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Electrochemical techniques were used to oxidize toluene in acetic acid containing cobalt(II) acetate in
the absence and presence of molecular oxygen. The conditions of Co(III) generation were ®rst studied
with respect to the anodic passivation. Without oxygen, the indirect oxidation of toluene gave, by a
faradaic process, mainly benzyl acetate which was then oxidized to benzoic acid, while under aerobic
conditions benzoic acid was the main product, formed via the benzaldehyde by a nonfaradaic pro-
cess. The initial electrochemical generation of Co(III) suppressed the induction period observed in
autoxidation. Under electrolysis conditions the autoxidation process was accelerated.
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1. Introduction

The indirect electrochemical oxidation of the methyl
group on substituted toluenes is carried out by re-
generation at the electrode surface of a redox medi-
ator in an aqueous solution. The mediator at a high
degree of oxidation, then reacts with the substrate
dissolved in the aqueous phase to give the oxidation
products. To increase the overall rate of the process,
the most concentrated aqueous solution mediator is
used in the electrochemical reactor, and an emulsion
is maintained by stirring the chemical reactor in order
to have a substrate saturated aqueous phase. With
the appropriate choice of mediator, the substrate
oxidation can be very selective, only the methyl group
is oxidized successively to alcohol, aldehyde or acid.
The aromatic nucleus and the other functions are
retained. The metallic mediators most often used for
selective oxidation of alkylaromatics are cerium, co-
balt, and manganese salts [1±4].

The Givaudan company has recently set up a
procedure using a bipolar electrochemical reactor for
the oxidation of substituted toluenes to the corre-
sponding aldehydes using manganese sulphate in a
sulfuric medium [5, 6]. The production of p-tert-bu-
tylbenzaldehyde is done discontinuously from p-tert-
butyltoluene with an 84% selectivity and a current
yield on the manganese(III) of 67%. Comninellis and
Plattner [7] have oxidized di�erent toluenes in a sul-
furic medium using manganese sulfate as mediator.
The current yields for the Mn(III) electroregeneration
fromMn(II) are found between 35% for the oxidation
of the 1,3,5-trimethylbenzene and 60% for the oxi-
dation of the o-chlorotoluene. TzeÂ dakis and Savall
[8±10] obtained p-anisaldehyde from p-methoxytolu-
ene in a sulfuric acid medium with cerium(IV) sulfate
as oxidant. It was shown that the Ti±Pt anode loses

its activity at the contact with an aqueous solution
saturated with p-methoxytoluene and it was assumed
that this anode deactivation resulted from adsorption
of products formed by polymerization of the aro-
matic substrate and its derivatives [10]. Torri et al.
[11] carried out an indirect oxidation of p-methoxy-
toluene and p-tert-butyltoluene and obtained the
corresponding aldehydes with good selectivities by
using the mixed nitrate of cerium and ammonium
�NH4�2CeIV�NO3�6 in methanol solution. Comni-
nellis et al. [12] succeeded in oxidizing o-nitrotoluene,
a compound very resistant to oxidation due to the
nitro group, to o-nitrobenzaldehyde with yields of
80% in sulfuric acid medium (60%) at 12 �C by
cobalt(III) sulfate. The o-nitrotoluene has also been
oxidized by cerium(IV) methanesulfonate in solutions
of methanesulfonic acid [13].

Under industrial conditions, the oxidation of al-
kylaromatics is often carried out using molecular
oxygen at moderate temperatures (80±110 �C) and at
low pressure (0.2 to 1 atm) in acetic acid in the
presence of cobaltic acetate for concentrations of
around 10ÿ1 mol dmÿ3 [14]. In chemical catalytic
processes, toluene oxidation by molecular oxygen in
the presence of cobalt salts is characterized by an
induction period (generally several hours) in which
Co(II) ions are oxidized to Co(III). Methyl ethyl ke-
tone, ozone or sodium bromide can be used as an
activator to reconvert Co(II) to Co(III) in the presence
of oxygen [14, 15] (see farther, Reactions 8±10). The
results of numerous studies on substituted toluene
oxidation by molecular oxygen in the presence of
cobalt acetate are compatible with the following
generally accepted mechanism [16±20]:

ArCH3 � CoIII(CH3COO�3
ÿ! ArCH�2 � CoII(CH3COO�2 � CH2COOH �1�
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The benzylic radical reacts with the molecular oxygen
to give a benzylperoxide radical which is in turn re-
duced by the cobalt(II) acetate, giving an aromatic
aldehyde as principal product and regeneration of the
cobalt(III) acetate (Mechanism 1; Reactions 2 and 3).
The aromatic aldehyde can itself be oxidized in a later
step to a carboxylic acid (Reactions 4 to 7) [20].

