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The development of the electrochemical oxidation of aromatic compounds on an industrial scale is
hindered by the deactivation of the electrode occurring under anodic polarization. This paper pre-
sents some results on the indirect oxidation of p-methoxy toluene by ceric sulfate electrochemically
regenerated on a platinized titanium electrode. A technique that reactivates the fouled electrode on
the one hand and avoids the passivation of the electrode during electrolysis on the other hand is
proposed. Methylene chloride is used to extract the organic products from the aqueous phase before
electrolysis. The preparative electrolysis of anisaldehyde is performed on the laboratory scale and the
results show an overall (chemical and electrochemical) yield close to 80%.

List of symbols

concentration (molm™ or moldm™ (m))
equivalent diameter (m)
diffusivity (m*s ™)

potential (V)

Faraday’s constant (96500 Cmol ')
current (A)

current density (A m>)

exchange current density (A m )
segment number

average mass transfer coefficient (ms ')
electrons number

charge (C)

recycle ratio (®,/®)

Reynolds number (U, d, / v)

electrode area (m?)

Schmidt number (v/D)

Absolute temperature (K)
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1. Introduction

Oxidation of the methyl group of toluenes leads
successively to the formation of alcohol, aldehyde
and acid. These products, in particular aldehydes,
have many applications [1]. Oxidation can be
achieved directly or indirectly. Direct anodic oxida-
tion is performed on a platinum, gold or graphite
electrode in an aqueous, organic or combined (acet-
onitrile, pyridine, methanol or ethanol etc.) medium
[2-7]. Wendt et al. [6, 7] studied the direct oxidation
of toluene, p-methoxytoluene, p-chlorotoluene and of
3,4,5-trimethoxytoluene on a graphite electrode in
anhydrous methanol and ethanol. These authors
mentioned the formation of oligomers and polymers
that result in deactivation of the anodes.

The work of Abdelhedi and Bouguerra [8], who
studied the effect of xylene adsorption on pretreated
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Un average flow rate (ms )

X conversion

o anodic transfer coefficient

n and 5, overall operational yield and current

yield

0 temperature (°C)

v kinematic viscosity (m*s ')

o} electrode rotation rate (rpm)

(o} flow rate (m*s™)

AA p-methoxybenzaldehyde or p-anisaldehyde
(CH50-C¢H4—CHO)

AAC  p-methoxybenzoic acid or p-anisic acid
(CH50-C4H4~COOH)

AO p-methoxybenzyl alcohol or anise alcohol
(CH50-C¢H4—CH,-OH)

DCM  methylene chloride (CH,Cl,)

MA p-methoxytoluene or 4-methylanisol
(CH50-C4H4—CHs3)

SCE saturated calomel electrode

platinum and gold, must also be mentioned. These
authors demonstrated that it was possible to decrease
the adsorption rate of these compounds by adjusting
the following parameters: the nature and concentra-
tion of the substrate, the nature of the electrode, its
pre-treatment or its potential.

Ye and Fedkiw [9] mention the use of a Nafion®
membrane, placed on a platinum electrode, which
slows down its contamination by oxidation of the
toluene or benzoic acid and maintains its activity for
the oxidation of cations such as Fe(i) ion.

The direct anodic oxidation of benzyl alcohol, is
also accompanied by polymerization reactions [2—
4, 6, 7]. Brown et al. [2, 3] assumed that a polymer, of
unknown structure, is formed from the radical cation
of the alcohol before being deprotonated. This form
of passivation can be avoided by adding pyridine; this
base accelerates deprotonation of the cation radical
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and directs the reaction toward formation of the al-
dehyde (Scheme 1).

R.CgHyCHD +2H *
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pyridine
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Seleine 1

The methyl group of substituted toluenes can also
be oxidized selectively by using a redox couple such
as Ce(1)/Ce(1v) which can be regenerated by anodic
oxidation [10-12] and [13-16]. Since the solubility of
the mediator in an aqueous medium is generally sig-
nificantly higher than that of the organic substrate,
there is a great improvement in the productivity of
the electro-oxidation process.

The indirect oxidation of toluene and of o-chlor-
otoluene in solution in hexane has been performed
with 0.7M cerium perchlorate and leads to the cor-
responding aldehydes with yields of the order of 80%
[10, 11]. In order to limit anode passivation it is ne-
cessary to reduce the concentration of the organic
species to less than 150mgdm>. However, special
precautions must be taken when using perchloric acid
in the presence of organic compounds due to its
vigourous oxidative nature, thus prohibiting appli-
cations of the process on an industrial scale.

