detected with a NRC 820 laser power meter working at 514 nm.

Results and discussion

Effect of catalysts on H2O2 accumulation

The ability of the system to accumulate the H2O2 produced by
the O2-diffusion cathode from reaction (1) was tested by elec-
trolyzing 100 mL of a 0.05 M Na2SO4 solution of pH 3.0 at
constant I for 6 h in the absence and presence of Cu2þ, Fe2þ

and/or UVA light. As an example, Fig. 1 shows the evolution
of H2O2 concentration at I ¼ 300 mA under such conditions.
In these experiments, a slow decay in solution pH with raising
electrolysis time was observed, reaching a final pH value close
to 2.6–2.8. In the absence of catalysts (curve a of Fig. 1), H2O2

is gradually accumulated in the solution during the first 3 h of
electrolysis, where it attains a steady concentration close to 43
mM. In fact, a steady H2O2 concentration directly propor-
tional to the applied current is found in the same solution
when it is electrolyzed between 100 and 450 mA for long per-
iods. This behavior can be explained by considering that the
steady state involves electrogeneration and simultaneous
destruction of H2O2 at the same rate, proportional to I. The
disappearance of this species can then be related to its chemical
and electrochemical decomposition to O2 at the Pt anode.4,12

The latter process can take place by the following reactions

via HO2
� formation:

H2O2 ! HO2
� þHþ þ e� ð9Þ

HO2
� ! O2 þHþ þ e� ð10Þ

which compete with anodic oxidation of water to O2 initiated
by reaction (7).
Addition of 0.25 mM Cu2þ to the 0.05 M Na2SO4 solution

of pH 3.0 caused a slow inhibition of H2O2 electrogeneration
at all currents, because of the deposition of a reddish precipi-
tate on the cathode surface that partially prevents reaction (1)
and favors direct reduction of water to H2 and OH�. The for-
mation rate of this precipitate increased with raising Cu2þ con-
centration up to 1 mM. The collected cathodic precipitate at
the end of all electrolyses made with only Cu2þ was completely
soluble in 1 M HNO3 , as expected if it is composed of
Cu(OH)2 , a species which could be obtained by reaction of
Cu2þ with OH� present in high concentration near the cathode
as product of reaction (1) and/or water reduction. However,
no cathodic precipitate was detected when Fe2þ and/or
organic contaminants were also present in the solution, prob-
ably due to the existence of other parallel reactions of Cu2þ, as
will be discussed below. All these results allow us to conclude
that reduction of Cu2þ to metallic Cu does not occur at the
O2-diffusion cathode.
By comparing curves a and b of Fig. 1, one can establish

that less H2O2 is accumulated when 1 mM Fe2þ is added to
the solution electrolyzed at 300 mA (electro-Fenton condi-
tions). This trend can be ascribed to the higher decomposition
rate of H2O2 by its homogeneous reaction with Fe2þ and Fe3þ

from reactions (2) and (4), respectively. Under photoelectro-
Fenton conditions at 300 mA (curve c of Fig. 1), a slightly
higher decay in accumulated H2O2 is found, since UVA radia-
tion enhances Fe2þ regeneration from reaction (8) giving rise
to an increase in the rate of reactions (2)–(5). The presence
of 0.25 mM Cu2þþ 1 mM Fe2þ as catalyst (curve d of Fig.
1) even favors a lower steady concentration of H2O2 than
under electro-Fenton and photoelectro-Fenton conditions.
This behavior can be associated with the participation of the
Cu2þ/Cuþ system in its decomposition to O2 . Thus, Cu2þ

can react in the bulk solution with HO2
� generated by reaction

(4) to yield Cuþ as follows:31,41

Cu2þ þHO2
� ! Cuþ þHþ þO2 ð11Þ

Reaction (11) is very fast, with k2 ¼ 5� 107 M�1 s�1,41 so that
the resulting Cuþ can quickly regenerate Cu2þ by oxidation either
with H2O2 from reaction (12) with k2 ¼ 1� 104 M�1 s�142 or
with OH� from reaction (13) with k2 ¼ 1� 1010 M�1 s�1:43

Cuþ þH2O2 ! Cu2þ þOH
� þOH� ð12Þ

Cuþ þOH
� ! Cu2þ þOH� ð13Þ

The faster disappearance of H2O2 in the presence of 0.25 mM
Cu2þ and 1 mM Fe2þ than under electro-Fenton conditions
(see curves b and d of Fig. 1) can then be due to the action of reac-
tions (11)–(13) of the Cu2þ/Cuþ system, running in parallel to
reactions (2)–(5) of the Fe3þ/Fe2þ one. The slightly lower
H2O2 accumulation shown in curve e of Fig. 1 at the same current
using 0.25 mMCu2þ, 1 mMFe2þ and UVA light as catalysts can
be ascribed to the additional regeneration of Fe2þ from reaction
(8) that enhances reactions (2)–(5), destroying more H2O2 . The
fact that no cathodic precipitate of Cu(OH)2 is formed when
Fe2þ is also present in the solution could be related to the
existence of the above catalytic loop for the Cu2þ/Cuþ system,
induced by that of the Fe3þ/Fe2þ one.