Mechanism 1: with oxygen

ArCH�2 �O2 ÿ! ArCH2O
�
2 �2�

ArCH2O
�
2 � CoII(CH3COO)2 � CH3COOH

ÿ! ArCHO � CoIII(CH3COO)3 �H2O �3�
ArCHO� CoIII(CH3COO)3

ÿ! ArCO� � CoII(CH3COO)2 � CH3COOH �4�
ArCO� �O2 ÿ! ArCO�3 �5�

ArCO�3 � CoII(CH3COO)2 � CH3COOH

ÿ! ArCO3H� CoIII(CH3COO)3 �6�
ArCO3H�ArCHO ÿ! 2ArCOOH �7�

As mentioned above sodium bromide added to the
medium can act as a catalyst promotor reducing the
induction period (Mid Century Process [15]). The
coordination of bromide ion to Co(II) may facilitate
electron transfer to molecular oxygen to form
CO(III)±Br complex as follows:

Co2� � Brÿ � [CoIIBr]� �8�
[CoIIBr]� �O2 ÿ! [CoIIIBr]2� �Oÿ2 �9�

ArCH3 � [CoIIIBr�2� ÿ! ArCH�2 � [CoIIBr]� �H�

�10�
Unfortunately bromides are corrosive requiring a
reactor with special coatings.

Under electrolysis conditions and in the absence of
oxygen (Mechanism 2) benzylic acetate can be the
main reaction product between the alkylaromatic and
the cobalt(III) acetate (Reactions 11 and 12) [21, 22].
In the presence of a small proportion of water, ben-
zylic acetate can in turn be oxidized successively to an
aldehyde and then a carboxylic acid (Reactions 13
and 14) [21, 22].

Mechanism 2: without oxygen

ArCH�2 � CoIII(CH3COO)3

ÿ! ArCH�2 � CoII(CH3COO)2 � CH3COOÿ �11�
ArCH�2 � CH3COOH ÿ! ArCH2OOCCH3 �H�

�12�
ArCH2OOCCH3 � 2CoIII(CH3COO)3 �H2O

ÿ! ArCHO� 2CoII(CH3COO)2 � 3CH3COOH

�13�

ArCHO � 2CoIII(CH3COO)3 �H2O ÿ! ArCOOH

� 2CoII(CH3COO)2 � 2CH3COOH �14�
Recent work carried out in the laboratory has

shown that the autoxidation reactions of toluene and
of p-methoxytoluene catalysed by cobalt(II) acetate
could be favorably assisted by electrochemistry
[21±24]. It has also been shown that, in the absence of
oxygen, the p-methoxytoluene oxidation gives anisyl
acetate as principal product (80% yield), whereas
under bubbling oxygen p-anisaldelhyde is obtained
(40% yield) [22, 23].

In the present study we are interested in the
oxidation of toluene in acetic acid medium in the
presence of cobalt(III) acetate electrochemically
regenerated with or without bubbling oxygen.

2. Experimental section

2.1. Electrochemical apparatus

Toluene, cobalt(II) acetate, acetic acid and sodium
acetate were supplied by Aldrich and were used
without additional puri®cation. The toluene oxida-
tion experiments and the preparation of the cobalt(III)
acetate were carried out in a 150 cm3, thermoregu-
lated Metrohm cell, which was a double glass walled
cylindrical reaction vessel. Two re¯ux devices in series
were placed at the top in order to avoid the losses of
solvent and products. The voltammograms were re-
corded using a three electrode set up. The working
electrode was a 2 mm diameter platinum disc (surface
3:14� 10ÿ2 cm2), the counter electrode was a spiral
wound platinum wire. The voltammograms were re-
corded for a rotating platinum electrode speed of
1000 rpm. The electrodes used for the preparatory
electrolyses were graphite: the anode had a surface of
21cm2 and the cathode a variable surface. All poten-
tials were measured with respect to a saturated ca-
lomel reference electrode (SCE).