Ceric sulfate in a sulfuric aqueous solution was
used by Kreysa and Medin [12] to oxidize p-meth-
oxytoluene in dichloromethane to p-methoxybenzal-
dehyde with a yield better than 90% at a temperature
of 35°C. In the case of oxidation by manganese
sulfate of several substituted toluenes, Comninellis
and Plattner [17] studied the influence of the organic
compound concentration on the current yield when
regenerating the mediator in an aqueous solution.
Salts of manganese are now being used on a pilot
scale to oxidize p-tertiarybutyl toluene [18].

In earlier work [14-16] it was shown that the oxi-
dation of p-methoxytoluene by a sulfuric aqueous
solution (1M) of ceric sulfate Ce(SOy), resulted in
p-methoxybenzaldehyde selectivity of 80%. A com-
plete kinetic study of the various consecutive stages in
the oxidation of p-methoxytoluene was performed
[15] and made it possible, by determining the various
kinetic parameters, to forecast the operation of a
continuously stirred liquid-liquid reactor for the
oxidation of p-methoxytoluene into p-methoxy-
benzaldehyde [14].

The present work consists of two parts. The goal
of the first part was to study the kinetics of electro-
chemical oxidation of p-methoxytoluene (or methyl-
anisole MA) and of its oxidation products (anise
alcohol AQO; anisaldehyde AA and anisic acid AAC)
on a rotating platinum disc electrode with a view to
assessing the passivation conditions under anodic
polarization. The second part looks at the indirect
oxidation of MA into AA by the electrochemically
regenerated Ce(1v). Schematically, the oxidation of

MA Dby Ce(1v) can be represented by the reaction
sequence shown in Scheme 2.
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The relatively high cost of cerium and the need to
protect the environment make its regeneration
worthwhile. Due to the passivation phenomena, a
complete study of the electrochemical regeneration of
Ce(1v) in the absence and then in the presence of MA
or of its oxidation products was performed. Balances
for preparative electrolysis of AA by indirect oxida-
tion of MA were established and the optimization of
the operation of an electrochemical reactor was also
examined.

2. Experimental details
2.1 Electrochemical kinetics

The electrochemical kinetics of the oxidation of aro-
matic compounds and/or of Ce(111) in solution in 1M
sulfuric acid were studied by measuring current-
potential curves on a rotating platinum disc elec-
trode, in an isothermal reactor with a volume of
70 cm?®. The platinum electrode was carefully polished
using felt and diamond paste before each recording.
All the electrode potentials were measured with
respect to SCE.

2.2 Electrochemical regeneration of the mediator

The electrochemical oxidation of the Ce(ir) in an
aqueous solution was studied by recording current—
potential curves and by performing electrolyses in
potentiostatic mode in a filter-press cell from Electro
Cell AB, Sweden (Micro Flow Cell: monopolar plate
and frame cell) with two compartments separated by
a Nafion® 423 cationic membrane. The platinized
titanium electrode had a surface area of 13cm?. The
setup is shown in Fig. 1. The electrolytic solutions
stored in the recirculating tanks (Fig. 1) were heat-
regulated and recycled by pumping to the electrolytic
compartments of the filter-press cell.

In the presence of organic compounds, the re-
generation of Ce(1v) was performed using the same
setup modified by elements 4 and 5 (Fig.1, way 1).
The two-phase stirred reactor (4) was followed by a
decanter (5) in which the two phases were separated.
The aqueous solution of cerium in 1w sulfuric acid
and the MA phase were continuously recycled in the
electrochemical and chemical reactors, respectively.
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Extraction by DCM
Evaporation of DCM

Fig. 1. Experimental setup for the electrosynthesis of anisaldehyde
using Ce(111)/Ce(1v) as redox mediator. (1) Divided electrolytic cell,
(2) tank of recirculating solution of cerium, (3) and (3 bis) heat
exchanger, (4) continuously stirred chemical reactor, (5) horizontal
decanter, (6) storage tanks and (7) catholyte recirculating tank.

2.3 Anisaldehyde electrosynthesis

Attempts to oxidize MA by the electrochemically
regenerated Ce(1v) were made semi-continuously in
the laboratory set-up which had an anisaldehyde
production capacity of 150 gday ' (Fig. 1). A cerium
sulfate solution (0.3m Ce(ir) in 1M H,SOy) free of
organic substances was stored in container 6. The
electrochemical reactor in which the Ce(iv) re-
generation took place was fed with this solution at a
flow rate @®. The electrolyte was recycled at high
speed (volumetric flow rate > ®) in the loop (1-2-3)
which increased the mass transfer and the Ce(in) to
Ce(1v) conversion rate. The solution obtained at the
outlet from the electrochemical reactor, enriched with
Ce(1v), was sent to the 0.7 dm® two-phase reactor (4)
maintained at 50 °C, in which the organic phase was
dispersed by vigorous stirring in the aqueous phase.
Following separation in the decanter (5), the MA
charged with its oxidation products (AA, AO and
AAC) was directly recycled into the chemical reactor,
whereas the aqueous phase obtained at the decanter
outlet was purified by two extractions with di-
chloromethane (DCM) which was then eliminated
from the aqueous phase by heating and stripping.
At the end of electrolysis, the two phases (MA and
the aqueous solution) were separated and the aqu-
eous phase was extracted with DCM. The organic
phases (DCM and MA) were unified, concentrated
and analysed by HPLC with anisole added as internal
standard. The two products were separated on a re-
verse phase column (ODS C18), using an eluant made
up of methanol and a solution buffered to pH 7 cir-
culating at a rate of 1cm’min ', and by creating a
30% to 100% volume methanol gradient in 6 min. The