Comparative degradative behavior of nibrobenzene

The different indirect electro-oxidation treatments tested
always led to a gradual depollution of all acidic 100 mg L�1

Fig. 1 Concentration of accumulated H2O2 vs. time during the elec-
trolysis of 100 mL solutions of 0.05 M Na2SO4 of pH 3.0 in a cell con-
taining a 10 cm2 Pt anode and a 3.1 cm2 O2-diffusion cathode. (curve a,
X) Without catalyst. In the other cases, the solution contained the fol-
lowing catalysts: (curve b, K) 1 mM Fe2þ (electro-Fenton conditions);
(curve c, L) 1 mM Fe2þþUVA light with lmax ¼ 360 nm (photoelec-
tro-Fenton conditions); (curve d, N) 0.25 mM Cu2þþ 1 mM Fe2þ;
(curve e, /) 0.25 mM Cu2þþ 1 mM Fe2þþUVA light. Applied cur-
rent 300 mA. Temperature 25 �C.
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nitrobenzene solutions with increasing electrolysis time.
Reproducible values for TOC removal were obtained in all
cases. Fig. 2 shows the comparative TOC abatement for the
above solution at initial pH 3.0 when it is electrolyzed at
100 mA and at 25 �C for 6 h using 1 mM Cu2þ (curve a),
1 mM Fe2þ (curve b), 1 mM Cu2þþ 1 mM Fe2þ (curve c),
1 mM Fe2þþUVA light (curve d) and 1 mM Cu2þþ 1 mM
Fe2þþUVA light (curve e). In these experiments, the solution
pH remained practically constant, reaching a final value close
to 2.8–2.9. A quite slow TOC decay can be observed in the pre-
sence of 1 mM Cu2þ, where only 53% mineralization is
attained at the end of electrolysis. The very low oxidation abil-
ity of this method can be accounted for by the small OH� con-
centration produced on the Pt anode surface from reaction
(7),12,15–19 which is the main oxidizing agent of nitrobenzene
and its oxidation products. However, a much more complex
degradative behavior of this electrolytic system is expected,
since it is also possible that Cu2þ can form complexes with
some intermediates (short organic diacids, for example) and/
or can be reduced in the bulk solution with several radical
organics R�:31

Cu2þ þR
� ! Cuþ þRþ ð14Þ

Note that the slow mineralization of contaminants shown in
curve a of Fig. 2 suggests that Cuþ thus generated could only
yield a small concentration of oxidizing OH� from reaction
(12). The existence of such competitive reactions for Cu2þ

could also prevent the formation of a cathodic precipitate of
Cu(OH)2 , only detected in the absence of organic pollutants,
as stated above.
In contrast, in the presence of 1 mM Fe2þ (curve b of Fig. 2),

the TOC of the nitrobenzene solution is rapidly reduced by
49% during the first 3 h of electrolysis, although if it is pro-
longed to 6 h, its degradation rate strongly falls to attain only
53% final TOC removal, a value similar to that obtained for
the slower treatment with 1 mM Cu2þ at the same time (curve
a of Fig. 2). The quick mineralization in the first 3 h of the elec-
tro-Fenton process can be related to the rapid homogeneous
reaction of organics with the great amounts of OH� produced
from reaction (2), until the formation of difficulty oxidizable
products, such as complexes of short organic diacids with
Fe3þ,30 which are very slowly destroyed at longer times. A fas-
ter and gradual decay in TOC can be observed in curve c of
Fig. 2 when the same solution is electrolyzed using 1 mM
Cu2þþ 1 mM Fe2þ, attaining 88% mineralization at 6 h. This
enhancement of the degradation process suggests the presence

of other products that are more easily oxidized with OH�,
mainly generated from Fenton’s reaction (2) rather than from
reactions (7) and (12). These species could be complexes of
organic intermediates with Cu2þ, competitively formed with
those of Fe3þ. The use of UVA light combined with 1 mM
Fe2þ (curve d of Fig. 2) leads to complete mineralization of
nitrobenzene (> 96% of TOC decay) at the end of electrolysis,
although with a slightly slower degradation rate than for 1 mM
Cu2þþ 1 mM Fe2þþUVA light (curve e of Fig. 2). The over-
all TOC removal found under both conditions could be
explained by the quick additional photodecomposition of
stable products under electro-Fenton conditions and/or the
enhancement of the generation rate of OH� from reaction
(8). The faster mineralization rate obtained by combining 1
mM Cu2þ, 1 mM Fe2þ and UVA light could then be asso-
ciated with the existence of a parallel destruction of complexes
of intermediates with Cu2þ.