The changes in concentration of toluene and of its
oxidation products during the electrooxidation reac-
tion were monitored over time by High Pressure
Liquid Chromatography (Hewlett-Packard model
1050). The reactants and the products formed were
separated on an ODS C18 column (length 10 cm,
internal diameter 4.6 mm) and were detected by a
visible±UV spectrrophotometer. The eluant was a
mixture of phosphate bu�er (pH 7) and methanol
circulating at a ¯ow rate of 1 cm3minÿ1. The phos-
phate bu�er aqueous solution was made up of a
mixture of sodium hydroxide �CNaOH �
0:03mol dmÿ3� and potassium dihydrogenophos-
phate �CKH2PO4

� 0:05mol dmÿ3�. The separation
was made using a 10% to 77% methanol gradient by
volume for 16 min. Qualitative identi®cation of the
products was obtained by coupling the retention time
reading and the absorption spectrum recording for
each product, to the wave length from the UV
detector. Concentrations of the reactant and products
were determined by HPLC using p-chlorobenzoic
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acid as internal standard. Cobalt(III) acetate concen-
tration was followed over time by UV±visible spec-
trophotometry at 610nm, a wavelength where only
cobalt(III) absorbed.

2.2. De®nitions

The yield of a reaction product is de®ned as the ratio
of the amount of this product to the starting amount
of reactant. The conversion of the starting compo-
nent is the ratio of its reacted amount to its initial
quantity. The molar balance is de®ned by the ratio of
the total mole number of reactant and products as-
sayed by HPLC on the initial mole number of reac-
tant.

3. Results and discussion

3.1. Electrode passivation phenomena

Curve A on Fig. 1 corresponds to the residual current
for a 1 mol dmÿ3 sodium acetate solution in a mix-
ture formed with acetic acid and water at 90 and 10%
by volume, respectively. Curve B corresponds to the
adding of toluene (0.5 mol dmÿ3) to the preceding
solution. In this medium, toluene is only very weakly
reactive at the anode. In fact, preparatory electrolyses
using a constant anode current (30 mA cmÿ2) on a
graphite anode (21 cm2) have shown that for a charge
of 11 000 C toluene conversion is only 3% (solution
volume: 50 cm3; initial concentration of toluene
1.0 mol dmÿ3). Benzyl acetate is mainly produced,
which represents a faradaic yield of the order of 7%
[21]. The addition of toluene to the acetic acid±water
(90±10% by volume)±sodium acetate solution
�1:0 mol dmÿ3� also lowers the conductivity of the
medium (Fig. 1, curve B). However, the corrections
that can be made by estimating the ohmic drop are
not su�cient to explain that, for a constant potential,
the current of curve A (residual) is greater than that
of curve B (residual + toluene). It is possible that
toluene is adsorbed onto the platinum provoking a
resistance to charge transfer which cannot be esti-
mated using simple conductivity measurements.
Curve C shows the Co(II)/Co(III) oxidation wave
which gives a plateau around 2V. The presence of this
plateau is clearer if the variation in the Co(II) oxi-
dation current intensity in acetic acid±water solution
is represented less the ground current as a function of
the potential (Fig. 1, curve C0); the half wave poten-
tial of cobalt(II) oxidation is 1.9 V. Curve D is drawn
after the addition of toluene (0.5 mol dmÿ3� to the
preceding solution and 25 min of the electrolysis at
2.3 V, on a rotating platinum electrode under nitro-
gen. It shows a fall in the oxidation current for co-
balt(II). This passivation phenomenom similar to that
observed with p-methoxytoluene on Ti±Pt [10], is not
accentuated if the electrolysis under nitrogen is pro-
longed. As soon as electrolysis under oxygen at a
constant potential is started, a small discrepancy be-
tween the voltammograms can be seen, indicating a

small increase in the oxidation rate. This is visible on
curve E of Fig. 1 where around 2.1 V, a partial de-
passivation is observed.