qualitative identification of the products was per-
formed by the retention time measurement and the
u.v. spectrum recording for each compound using a
diode array detector. Integration of the signal for a
given product, performed at the wavelength corre-
sponding to the maximum of its molar extinction
coefficient (AA and MA at 280nm; AAC at 250 nm;
AO and anisole at 270 nm) allowed its concentration
to be determined following calibration.

3. Electrochemical oxidation kinetics of MA
and its derivatives

3.1 p-Methoxytoluene

At 20 °C the oxidation of MA on a rotating platinum
disc electrode (rotation rate, w=2000 rpm) starts
around 1V and presents a plateau at 1.3 to 1.45V.
The halfwave potential is Ej,=1.24V. Water oxi-
dation starts above 1.7V. The height of the pla
teau(A) varies linearly with the concentration ¢ of MA
(mol dm ) up to a concentration of 10> mol dm > for
which the maximum oxidation current density reaches
10Am >

1=0.039 cpa (1)

For the overall reaction, the total current density,
i, is given by

e oanF'
1 =1 eXp ﬁ(E _Ei:O)

where i° is the exchange current density.

Logarithmic analysis of the current—potential
curves gives a value for the product of the anodic
transfer coefficient by the number of electrons ex-
changed on = 0.34. This value suggests a complex
redox system ( Scheme 3 ) involving the formation of
the p-methoxybenzylic radical [13]. After the loss of a
second electron the radical was transformed into a
cation producing benzylic alcohol. This radical was
also evidenced by electron paramagnetic resonance in
the case of oxidation of the toluene and of the ethyl-2
naphthalene (Heiba et al. [19]).

CHaOCH, CHy T CH30CH,-CH zv.T CHO0GHlg Oy g CH30CH CHZOH

HEa e e (18T

Scheme 3

When the concentration of MA in solution be-
comes higher than 10 *m the oxidation current-po-
tential curve shows electrode passivation. The result
of this phenomenon is the partial decrease of the
oxidation current above 1.3V (Fig. 2(a), 1). Electro-
lysis at a potential of 1.4V performed on a previously
polished electrode shows that the current passing
through the cell drops by 80% in 2 min (Fig. 2(a), 2).
The current—potential curve 3, plotted after 16 min
electrolysis, is similar to the solvent oxidation curve
(Fig. 2(a), 4) but is slightly shifted positively.
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Fig. 2. Oxidation of methylanisol (a), and anise alcohol (b) on a
rotating platinum disc electrode (3.14mm?) in 1 M H,SO,. Sweep
potential = 5x 103 Vs!; rotation rate, @ = 2000 rpm; 6 = 20°C;
cathode: Pt. (1) Solution saturated with MA (a) or AO (b); (2)
variation of the oxidation current of organic compounds as a
function of time at constant potential 1.4V vs SCE on a polished
electrode; (3) current—potential curves plotted after electrolysis;
(4)(a) residual current.

3.2 Anise alcohol

In a sulfuric acid medium, AO can be oxidized on a
platinum electrode at potentials exceeding 1.1V and
present a diffusional plateau at about 1.35V. The
halfwave potential is 1.35V and the height of the
oxidation plateau(A) is proportional to the con-
centration (moldm™) of the electroactive species
provided, however, that it is lower than 1 mm.

1 =0.0304 cao 2)

The comparison of the halfwave potential ob-
tained for the oxidation of MA with that of AO
shows a discrepancy of 0.11 V; consequently it is as-
sumed that the oxidation of MA to AO takes place
independently of the oxidation of AO into AA. This
shows that electrolysis of the MA at an appropriately
selected potential may be selectively directed to the
formation of AO or AA. The AO oxidation voltam-
mograms lead to a product anodic transfer coefficient
by the number of electrons exchanged in the slow step
of an=0.42. For solutions containing AO at satura-
tion concentration (13.4 gdm > at 25°C), the current—
potential curves obtained (Fig. 2(b), 1) show a max-
imum typical of a partial passivation by poly-
merization, just as for MA. Electrolysis performed at
a controlled potential of 1.4V (Fig.2(b), 2) reveals a
very rapid drop in the current with time, indicative of
a complete passivation of the platinum electrode after
2min polarization. At the end of electrolysis, the
current-potential curve (Fig.2(b), 3) plotted without
polishing confirms electrode deactivation.