Apparent current efficiency

The electrochemical degradation of nitrobenzene in the pre-
sence of electrogenerated H2O2 depends on the catalyst tested,
although in all cases its mineralization process involves the
cleavage of the nitro group of nitro derivative intermediates
during their oxidation with OH�. This has to lead to the release
of nitrite and/or nitrate ions to the medium. To confirm this
behavior, the amount of such ions present in the solutions
with 1 mM Fe2þþUVA light and 1 mM Cu2þþ 1 mM
Fe2þþUVA light after 6 h of electrolysis at 100 mA was quan-
tified. While no nitrite ions were detected in both cases, NO3

�

concentrations of 48.5 and 49.9 mg L�1, corresponding to a
conversion of 96% and 99% of the initial nitro group into
nitrate ion (50.4 mg L�1 for 100% conversion), were found
in such mineralized solutions, respectively. These results allow
us to conclude that only nitrate ion is produced during the
electrochemical destruction of nitrobenzene. Consequently,
its overall oxidation process involving its transformation into
CO2 and NO3

� can be written as follows:

C6H5NO2 þ 13H2O ! 6CO2 þNO3
� þ 31Hþ þ 31e�

ð15Þ

which presupposes the consumption of 31 F per mole of
compound.
From the above considerations, the apparent current

efficiency (ACE) for each experiment was determined from
the following expression:

ACE ¼ ½DðTOCÞexpt=DðTOCÞtheor� � 100 ð16Þ

where D(TOC)expt is the experimental TOC decay in the solu-
tion at a given electrolysis time and D(TOC)theor is the
theoretically calculated TOC removal considering that the
applied electrical charge (¼ current� time) is only consumed
to mineralize nitrobenzene from reaction (15).
Fig. 3 shows the evolution of the efficiency calculated from

eqn. (16) for the experiments given in Fig. 2. In the case of 1
mM Cu2þ, the system with the lowest oxidation ability, this
parameter is low and always falls with raising electrolysis time
from 13% at 15 min to 5.8% at 6 h. In contrast, all the other
methods are much more efficient and their ACE increases dur-
ing the first hour, reaching a maximum value of 21% for 1 mM
Fe2þ, 26% for 1 mM Cu2þþ 1 mM Fe2þ and 31–32% for the
two trials with UVA light. At longer times, the efficiency of
these treatments is gradually reduced up to the end of electro-
lysis, so that at a given time a higher ACE value is found as the
oxidation power of the electrolytic system increases in the
sequence: 1 mM Fe2þ< 1 mM Cu2þþ 1 mM Fe2þ< 1 mM
Fe2þþUVA light� 1 mM Cu2þþ 1 mM Fe2þþUVA light
(see Fig. 3). The increase in efficiency during the first hour of
all these methods suggests a progressive formation of more

Fig. 2 TOC abatement with electrolysis time for the degradation of
100 mL of 100 mg L�1 nitrobenzene solutions in 0.05 M Na2SO4 of
pH 3.0 at 100 mA and at 25 �C in a cell with a 10 cm2 Pt anode and
a 3.1 cm2 O2-diffusion cathode. Catalysts: (curve a, X) 1 mM Cu2þ;
(curve b, K) 1 mM Fe2þ (electro-Fenton process); (curve c, N) 1
mM Cu2þþ 1 mM Fe2þ; (curve d,L) 1 mM Fe2þþUVA light (photo-
electro-Fenton process); (curve e,/) 1 mM Cu2þþ 1 mM Fe2þþUVA
light.
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easily oxidizable products than the initial nitrobenzene. The
gradual decrease in ACE at longer times can then be accounted
for by the progressive decay in pollutant concentration favor-
ing the consumption of OH� by other parallel non-oxidizing
reactions. This change in the trend of efficiency does not occur
when only 1 mM Cu2þ is used, since this catalyst produces a
much smaller concentration of OH� from reaction (12) than
Fe2þ from reaction (2), yielding a slower degradation rate of
all pollutants.