These results show that, in acetic acid medium, it is
possible to regenerate the cobalt(III) acetate from the
cobalt(II) acetate and thus to oxidize the toluene in
the same reactor. However, a partial passivation of
the anode occurs which, in potentiostatic mode,
lowers the oxidation current of the Co(II) by around
50% .

3.2. Optimization of cobalt(III) acetate preparation

As cobalt(III) acetate is not commercially available
due to its instability, it must be prepared at the time
of use. Two preparation methods are possible: (a)
chemically by using peroxide or ozone [19, 25] and (b)
electrochemically [26, 27].

Trivedi and Dhawan [27] carried out the oxidation
of cobalt(II) acetate into cobalt(III) acetate on a
graphite anode in acetic acid medium in a cell with
and without separator. For a nondivided cell, they
demonstrated that the lower the proportion of water,
the higher the cobalt(III) acetate yield. Yields of 29%
were obtained for a solvent composed of water±acetic
acid (25%±75% by volume) and of 50% for a solu-
tion of pure acetic acid. Trivedi and Dhawan [27]
studied the e�ect of the anodic current density on the
current yield for the formation of the cobalt(III) ace-
tate. They showed that the weaker the current den-
sity, the higher the yield: this yield was 70% for a
anodic current density of 25 mA Cmÿ2. However, the
e�ect of the cathodic current density was not studied
for the reactor without separator.

The work of Trivedi and Dhawan [27] shown that
graphite is a good inexpensive material, thus it was

Fig. 1. Voltammograms of toluene and cobalt(II) acetate on plat-
inum rotating electrode x = 1000 rpm, S � 3:14� 10ÿ2 cm2).
H � 25 �C. Curve A: 50 cm3 of acetic acid-water (90±10 vol.)
containing sodium acetate = (1.0 mol dmÿ3) (residual current)
under nitrogen. Curve B: solution A� toluene �0:5mol dmÿ3)
under nitrogen. Curve C: solution A� CoII(CH3COO)2
(0.10 mol dmÿ3) under nitrogen. Curve C0: curve C corrected from
residual current, under nitrogen. Curve D: solution
A� CoII(CH3COO)2 (0.10 mol dmÿ3� � toluene (0.5 mol dmÿ3�
after 25 min electrolysis at 2.3 V under nitrogen. Curve E: after
curve D and 1.5 h electrolysis at 2.3 V under oxygen.
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used in place of platinum for the following prepara-
tive electrolyses of Co(III). For a ®xed anodic current
density (25 mA cmÿ2, we varied the cathodic current
density to examine its in¯uence on the maximum
chemical yield of cobalt(III) acetate. The graphite
anode had a surface area of 21 cm2 and the graphite
cathode had an adjustable surface area so as to vary
the cathodic current density while operating at a
constant current of 0.5 A. The cobalt(II) acetate had
an initial concentration of 0.2 mol dmÿ3 in a
1.0 mol dmÿ3 sodium acetate solution of acetic acid.
The cobalt(III) acetate concentration formed by an-
odic oxidation tends to a steady value less than
0.2 mol dmÿ3 (100%) owing to the inverse reduction
reaction at the cathode in a reactor without separa-
tor:

CoIII�CH3COO�3 � eÿ

ÿ! CoII�CH3COO�2 � CH3COOÿ �15�
Figure 2 represents the change of the steady chemical
yield of cobalt(III) acetate as a function of the applied
cathodic current density. This yield goes through a
maximum for a cathodic current density of
120 mA cmÿ2. For a current density ranging between
60 and 200 mA cmÿ2, the steady chemical yield in
cobalt(III) acetate is between 45 and 50% . Beyond or
below this, it decreases considerably and is around
30% for a cathodic current density of 30 or of 300 mA
cmÿ2. An interpretation is possible taking into ac-
count that operating is at constant current while the
surface area of the cathode is varied.

(i) The main reaction taking place on the cathode is
hydrogen evolution; the secondary reaction be-
ing Co(III) reduction. In the range of concen-
tration used the rate of Co(III) reduction is mass
transfer limited and, on a gas evolving electrode,

the mass transfer coe�cient of a reactant in-
creases as the ¯ux of gas evolved increases [28].