3.3 Anisaldehyde and anisic acid

The current—potential curves obtained on a platinum
electrode for the oxidation of AA in a sulfuric acid
solution (1 m) at various concentrations show that the
latter is practically inactive electrochemically. How-
ever, its presence in solution tends to increase the

potential of oxygen evolution (AE=50mV for
0.6 mm of AA solution) which suggests passivation of
the electrode due to an adsorption and/or a slight
oxidation of the AA on the electrode.

The results obtained with a sulfuric solution (1 M)
saturated with anisic acid show a complete absence of
electrochemical activity of AAC on a platinum elec-
trode.

4. Electrochemical regeneration of the mediator

The purpose of this study was to define the experi-
mental conditions for regenerating the mediator
Ce(rv) at maximum rate in the absence or in the
presence of organic compounds.

4.1 In the absence of organic compounds

The current—potential curves for the oxidation of the
cerium ion in an aqueous solution without any or-
ganic compounds plotted on a platinized titanium
electrode in the filter press cell are given in Fig. 3.
Curve 2 shows that the oxidation of the Ce(imr) takes
place at potentials higher than 1.1V and a diffusion
pseudo-plateau is observed around 1.65V. The po-
tential of oxygen evolution on Ti—Pt is lower than in
the case of platinum (~1.8 V). The oxidation current
density of Ce(11r) at 20 °C is of the order of 700 A m >
for a Ce,(SO4)3 concentration of 0.15M (concentra-
tion close to saturation: 0.18 m at 20 °C in 1 M H,SOy,)
and an anolyte and catholyte circulation rate of
30dm*h ' (0.15ms'). The electrochemical reaction
speed is therefore limited by the mass transport
process due to the low solubility of cerium sulfate
Cex(SO4)3.

To increase the Ce(i1) oxidation current density,
electrolyses were performed on a platinized titanium
electrode at a controlled potential (1.65V) at tem-

900 =
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Fig. 3. Current—potential curves on a platinized titanium anode in
the filter-press cell for Ce(m}) oxidation in 1 M H,SOy; cathode: Pb;
sweep potential = 4.2x107°Vs™'; § = 22°C; Danolyte = Pcatholyte
=30dm>h™"; Sanode =Scathode=13cm? (1) residual current;
(2) Cex(SOy)3: 0.15Mm; (3) Cex(SOy);: 0.15m saturated with MA or
AA; (4) Cex(SOy)3: 0.15M after two extractions of MA and AA
with CH,Cly; (5) H,SO4:1 M saturated with CH,Cl, (~0.15wm).
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peratures between 25 and 53 °C with the experimental
setup described in Section 2.2 (Fig. 1). The anolyte
(100 cm®) was a sulfuric acid solution of Ce(1) sulfate
whereas the catholyte only contained sulfuric acid.
The current was recorded and at the end of electro-
lysis (20 min) the potentiometric titration of Ce(1v) by
Mohr’s salt can be used to determine the current
efficiency (1) value defined by Relation 3:

(number of moles of Ce(1v))F
Ny = 0 (3)
where Q is the charge (C) and Fis Faraday’s constant
(96500 Cmol ™).

It was assumed that the total cerium concentration
in the anolyte had not decreased significantly, due to
the high value of the protons/cerium concentration
ratio and to the high mobility of the proton. The
results given in Fig. 4 show an increase of the Ce(1)
oxidation current of approximately 100% if the tem-
perature is raised from 25 to 53 °C. The correspond-
ing variation of the mass transfer coefficient with the
temperature is shown in the insert. The current yield
of the Ce(mmn) oxidation fell from 98% to 87% when
the temperature was increased from 25 to 53 °C. The
balance is anodic oxygen evolution.

To summarize, the electrochemical regeneration of
Ce(1v) from Ce(1) at a concentration of 0.3 M can be
achieved at 50°C and a current density greater than
1500 Am ? with current yields of about 90%.

4.2 In the presence of organic compounds

If the electrolyte is charged with MA or its oxi-
dation products, the electrochemical regeneration of
Ce(1v) on a Ti-Pt anode is practically impossible.
The current—potential curve obtained on Ti-Pt with
a solution of Cey(SOy4); at 0.15M in 1M sulfuric
acid saturated with MA or AA is given in Fig. 3

- - --:-\“‘--.__‘.
9% \\\_
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Fig. 4. Electrochemical regeneration of Ce(iv) on a platinized ti-
tanium anode in a filter-press cell (Electrocell AB microflow).
Current density and current efficiency as functions of temperature.
100cm® of 1m H,SO, with Cex(SOy4)3: 0.15M; Anodic po-
tential =1.65 Vvs SCE; electrolysis duration = 1200s; ®apolyte
:¢Calholyle:30dm3 h™"; Sanode = Scathode = 13cm?; cathode: Pb.
Inset: mass transfer coefficient in ms~' of Ce(u) as a function of
temperature.