Influence of applied current, catalyst concentration and
solution pH

The possible effect of applied current on the degradative beha-
vior of each method was examined by electrolyzing the nitro-
benzene solution of pH 3.0 at 100, 300 and 450 mA. The
percentage of TOC removal and the corresponding ACE value
found after 1 and 3 h of such experiments are listed in Table 1.
In all cases, the solution TOC is more rapidly reduced with
increasing I, indicating an enhancement of the degradation
power of all electrolytic systems. This trend can be explained
by the concomitant increase in the generation of adsorbed
OH� on the anode from reaction (7) and of H2O2 by the cath-
ode from reaction (1), as pointed out above. The higher accu-
mulation of H2O2 in the medium accelerates reactions (2) and
(12), leading to a higher concentration of OH�, which favors
the oxidation of pollutants. The results of Table 1 always show

a poor mineralization using 1 mM Cu2þ, since a 51% TOC
decay is only attained after 3 h at 450 mM. Under the same
conditions, the use of 1 mM Fe2þ gives much more degrada-
tion, 69% TOC removal, because of the higher effectiveness
of Fenton’s reaction (2) than reaction (12) for OH� production.
In the presence of 1 mM Cu2þþ 1 mM Fe2þ, the solution TOC
is rapidly reduced by 82% and 85% for 3 h at 300 and 450 mA,
respectively. For both currents, more than 95% degradation
was reached at 6 h, indicating that complete mineralization
of nitrobenzene is feasible by this method if high currents
are applied for long times. The same phenomenon takes place
when the solutions with 1 mM Fe2þ and 1 mM Cu2þþ 1 mM
Fe2þ are irradiated with UVA light, although lower times are
required for total mineralization, decreasing with increasing I.
For example, the time needed to destroy 96% of pollutants
using 1 mM Cu2þþ 1 mM Fe2þþUVA light is reduced from
4 h at 100 mA (see curve e of Fig. 2) to 3 h at 450 mA (see
Table 1). On the other hand, a gradual decrease in ACE with
raising I can be observed in Table 1 at each time of all methods
tested, suggesting that the gradual higher concentration of
OH� produced on the anode and in the medium accelerates
its non-oxidizing reactions, such as its recombination into
H2O2 .
In previous work12,15–19 we have reported that a catalytic

Fe2þ concentration of 0.5–1 mM is enough to efficiently
destroy aromatics at pH 3.0 in the electro-Fenton and photo-
electro-Fenton methods. To verify if this behavior can be
extended to the use of Cu2þ combined with Fe2þ, several 100
mg L�1 nitrobenzene solutions of pH 3.0 containing different
concentrations of both ions between 0.125 and 1 mM were
electrolyzed at 100 mA. The comparative TOC removal for
these experiments without UVA irradiation is depicted in
Fig. 4. As can be seen, a similar TOC decay is found in all
cases, leading to about 88–91% mineralization at 6 h, except
for 0.25 mM Cu2þþ 1 mM Fe2þ where the solution TOC is
only reduced by 82% due to a slightly slower degradation rate
of pollutants. When the same solutions were treated under
UVA irradiation, similar TOC vs. time plots to those shown
in curve e of Fig. 2 were also obtained. ICP-AES analysis of
the initial solution with 1 mM Cu2þþ 1 mM Fe2þ and solu-
tions collected after 6 h of electrolysis at 100 mA with and
without UVA irradiation revealed that the concentration of
iron ions (Fe2þ and Fe3þ) and Cu2þ does not vary with time,
confirming that such ions are not deposited on the O2-diffusion
cathode. One can then conclude that optimum Cu2þ and Fe2þ

Table 1 Percentage of TOC removal and apparent current efficiency (ACE) for the mineralization of 100 mL of 100 mg L�1 nitrobenzene
solutions in 0.05 M Na2SO4 of pH 3.0 at several currents and at 25 �C using different catalysts. Electrolyses were carried out in a one-compartment
cell with a 10 cm2 Pt anode and a 3.1 cm2 O2-diffusion cathode for H2O2 electrogeneration

Catalyst I/mA

After 1 h of treatment After 3 h of treatment

% TOC removal ACE % TOC removal ACE

1 mM Cu2þ 100 17 11 37 8.3

300 20 4.5 42 3.2

450 25 3.7 51 2.5

1 mM Fe2þ a 100 31 21 49 11

300 50 11 65 4.9

450 52 7.8 69 3.4

1 mM Fe2þþ 1 mM Cu2þ 100 39 26 75 17

300 61 14 82 6.2

450 64 9.6 85 4.2

1 mM Fe2þþUVA lightb 100 46 31 87 20

300 64 15 91 6.9

450 66 9.9 93 4.6

1 mM Fe2þþ 1 mM Cu2þþUVA light 100 47 32 93 21

300 72 17 95 7.1

450 73 11 96 4.8

a Electro-Fenton process. b Photoelectron-Fenton process using 6 W UVA light at lmax ¼ 360 nm for solution irradiation.