(ii) For a weak cathodic current density, the ca-
thodic surface area being large (Sc � 15 cm2 for
ic � 33 mA cmÿ2), the probability of contact
between cobalt(III) acetate and the cathode is the
highest leading to a greater reduction rate of the
latter to cobalt(II) acetate. But for these condi-
tions the hydrogen ¯ux evolved is low and the
mass transfer coe�cient of Co(III) has lower
values.

(iii) When the cathode surface area decreases (that is
when the cathodic current density increases), the
probability of reduction of the cobalt(III) acetate
to cobalt(II) acetate at the cathode decreases,
which increases the steady concentration of co-
balt(III) acetate to a maximum of 50% yield.

(iv) When the cathodic current density increases
again (from 150 to 330 mA cmÿ2), the mass
transfer coe�cient of the cobalt(III) acetate
reaches higher values at the cathode owing to
hydrogen evolution [28]; this results in an in-
crease in the Co(III) reduction rate and a decrease
in the Co(III) concentration steady state value.
Furthermore, when the cathodic density varies
from 110 to 330 mA cmÿ2) (the respective sur-
face areas of the cathode are 4.5 and 1.5 cm2), the
cobalt deposited in metallic form goes from 1%
to 5% of the total cobalt (Fig. 2, curve (b)). Thus
for current densities of 300 mA cmÿ2, the cath-
ode is no longer a graphite electrode but a
modi®ed electrode (graphite with deposit of co-
balt metal).

3.3. Indirect electrochemical oxidation of toluene
by cobalt(III) acetate under nitrogen

The indirect electrochemical oxidation of toluene
(0.5 mol dmÿ3) by cobalt(III) acetate in a deoxygeni-
zed medium gives, for a charge of 2 F molÿ1 of tolu-
ene, benzyl acetate in 20% chemical yield and benzoic
acid in 10% yield as primary products (Fig. 3). During
this experiment, the initial electrolysis current was
®xed at 0.9 A and was then brought to 0.45 A so as to
establish a basis of comparison of the results with those
for the assisted autoxidation (cf. Section 3.4). Under
the same operating conditions as Fig. 3 and a constant
electrolysis current of 0.9 A for 7 h (3.6 F molÿ1), the
chemical yield in benzoic acid is thus 40% for a 60%
conversion of toluene. The global faradaic yield (ace-
tate + acid + aldehyde) after 7 h of reaction is 50%
(Fig. 3); this value (less than 100% ) is in agreement
with Mechanism 2 (Reactions 11±14). Furthermore, a
decrease in mass balance can be observed over time;
this is due to the formation of secondary products
detected, but not identi®ed, by HPLC. These second-
ary reactions, in addition to oxygen evolution, explain
the low faradaic yield observed. Some details are given
by Falgayrac [21].

Fig. 2. CoII(CH3COO)3 yield and metallic cobalt yard obtained as
function of cathodic current density. 100 cm3 acetic acid containing
1.0 mol dmÿ3 sodium acetate. CoII(CH3COO)2: 0.20 mol dmÿ3.
Electrolysis under galvanostatic condition: I � 0:50A (anodic
current density 25 mA cmÿ2�. (a) Chemical conversion into co-
balt(III) acetate; (b) metallic cobalt yard.
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3.4. Electrochemical activation of the catalytic e�ect
of cobalt in toluene oxidation

Under the same experimental conditions as in Fig. 3,
but under bubbling oxygen, the oxidation of toluene

leads to the same oxidation products (Fig. 4). At the
beginning of autoxidation the current was ®xed at a
high value (0.9 A for 30 min) in order to rapidly
produce enough Co(III) concentration to start the
autoxidation process, then it was reduced to 0.45 A to
decrease the contribution of the indirect electro-
chemical oxidation with respect to that of au-
toxidation. Figure 4 shows that the proportion of
benzoic acid formed for a charge of 2 F molÿ1 is
much higher under bubbling oxygen than under an
inert atmosphere (Fig. 3). Furthermore, under bub-
bling oxygen the material de®cit due to secondary
product formation is low (<5%).