(curve 3). Comparison with curve 2 in the same
figure shows that the electrode is completely in-
hibited, and only the oxidation of the solvent takes
place at potentials higher than 2.5V. Deactivation
of the electrode during its anodic polarization re-
sults from the formation of polymers with low
conductivity.

Attempts to electrosynthesize anisaldehyde by in-
direct oxidation of MA were made using the setup
shown in Fig. 1 with elements: 1, 2, 3, 3bis, 4, 5
(way 1) and 7. The sulfuric aqueous solution ob-
tained at the decanter outlet was saturated with MA.
During potentiostatic mode electrolysis (E=1.8 V) of
this solution, the Ce(mr) (0.3 M) oxidation current
decreased to zero after a few minutes. In contrast, for
galvanostatic electrolyses (I = 1A), only the water
was oxidized at the anode; the electrolytic solution
remained colourless and the cerium regeneration
faradaic yield was practically null.

It should be noted that vitreous carbon or solid
platinum electrodes behaved in the same way as the
platinized titanium electrode. Furthermore, if the
polarity between the electrodes was reversed for a
few seconds, no long-lasting depassivation oc-
curred.

4.3 Depassivation study

In order to prevent contamination of the electrode,
the liquid-liquid extraction technique was used to
purify the aqueous solution charged with organic
compounds. The solvent chosen for extraction was
dichloromethane (DCM) because it is miscible with
MA and AA and does not exhibit miscibility gaps
with these two substrates. Furthermore, it is only
slightly soluble in the sulfuric aqueous solution
(0.15M at 20°C) containing the cerium and chemi-
cally it is relatively inert with respect to the mediator.
However, the current-potential curve for the oxida-
tion of a sulfuric acid solution saturated with DCM
(Fig. 3, curve 5) shows that DCM can be oxidized on
a Ti-Pt electrode; the diffusion type current is not
negligible with respect to the limit current obtained
under the same experimental conditions (curve 2)
with a 0.3 M solution of Ce(tm). It is therefore vital to
eliminate the DCM from the aqueous phase before
recycling aqueous solution in the electrochemical
reactor.

4.3.1 Study on rotating platinum disc. The oxidation
current of Ce(11) in the aqueous phase was monitored
on a rotating platinum disc in potentiostatic mode
before and after the addition of MA or its oxidation
products (Fig. 5 inset). The electrode was brought to
a potential of 1.9V, which corresponds to the diffu-
sion plateau of Ce(1m1) on Pt, in the absence of organic
compounds. When the current had stabilized, a vo-
lume of 2cm® MA (or AA) was added to the solution
(100 ml). The Ce(11) oxidation current decreased, and
then vanished completely when the stirring rate was
increased.
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A current—potential curve plotted for these con-
ditions is identical to curves 3(a) or (b) in Fig. 2. After
decantation, the aqueous phase underwent a series of
extractions, each time with 5cm®> DCM (El to ES,
Fig. 5 inset). Each extraction was followed by de-
cantation and then elimination of the DCM by
heating to 50°C. At the fifth operation, the Ce(11)
oxidation current was once again identical to that
obtained before the addition of the organic com-
pound. The current—potential curve plotted after
these operations suggests oxidation of the Ce(i11) on
Pt (Fig. 2 of [14]).

To summarize, electrolysis of an aqueous solution
saturated with MA or AA leads to complete blocking
of the electrode; however, this problem can be
eliminated by extracting the organic substrates. The
shapes of the current-potential or current-time curves
return to what they were before passivation. Extrac-
tion with DCM completely extracts the MA and AA
and completely reactivates the surface of the elec-
trode.

4.3.2 Study on the platinized titanium electrode. The
previous study was repeated on a platinized titanium
electrode to determine the number of steps of aqu-
eous phase liquid-liquid extraction by DCM required
to prevent passivation of this electrode type and
perform Ce(11) oxidation in optimum conditions.
Curve 1 in Fig. 5 shows the change in current as a
function of time for the oxidation of a 1w sulfuric
aqueous solution of Ce(mr) at a concentration of
0.3 M, saturated with MA or AA (10cm® of organic