Fig. 3 Apparent current efficiency vs. electrolysis time for the
experiments shown in Fig. 2.
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concentrations between 0.5 and 1 mM can be utilized for
an efficient destruction of nitrobenzene by electrochemical
methods with H2O2 electrogeneration combining both ions
as catalysts in the presence and absence of UVA light.
A more significant degradative effect was found when the

initial pH of the nitrobenzene solution was varied between
2.0 and 4.0 using 1 mM Fe2þ, 1 mM Fe2þþUVA light, 1
mM Cu2þþ 1 mM Fe2þ and 1 mM Cu2þþ 1 mM Fe2þþUVA
light. Electrolyses of all these solutions at 100 mA always
yielded the quickest TOC removal at pH 3.0, although at pH
2.0 and 4.0 good degradation rates were also obtained. As
an example, Fig. 5 shows this behavior for 1 mM Cu2þþ 1
mM Fe2þ, where at 6 h a 88% TOC decay takes place at pH
3.0, decreasing to 74% at pH 2.0 and 78% at pH 4.0. The final
pH of such treated solutions was 2.8, 2.0 and 3.3, respectively.
From these results, one can establish that pH 3.0 is optimal for
methods involving at least Fe2þ as the catalyst. This can be
related to the production ability of the main oxidizing agent
OH� from reaction (2). Since the optimum pH for this reaction
is 2.8,21,22 it can be expected that the highest generation rate of
OH� in the medium occurs at pH 3.0, yielding the fastest
destruction of pollutants.

Nitrobenzene decay and evolution of intermediates

The destruction of nitrobenzene by reaction with the oxidants
(mainly OH�) generated in the treatments carried out on

solutions of pH 3.0 at 100 mA was followed by reverse-phase
chromatography, where it displayed a well-defined peak with a
retention time (tr) of 3.60 min. The change of its concentration
with electrolysis time is presented in Fig. 6(a) for 1 mM Cu2þ

and in Fig. 6(b) for the other catalysts. When only the Cu2þ/
Cuþ system is used, nitrobenzene undergoes a very slow decay
up to its practicalyl complete disappearance from the medium
in 6 h, in agreement with its slow TOC removal (see curve a of
Fig. 2) due to the small OH� concentration produced by reac-
tions (7) and (12). In contrast, Fig. 6(b) shows a quite fast
destruction of this compound in 25–35 min with a similar rate
for all the other treatments, involving at least the Fe3þ/Fe2þ

catalytic system, thus confirming that it is mainly destroyed
by the large amounts of OH� generated from Fenton’s reaction
(2). These results also indicate that nitrobenzene is not directly
photolyzed under the experimental conditions tested.
The above nitrobenzene concentration decays were analyzed

from kinetic equations related to different reaction orders and
only good linear plots, with regression coefficients > 0.995,
were found when they were fitted to a pseudo-first-order reac-
tion at electrolysis times up to 25–30 min. This kinetic analysis
is shown in the insets of Figs. 6(a) and 6(b). A pseudo-first-
order rate constant (k) of 8.5� 10�3 min�1 is thus obtained
for 1 mM Cu2þ, a value much lower than the 0.115 min�1

for 1 mM Fe2þ, 0.136 min�1 for 1 mM Fe2þþUVA light,
0.146 min�1 for 1 mM Cu2þþ 1 mM Fe2þ and 0.163 min�1

for 1 mM Cu2þþ 1 mM Fe2þþUVA light. This behavior sug-
gests the existence of a practically constant concentration of
OH� in solution during all treatments. The slight increase in
k value for 1 mM Fe2þþUVA light than under similar elec-
tro-Fenton conditions can be accounted for by the continuous
regeneration of Fe2þ from reaction (8), which increases the

Fig. 5 Effect of pH on TOC decay of 100 mL solutions containing
100 mg L�1 nitrobenzene and 1 mM Cu2þþ 1 mM Fe2þ as catalysts
at 100 mA and at 25 �C using a cell with a 10 cm2 Pt anode and a
3.1 cm2 O2-diffusion cathode. Initial solution pH: (X) 2.0; (K) 3.0;
(N) 4.0.

Fig. 6 Nitrobenzene concentration decay with electrolysis time dur-
ing the degradation of 100 mL of 100 mg L�1 nitrobenzene solutions
under the same conditions as Fig. 2. In plot a, the catalyst is 1 mM
Cu2þ. In plot b, catalysts are: (K) 1 mM Fe2þ; (N) 1 mM Cu2þþ 1
mM Fe2þ; (L) 1 mM Fe2þþUVA light; (/) 1 mM Cu2þþ 1 mM
Fe2þþUVA light. The inset in each plot represents the corresponding
kinetic analysis related to a pseudo-first-order reaction for nitro-
benzene.