If the oxidation reaction of toluene by cobalt(III)
acetate were the sole reaction (Reactions 1 and 11 to
14), the benzoic acid yield for a charge of 2 F molÿ1

would be 33% ; while here the benzoic acid yield is
60% . This result contrasts contrasts with that ob-
tained under the same conditions but without oxygen
(compare Figs 4 and 3). A short induction period
(30 min) is visible at the beginning of the experiment
shown on Fig. 4. The electrolysis e�ect is to generate
Co(III) ions which initiate the benzylic radical for-
mation (Reaction 1) and its further reaction with
molecular oxygen (Reactions 2±7). In the absence of
electrolysis and of initial Co(III), or of a chemical
initiator (e.g., NaBr), a very long induction period
(several hours) is generally observed before the start
of autoxidation [15, 21]. The cobalt(III) acetate is not
totally consumed by its reaction with toluene as in the
process of indirect electrooxidation; under aerobic
conditions it is also regenerated by the autoxidation
reaction (Mechanism 1, Reactions 3 and 6).

Fig. 3. Electrochemical oxidation of toluene under nitrogen bub-
bling. 130 cm3 of acetic acid solution containing sodium acetate:
0.87 mol dmÿ3. Initial concentrations: CoII(CH3COO)2:
0.44 mol dmÿ3; toluene: 0.50 mol dmÿ3. T � 109 �C. Electrolysis
under galvanostatic condition: graphite electrodes (anode 12 cm2,
cathode 8 cm2, without separator). (a) Toluene; (b) benzaldehyde;
(c) benzoic acid; (d) benzyl acetate (e) molar balance.

Fig. 4. Activation of the catalytic e�ect of Co(III)/Co(II) on toluene
oxidation under oxygen bubbling. 130 cm3 o� acetic acid solution
containing sodium acetate: 0.87 mol dmÿ3. Initial concentrations:
CoII(CH3COO)2: 0.44 mol dmÿ3; toluene: 0.50 mol dmÿ3.
T � 109 �C. Oxygen ¯ow rate 150 cm3minÿ1. Electrolysis under
galvanostatic condition: graphite electrodes (anode 21 cm2, cath-
ode 8 cm2, without separator). (a) Toulene; (b) benzaldehyde; (c)
benzoic acid; (d) benzyl acetate; (e) molar balance.

Fig. 5. Variation of CoIII(CH3COO)3 yield during toluene oxida-
tion. 130 cm3 of acetic acid solution containing sodium acetate
(0.87 mol dmÿ3). Initial concentrations CoII(CH3COO)2:
0.44 mol dmÿ3; toluene: 0.50 mol dmÿ3. T � 109 �C. Electrolysis
under galvanostatic condition: graphite electrodes (anode 21 cm2,
cathode 8 cm2, without separator). (a) Under nitrogen; (b) oxygen
¯ow rate 150 cm3 minÿ1.
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Assaying cobalt(III) acetate over time (Fig. 5) for
the experiments of Figs 3 and 4 shows that its con-
centration increases very rapidly at the beginning of
the reaction (especially during the ®rst half hour,
when the current intensity is highest) then remains
steady after an hour. For the conditions used, the
stationary cobalt(III) concentration is 2.5 times higher
under bubbling oxygen than under bubbling nitro-
gen; this di�erence is due to the fact that, in the
presence of oxygen, the cobalt(III) acetate is not only
regenerated by anodic electrooxidation of the co-
balt(II) acetate, but also by the oxidation of the tol-
uene by molecular oxygen (Reactions 2±7).

4. Conclusion

This work shows that in acetic acid medium in situ
Co(III)/Co(II) redox mediator regeneration during
toluene oxidation is possible even with partial passi-
vation of the anode.

When the indirect electrochemical oxidation of
toluene by cobalt(III) acetate takes place under a ni-
trogen atmosphere, benzyle acetate is the primary
product obtained; the latter can, in turn, be oxidized
to benzoic acid. Cobalt(III) acetate is the active form
consumed in the oxidation of toluene: the reaction is
faradaic.

Under an oxygen atmosphere, benzoic acid is the
®nal product. Cobalt acetate thus plays the role of
catalyst, it intervenes under its two degrees of oxi-
dation II and III in the autoxidation reaction. The
main oxidant in this operating mode remains oxygen.
Under electrolysis conditions the autoxidation is ac-
celerated. The quantitative e�ect of electrochemical
Co(III) regeneration on the autoxidation kinetics will
be presented in a further paper.
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