E | zem®aa

Mt T

T ¥ T
n i &

{;

foaw

Time f min

Fig. 5. Electrolysis current at controlled potential for Ce(iir) oxi-
dation as a function of time and extraction stage by DCM. 100 cm®
of Cey(SOy4); 0.15M in 1M H,SO4 6 = 25°C; filter-press cell
(Electrocell AB microflow); anode: Ti-Pt; cathode: Pb; E=1.65V vs
SCE; cI’Anolylc = (I)Calholylc =30 dm3 hil; SAnode = Scathode = 13 sz.
(1) MA or AA at saturation; (2) after lst extraction (100cm? of
DCM ); (3) after two extractions (100 cm® of DCM ); (4) without
organic products in solution. Inset: Anode: Pt rotating disc elec-
trode; S=3.14mm? 20cm’ of 0.15Mm Ces(SOy4)3 solution in 1M
H,SO, saturated by anisaldehyde; £E=1.9V vs SCE; rotation rate
o =2000 rpm; cathode: Pt. (E1-ES) Number of extraction stages of
the aqueous phase with 5cm® of DCM. Current recorded after total
elimination of DCM.

compound for 100cm® aqueous phase). The current
passing when electrolysis was performed at a con-
trolled potential of 1.65V was practically nil. The
aqueous phase, saturated with MA or AA, was then
submitted to the first extraction in a decanting flask
with an equivalent volume of DCM. The stirred re-
actor and the filter press cell were thoroughly cleaned,
then assembled again, and the aqueous phase was
recycled in the reactor. The current—potential curve
obtained with this solution, similar to curve 4 in
Fig. 3, shows Ce(i1) oxidation coupled with DCM
oxidation; the potential of oxygen evolution was
shifted to anodic values of 0.5V with respect to a
solution containing only Ce(1m1) (curve 2, Fig. 3). The
dissolved DCM was eliminated by heating and the
aqueous solution was electrolysed again at 1.65V.
Curve 2 in Fig. 5 shows that the current stabilized at
150 Am™2 and then tended to increase slightly over
time. After 30 min electrolysis, the potentiometric ti-
tration of the Ce(1v) gave a calculated faradaic yield
1y of 55%. The cerium solution still contained enough
MA or AA whose oxidation poisoned the electrode
and led to a very average current yield.

A second operation (extraction—stripping—electro-
lysis) was performed under the same conditions as
above. The current time dependence (curve 3) was
practically the same as that obtained in the case of a
cerrous sulfate solution (Fig. 5, curve 4) without any
organic compounds. The observed difference (6%)
corresponds to the decrease in the Ce(1r) concentra-
tion obtained during the first electrolysis. Moreover,
HPLC analysis of the aqueous solution that had
undergone the two extractions with DCM did not
detect the presence of MA (cyma<5x107°m); the
concentration of AA present was 1.7x 107> M. These
values are compatible with those given by Kramer
et al. [11] in the case of oxidation of toluenes by
cerium perchlorate; however, they are lower than
those observed by Comninellis and Plattner during
the oxidation of substituted toluenes by manganese
sulfate [17]. Furthermore, for the electrolyses per-
formed in 3 and 4 (Fig. 5), titration of the Ce(1v)
formed led to current efficiencies equal to 98 and
99%, respectively.

To summarize, it can be considered that a 0.3 M
sulfuric aqueous solution in Ce(1m1) that has been sa-
turated with p-methoxytoluene or with anisaldehyde
in the chemical reactor is capable of undergoing
electrochemical regeneration, without any decrease in
the anode activity after two extractions with DCM
and distillation of this solvent.

5. Electrosynthesis of anisaldehyde

The attempts to oxidize MA by the electrochemically
regenerated Ce(1v) were made on the set-up described
in Fig. 1 (way 2). The electrochemical regeneration of
the Ce(iv) was completely separated from the
p-methoxytoluene chemical oxidation reaction.
Furthermore, in order to avoid any contact between
the anode and the organic compounds dissolved in
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the aqueous solution, the latter was purified by two
discontinuous extractions with DCM. This solvent
saturated the aqueous phase and was then eliminated
by distillation. In galvanostatic mode the anode po-
tential, monitored during electrolyses for a total of
24 h, did not increase significantly (AE<0.01V).

The overall yield is defined by Equation 4 and the
results of the runs are given in Table 1:

number of moles F
of organic compound formed | £ @

0

where the electrons number n is 2 for AO, 4 for AA
and 6 for AAC.

Analysis performed showed that the anisic acid
was formed with a yield not greater than 4%. The
anise alcohol is an intermediate obtained under the
conditions described in Table 1 with a yield of be-
tween 7 and 17%. This yield did not vary significantly
as a function of the current density (attempts 3,4, 5, 6
and 7, Table 1) nor as a function of the temperature
(attempts 1, 2 and 4, Table 1).

Increase in temperature from 36°C to 50°C en-
hanced the formation of anisaldehyde, since its yield
increased from 50 to 68% (attempts 1, 2 and 4). These
results are in line with those obtained during the
chemical reaction selectivity study [15] between Ce(1v)
and MA performed discontinuously at laboratory
scale. The increased solubility of the MA with tem-
perature rise was responsible for this change.