Fig. 4 Variation of TOC removal with electrolysis time for the treat-
ment of 100 mL of 100 mg L�1 nitrobenzene solutions with different
Fe2þ and Cu2þ concentrations as catalysts in 0.05 M Na2SO4 of pH 3.0
at 100 mA and at 25 �C using a cell containing a 10 cm2 Pt anode and a
3.1 cm2 O2-diffusion cathode. (X) 1 mM Cu2þþ 1 mM Fe2þ; (K) 0.25
mM Cu2þþ 1 mM Fe2þ; (N) 0.5 mM Cu2þþ 0.5 mM Fe2þ; (˙) 1 mM
Cu2þþ 0.25 mM Fe2þ; (c) 1 mM Cu2þþ 0.125 mM Fe2þ.
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rate of Fenton’s reaction (2) to yield a slightly higher steady
concentration of OH� that accelerates nitrobenzene destruc-
tion. However, this process seems less efficient to produce oxi-
dizing OH� than that of reactions (11)–(14) of the Cu2þ/Cuþ

system, since the k value for 1 mM Cu2þþ 1 mM Fe2þ is even
higher than that of 1 mM Fe2þþUVA light. The positive
synergetic effect of all these reaction explains the highest k
value found when Cu2þ, Fe2þ and UVA light are simul-
taneously combined.
Reverse-phase chromatography was also utilized to analyze

the aromatic intermediates formed during the degradation of
the same nitrobenzene solutions. In all cases, the recorded
chromatograms showed peaks related to monohydroxylated
derivatives such as p-nitrophenol at tr ¼ 2.46 min, m-nitrophe-
nol at tr ¼ 3.13 min and o-nitrophenol at tr ¼ 3.41 min, and
the dihydroxylated 4-nitrocatechol at tr ¼ 2.60 min. These
nitroaromatics were unequivocally identified by comparing
their retention times and UV-Vis spectra, measured on the
photodiode array, with those of pure products.
The evolution of such aromatic intermediates was followed

by determining their concentrations as a function of electro-
lysis time by calibration with pure compounds. Fig. 7(a) shows
that o-nitrophenol is the main nitroaromatic accumulated in
the medium using 1 mM Cu2þ, with a maximum concentration
of about 18 mg L�1 between 90 and 180 min, rapidly falling to
less than 4 mg L�1 at 6 h. The same trend can be observed for
4-nitrocatechol, m-nitrophenol and p-nitrophenol, with maxi-
mum accumulations of 6.6, 5.2 and 1.2 mg L�1 around 150
min, respectively. The small proportion of the two latter nitro-
phenols in relation to o-nitrophenol can be ascribed to their
fast hydroxylation with OH� to give 4-nitrocatechol. A similar
product distribution with electrolysis time is found using the
other four treatments, although all nitroaromatics are rapidly

destroyed in less than 35 min, as can be seen in Fig. 7(b) for 1
mM Cu2þþ 1 mM Fe2þ with and without UVA irradiation.
This figure also shows the weak effect of UVA light on the time
course of all products, thus discounting their direct photo-
decomposition. Comparison of Figs. 7(a) and 7(b) with Figs.
6(a) and 6(b) allows the conclusion that all nitroaromatic inter-
mediates are only present in the medium while nitrobenzene is
being decomposed, and hence, their destruction can not
explain the change in TOC decay found for the different cata-
lytic systems tested (see Fig. 2). To try to clarify this point, the
evolution of generated carboxylic acids, expected from the
oxidative cleavage of the benzenic ring of aromatic inter-
mediates,12,15–22 was studied.
Ion-exclusion chromatograms of the same electrolyzed solu-

tions exhibited peaks associated with carboxylic acids such as
oxalic at tr ¼ 6.74 min, maleic at tr ¼ 8.24 min and fumaric at
tr ¼ 15.7 min. In all cases, maleic and fumaric acids only
appear in the medium with concentrations lower than 1.5 mg
L�1 for times shorter than 2 h. This indicates a rapid oxidation
of both products with OH� to oxalic acid.15,21,22 A very differ-
ent behavior can be seen in Fig. 8 for this acid, since its evolu-
tion depends on the catalyst used. For the Cu2þ/Cuþ system, it
is slowly accumulated to about 35 mg L�1 at 150 min, while at
longer times its concentration gradually decreases to ca. 10 mg
L�1 at 6 h. The same trend can be observed using 1 mM
Cu2þþ 1 mM Fe2þ, where oxalic acid attains a maximum con-
centration of about 57 mg L�1 at 1 h that drops to ca. 21 mg
L�1 at 6 h. In contrast, this acid is continuously accumulated
for 2 h by electro-Fenton to attain a steady concentration close
to 73 mg L�1, but it is completely mineralized by photoelectro-
Fenton and 1 mM Cu2þþ 1 mM Fe2þþUVA light at 3 h after
reaching maximum accumulations of 60 and 37 mg L�1 at 50
min, respectively (see Fig. 8). In fact, the latter method yields
the fastest destruction of oxalic acid, in agreement with the
quickest TOC removal found for nitrobenzene (see curve e
of Fig. 2).
Zuo and Hoigné30 reported that oxalic acid forms stable

complexes with Fe3þ, which can be photodecarboxylated by
UVA light. Consequently, a large proportion of Fe3þ–oxalate
complexes can be expected in the electrolyzed nitrobenzene
solution using 1 mM Fe2þ at pH 3.0, due to the efficient gen-
eration of Fe3þ from reaction (2). Fig. 8 shows that these com-
plexes cannot be mineralized under these conditions, where
large amounts of OH� are produced by reaction (2), limiting
the oxidative ability of the electro-Fenton process. The steady
concentration of near 73 mg L�1 of oxalic acid reached after 2
h of this treatment corresponds to about 19 mg L�1 of TOC,
that is 70% of the final TOC value attained by the 100 mg
L�1 nitrobenzene solution during electrolysis at 100 mA (see

Fig. 7 Time-course of the concentration of aromatic intermediates:
(X, S) o-nitrophenol; (K, L) m-nitrophenol; (N, /) p-nitrophenol;

(˙,˘) 4-nitrocatechol during the degradation of 100 mg L�1 nitro-
benzene solutions under the conditions given in Fig. 2. In plot a, the
catalyst is 1 mM Cu2þ. In plot b, catalysts are: (X,K,N,˙) 1 mM
Cu2þþ 1 mM Fe2þ; (S,L,/,˘) 1 mM Cu2þþ 1 mM Fe2þþUVA
light.

Fig. 8 Evolution of oxalic acid concentration during the treatment of
100 mg L�1 nitrobenzene solutions under the same conditions as in
Fig. 2. Catalysts: (X) 1 mM Cu2þ; (K) 1 mM Fe2þ; (N) 1 mM Cu2þþ 1
mM Fe2þ; (S) 1 mM Fe2þþUVA light; (L) 1 mM Cu2þþ 1 mM
Fe2þþUVA light.
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curve b of Fig. 2). This indicates that other difficultly
oxidizable products with OH�, different from Fe3þ–oxalato
complexes, also exist in the final solution degraded by elec-
tro-Fenton, probably involving complexes of Fe3þ with other
intermediates (diols, diacids, etc.). The efficient destruction of
all these complexes under the action of UVA light can account
for the fast and complete mineralization of nitrobenzene by
photoelectro-Fenton. On the other hand, when only the
Cu2þ/Cuþ system is used, a large proportion of Cu2þ–oxalato
complexes are expected to be present in the medium, which are
slowly destroyed with OH� generated from reactions (7) and
(12), as can be seen in Fig. 8. In the presence of 1 mM Cu2þþ 1
mM Fe2þ, both Cu2þ–oxalato and Fe3þ–oxalato complexes
are produced, but only the complexes of Cu2þ can be minera-
lized by OH�, mainly generated from reaction (2). This causes a
continuous shift of their equilibria towards the formation of
more Cu2þ–oxalato complexes, leading to a slow and continu-
ous TOC removal of the electrolyzed solution (see curve c of
Fig. 2) and overall depollution at high currents. The quickest
mineralization of nitrobenzene using 1 mM Cu2þþ 1 mM
Fe2þþUVA light can thus be related to the oxidation of
Cu2þ–oxalato complexes with OH� in parallel to the photo-
decomposition of complexes of Fe3þ by UVA light.

Proposed reaction sequence

A general pathway for the mineralization of nitrobenzene in
acid media with electrogenerated H2O2 and Fe2þ, Cu2þ and/
or UVA light as catalysts is proposed in Fig. 9. The sequence
involves all intermediates detected, only showing the main oxi-
dizing agent OH� for sake of simplicity, although parallel reac-
tions with other oxidants (H2O2 , HO2

�, Cu2þ, etc.) are also
possible. The process is initiated by OH� attack on the C(2),
C(3) and C(4) positions of nitrobenzene yielding o-nitrophe-
nol, m-nitrophenol and p-nitrophenol, respectively, as the pri-
mary oxidation products. Further hydroxylation of the two
latter nitrophenols gives 4-nitrocatechol. Probably o-nitrophe-
nol is also hydroxylated, but the resulting diol is not accumu-
lated in the medium. Parallel degradation of 4-nitrocatechol
and other possible diols, with loss of a nitrate ion, leads to a
mixture of maleic and fumaric acids, which are subsequently
oxidized to oxalic acid. This acid is slowly converted into
CO2 by OH�, since it mainly forms complexes with Cu2þ

and/or Fe3þ when one or both catalysts are present in the
medium. While Cu2þ–oxalato complexes can be mineralized
with OH�, Fe3þ–oxalato complexes are very stable under
electro-Fenton conditions, although they can be quickly photo-
decarboxylated with loss of Fe2þ under the action of UVA
light, as proposed by Zuo and Hoigné.30