The anisaldehyde yield increased slightly from 67
to 76% when the current density increased from 500
to 1538 Am 2 (attempts 3 to 6, Table 1). This change
can be explained by the increase in the concentration
of Ce(1v) contained in the solution introduced into
the chemical reactor. Assuming that in the con-
tinuously stirred liquid-liquid reactor the MA trans-
fer flow to the aqueous phase was the same for these
attempts, it can be accepted that an increase in the
concentration of Ce(1v) in the introduced aqueous
solution enhances the formation of AA. For the
highest current density (attempts 7) a significant drop
in the aldehyde yield was observed due to the com-
petition with the oxygen released on the anode.

11:

Table 1. Results of preparative electrolyses of anisaldehyde

Attempt 8, performed with a Ce(i1) flow rate of half
that of attempt 4, confirmed these results (86% AA
yield).

The result for the regenerated Ce(1v) systematically
indicated a loss of between 5 and 15%, attributed on
the one hand to the formation of unidentified sec-
ondary products [15] and, on the other hand, to the
fall in the electrochemical regeneration yield of Ce(1v)
during electrolyses at high temperature (Fig. 4).

6. Optimizing the electrochemical
regeneration of Ce(1v)

Since it was necessary to purify the electrolytic solu-
tion before regenerating the Ce(1v), only the virtually
complete conversion of Ce(in) into Ce(lv) in the
electrochemical reactor could make the process vi-
able; the electrochemical regeneration conditions
must therefore be defined.

6.1 Assessment of the mass transfer coefficient

Generally the conversion rate obtained with a single
pass through a continuously supplied electrochemical
cell is low: for example, in the case of an Electro-
cellAB microflow cell operating at limiting current,
the conversion rate X reached in one pass does not
exceed 2%. The decrease in the electrolyte flow rate
results in an increase in the conversion rate, but leads
to a fall in the anodic limiting current due to the
decrease of the mass transfer coefficient. Conversion
can be improved by recycling the solution in the
electrochemical reactor (loop 1, 2, 3, Fig. 1). The
mass transfer coefficient £ and the overall conversion
rate then increase appreciably [20, 21].

For galvanostatic electrolyses and in a con-
tinuously-fed reactor with recycling, it is necessary to
determine the current value to be imposed to obtain
the required conversion rate with a yield close to
100%. The calculations below were developed for the
case of an ElectrocellAB filter press electrochemical
reactor with an effective surface area of 100 cm? (MP
cell) and for which it was assumed that the mass
transfer correlation established for the Electro Syn

Attempts i Xce(m) Otiq-tiq Y] nl%
/A m™ (a) | % reactor | °C /C AA A0 AAC

1(c) 769 - 36 7620 50 16.0 -
2(c) 769 - 45 7620 65 12.6 -
3 500 3.5 50 4680 67 16.5 1.7
4(c) 769 - 50 7620 68 17.2 -
5(c) 1153 8.3 50 11250 71 7.0 -
6 1538 11.1 50 14400 76 15.4 1.3
7 1923 13.2 50 18000 65 16.1 42
8(b) 769 11.8 50 7200 86 8.2 0.9

Anode : Ti-Pt; aqueous phase: 0.7 dm> of 1 M H,SO, with 0.15 M Cex(SO4)3; 0.4 dm? in stirred liquid—liquid reactor; Vy4:0.1 dm?; impeller
rate: 400 rpm; Oanolyte = Ocatholyre = 35 £ 2 °C; flow rate ® of Ce(in) = 2 dm® h™"; recycling condition : (®+®,): 30 dm> h™'; cathode: Pb;
catholyte: 1 M of H,SOy4; Sancde = Scathode = 13cm?; electrolyses duration: 120-130 min. (a) Electrochemical conversion measured by
potentiometric titration of Ce(1v); (b) flow rate ® of Ce(ur) 1 dm® h™'; (c) AAC not assayed.
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cell is valid [20 and 22]. The maximum permissible
flow rate for each of this reactor’s compartments is
600dm>h ' and the correlation giving the mass
transfer coefficient k as a function of the Reynolds
(Re) and Schmidt (Sc) numbers has the form:

k=557 2Rt 503 (5)
de
where d, is the equivalent diameter and D the diffu-
sion coefficient.

Using the diffusion coefficient Dceqrry = 5X 10710
m?s~! [23, 24], and the following experimental re-
lationship giving the kinematic viscosity of the sulfuric
aqueous solution (1 m),

v=11x107397%% (6)

for Ce(1mr) at 0.3 M as a function of the temperature 0
[16], it is possible to determine k& at 25°C from Re-
lation 5.

The variation of the mass transfer coefficient with
the absolute temperature 7 is then determined from

k=6.72 x 1072 exp — (19200/RT) (7)

Relationship 7 is established experimentally [16] in
the case of the microflow cell (Fig. 4, inset) and is
assumed to be valid in the case of the MP filter-press
cell from the same manufacturer.