Conclusions

The combined use of 1 mM Fe2þ, 1 mM Cu2þ and UVA light
as catalysts allows a fast and complete degradation of acidic
aqueous solutions of 100 mg L�1 of nitrobenzene at low cur-
rent using a Pt anode and an O2-diffusion cathode able to elec-
trogenerate H2O2 . This behavior is made feasible by the high
concentration of oxidizing OH� produced from Fenton’s reac-
tion, which can destroy complexes of Cu2þ with intermediates,
along with the parallel photolysis of complexes formed with
Fe3þ. This treatment is slightly more efficient than the photo-
electro-Fenton one with 1 mM Fe2þ and UVA irradiation,
indicating the existence of a positive synergetic effect of the
Cu2þ/Cuþ and Fe3þ/Fe2þ catalytic systems. This also explains
the overall mineralization of the same solution with 1 mM
Fe2þ and 1 mM Cu2þ at high currents for long periods. When
the electro-Fenton method is applied under comparable condi-
tions, less than 70% degradation is reached due to the forma-
tion of hardly oxidizable products with OH�. The optimum

operative conditions for all these electrolytic systems are
attained when working with 0.5–1 mM of Fe2þ and/or Cu2þ

at pH 3.0. In contrast, the use of only 1 mM Cu2þ leads to a
very slow destruction of pollutants, since a low concentration
of OH� is obtained from water oxidation at the Pt anode and
reaction of Cuþ with electrogenerated H2O2 . Nitrobenzene
decay always follows a pseudo-first-order reaction, with higher
rate as the treatment becomes more oxidant. Its nitro group is
initially released to the medium in the form of nitrate ion. In
all cases, o-nitrophenol, m-nitrophenol, p-nitrophenol and
4-nitrocatechol have been identified and quantified as aromatic
products by reverse-phase chromatography. Ion-exclusion
chromatograms of the same electrolyzed solutions reveal the
generation of maleic and fumaric acids from the oxidation of
such intermediates. Both carboxylic acids are rapidly con-
verted into oxalic acid, which can form Cu2þ–oxalato and
Fe3þ–oxalato complexes when electrolysis is carried out in
the presence of Cu2þ and/or Fe2þ, respectively. Fe3þ–oxalato
complexes remain in the solution under electro-Fenton condi-
tions, being rapidly photodecarboxylated by UVA light. The
slow mineralization of Cu2þ–oxalato complexes with OH�

can account for the complete depollution of the solution
with 1 mM Cu2þ and 1 mM Fe2þ and the highest oxidation
ability of the catalytic system with Fe2þ, Cu2þ and UVA
light.

Fig. 9 Proposed reaction sequence for the electrochemical degrada-
tion of nitrobenzene at pH 3.0 in the presence of electrogenerated
H2O2 with Fe2þ, Cu2þ and/or UVA light as catalysts.
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Acedo, Ind. Eng. Chem. Res., 1999, 38, 4189.

38 S. Contreras, M. Rodrı́guez, E. Chamarro and S. Esplugas,
J. Photochem. Photobiol. A, 2001, 142, 79.

39 A. Latifoglu and D. M. Gurol, Water Res., 2003, 37, 1879.
40 Standard Methods of Chemical Analysis, 6th edn., ed. F. J.

Welcher, R.E. Krieger Pub. Co., Huntington, NY, 1975, vol. 2,
Part B, pp. 1827–1828.

41 B. H. J. Bielski, D. E. Cabelli, R. L. Arudi and A. B. Ross, J. Phys.
Chem. Ref. Data, 1985, 14, 1041.

42 V. K. Sharma and F. J. Millero, Environ. Sci. Technol., 1988,
22, 768.

43 G. U. Buxton, C. L. Greenstock, W. P. Helman and A. B. Ross,
J. Phys. Chem. Ref. Data, 1988, 17, 513.

322 N e w . J . C h e m . , 2 0 0 4 , 2 8 , 3 1 4 – 3 2 2
T h i s j o u r n a l i s Q T h e R o y a l S o c i e t y o f C h e m i s t r y a n d t h e
C e n t r e N a t i o n a l d e l a R e c h e r c h e S c i e n t i f i q u e 2 0 0 4

D
ow

nl
oa

de
d 

on
 2

4 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 1
6 

Ja
nu

ar
y 

20
04

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

31
24

45
B

View Online

http://dx.doi.org/10.1039/B312445B