6.2 Regeneration current

Assuming that the MP reactor is continuously sup-
plied at a flow rate @ with a sulfuric solution (1 m) of
Ce(11) at a concentration ¢° (Fig. 6). For the calcu-
lation, the surface area S of the anode was divided
into N segments of unit surface area S;. In each seg-
ment j the concentration ¢ was considered to be ap-
proximately constant. A fraction of the solution
obtained at the reactor output was recycled and the
total flow rate of the solution in the reactor was
@, +®. The molar flux balance (at point M; inset 2,
Fig. 6) is written:

¢ +re=(14r)c (8)

where r is the recycle ratio = @, /®.

In the case of limiting current (concentration at the
electrode = 0), the output concentration ¢ of the
Ce(m) is related to the concentration ¢; at the input
to the first segment by

¢=cipexp [=kS/O(1+r)] ©)

The concentration ¢y is then given by

o

[

C =
YTl 4 r—rexp [— k S/O(1 + )]

(10)

2 T T
[ 100 200 300
Recycle ratio (1)
20 7
10
L T T
0 100 200 Q0

Recycle ratio (r)

Fig. 6. Variation of the calculated conversion of the Ce(i1) as a function of the recycling ratio at 25 and 50°C in the case of the
ElectrocellAB MP cell. Sanode = Scathode = 0.01 m?; anode: Ti-Pt; Cey(SOy)3: 0.15Mm; HpSO4:1 M; ®=2dm>h . Inset 1: variation of the
calculated current as a function of recycling ratio at 25 and 50 °C. Inset 2: Schematic representation of the anodic compartment of the MP

type filter press reactor divided into segments.
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The variation of the Ce(ii1) concentration in this
segment can be obtained, using Faraday’s law, by
calculating the current (fy, | = F ¢; k Sp). For a
segment j, the output concentration ¢; is expressed by

(11)

Lim ;

= T FR(l )

The total current to be imposed is then calculated
from

J=N
1= Iim, (12)
=1

Figure 6 gives the theoretical Ce(ii1) conversion X
obtained in the continuously fed MP filter press re-
actor with a solution of Ce(111) at 0.3 M in sulfuric acid
at I M at a rate of 2dm>h™', as a function of recycle
ratio r for two temperatures. For each recycle ratio,
the optimum current density is estimated (inset 1,
Fig. 6).

It should be noted that the theoretical current
densities obtained for the MP reactor are compatible
with the experimental current densities obtained in
the case of the microflow cell. After correction of the
geometric area ratio between the two reactors the
agreement is satisfactory (Ai < 5%).

The curves show that the Ce(1) conversion X at
the MP reactor output increases with r and that the
increase in the conversion is slowed down for a re-
cycle rate higher than 100. At 25°C, 56% of the
Ce(mm) is converted to Ce(1v) for r=280 (maximum
permissible flow for MP reactor). Increasing the
temperature to 50 °C gives a conversion rate of 71%,
due to the increase in the mass transfer coefficient.
The improvement made by raising the temperature is
still not sufficient to reach complete conversion of
Ce(11), hence the need to reduce the flow rate or in-
crease the number of reactors. Calculations have been
made according to the same principle with two elec-
trochemical reactors of the same type placed in series
with recycle [16]. The results show that a solution
initially containing Ce(m1) at 0.3M continuously
supplying two reactors in which a recycle rate of 300
was applied, undergoes a conversion of more than
90% at a temperature of 50 °C.

7. Conclusion

An anodically polarized Ti-Pt electrode loses its ac-
tivity on contact with an aqueous solution saturated
with MA. This is a result of adsorption and poly-
merization reactions of the aromatic substrate and its
derivatives. However, a previously contaminated
electrode regains its activity if the organic products
are extracted below a threshold of 5x 10 M. More-
over, it is possible to avoid anode deactivation pro-
vided that two extractions are performed on the
aqueous phase with DCM and then this solvent is
eliminated by flash distillation before recycling the
mediator in the electrolysis cell. Under these condi-
tions Ce(1v) can be regenerated with a faradaic yield

as high as 90% by electrolysis at 50 °C of a sulfuric
aqueous solution at a current density of 1600 A m ™.
During electrolysis of this type the anode potential
does not change significantly.

The results of preparative electrolysis show ani-
saldehyde can be synthesized with an overall yield,
including the faradaic and chemical yields, of the
order of 80%. The previously demonstrated need [16]
to operate at high temperatures to facilitate the dis-
solution of the MA is confirmed by the preparative
electrolyses. Indeed the AA yield increased by 20%
when the temperature was increased from 35 to 50 °C.
By operating with a volume excess of MA with re-
spect to the aqueous phase, it is possible to protect
the AA formed against oxidation. The amount of
anisic acid formed is always lower than 4% AAC.
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