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Abstract A quantitative investigation of the electro-
chemical oxidation of 4-methylanisole in methanol solu-
tion at carbon electrodes has been performed. The
oxidation reaction is shown to be complex, resulting in the
formation not only of the corresponding diacetal, but also
of several intermediate products and side products. Vol-
tammetric measurements and preparative batch syntheses
reveal a substantial influence of the choice of both elec-
trode material and supporting electrolyte. The highest
selectivity and the most rapid reaction rates are observed at
graphite electrodes with potassium fluoride supporting
electrolyte, whereas polished surfaces of glassy carbon are
far less reactive and result in substantial formation of side
products. The observed oxidation kinetics can be repre-
sented with a simple empirical model, consisting of three
oxidation steps in series yielding respectively an ether, an
acetal and an ester. The experimental voltammetric curves
have been used to determine the anisole diffusivity in the
electrolyte solution and provide fitted values for the kinetic
parameters of the three oxidation steps.
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1 Introduction and objectives

The anodic oxidation of toluenes to aryl aldehydes has
been the subject of numerous investigations since the initial
studies in the late 1950s by Venkatachalapathy et al. [1].
More recent studies have been published by Wendt et al.
[2-4] and by Kramer et al. [5], and a summary of the
principal characteristics of aryl aldehyde electrosynthesis
can be found in [6]. Industrial interest in the synthesis is
mainly due to the widespread use of functionalised alde-
hydes in fine chemistry.

The electrochemical synthesis is generally performed on
carbon electrode materials. In contrast to toluene, the
presence of the methoxy group (OCHj3) in ring position 4
(such as in 4-methylanisole) activates the substrate methyl
group, thereby allowing its direct oxidation. Furthermore,
the presence of the methoxy group deactivates the benzene
ring, thus avoiding side reactions due to ring cleavage [4].

In methanol solutions, the overall reaction can be
described as follows [3, 4]:

ArCH; + MeOH — 2e — ArCH,OMe + 2H"
(Ether formation)

ArCH,OMe + MeOH — 2¢ — ArCH(OMe), + 2H"
(Diacetal formation)

ArCH(OMe), + H,0'' ArCHO + 2MeOH
(Diacetal hydrolysis to aldehyde)

ArCH(OMe), + MeOH — 2¢ — ArC(OMe), + 2H"
(Ester formation)
where Ar denotes the aryl part of the molecule, 4-meth-

oxy-toluene for the case investigated in the present study.
On carbon electrodes, the first two electrode reactions have
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been shown to be sequences of electron transfer and
chemical deprotonation of rearrangements as suggested by
Wendt and Bitterlich [3] and recently by Lindermeier [7]:

ArCH; ~$ Ar-CH; )" % Ar-CH| =5 Ar-CH,JF T 2"
ArCH, — OMe

with the side reaction

2Ar-CHj — (Ar-CH;);" — oligomers

The side reaction is favoured in acidic solvents such as
acetonitrile as recently shown by Haj Said et al. [8].
Conversely, the addition of alkaline substances such as
lutidine, as suggested by Wendt et al. [4], favour the first
deprotonation step. Deprotonation has been shown to be
accelerated by heterogeneous catalysts such as graphite,
and it is generally established that the second electron
transfer leading to Ar—CHj requires a substantially lower
anodic potential than that of the first deprotonation [9]. It
would be expected, therefore, that the oxidation of 4-
methoxytoluene to the corresponding ether should proceed
as a rapid two-electron transfer. Considering a charge-
transfer coefficient « of 0.5, this would correspond to a
Tafel slope of 59.1 mV/decade at 25 °C, in agreement with
the experimental observations of Wendt and Bitterlich [3].
The oxidation of 4-methoxybenzyl methyl ether has been
reported by the same authors as a rapid process with a more
rapid deprotonation and comparable values of charge-
transfer rate. The oxidation of the diacetal occurs at a po-
tential 200 mV more positive than that of anisole. Graphite
electrodes exhibit higher reactivity for the first deprotona-
tion step: for the case of 4-methylanisole, this results in
half-wave potentials 65 mV less positive on graphite than
on glassy carbon and platinum [3].

Preparative batch oxidations of various toluenes have
been carried out in traditional electrochemical cells by
Wendt et al. [4, 10], and recently batch syntheses in
ultrasonic devices have also been performed [7]. For the
case of 4-methylanisole, the number of electrons consumed
in the conversion has been observed to increase with time
in the batch syntheses from 2.5 in the early stages of
reaction to 4 in the later stages, suggesting formation of an
ether intermediate in the initial stages of oxidation [4]. Use
of potassium fluoride as a supporting electrolyte resultes in
higher diacetal yields than with other salts.

In recent years, a number of new electrochemical de-
vices, including thin-gap cells [11, 12] and segmented
electrodes [13] have been proposed to improve the per-
formance of the anodic oxidation of toluenes to aryl alde-
hydes, with particular interest focused on the
electrochemical oxidation of 4-methylanisole, performed
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industrially for the production of anisaldehyde [6, 14, 15].
In order to pursue investigation of the performance char-
acteristics of these new devices, more quantitative kinetic
information for the anodic oxidation reactions is required.

The objective of the present work is therefore to
investigate further the reaction mechanism of the anodic
oxidation of toluenes by completing the existing experi-
mental studies in the literature with a more quantitative
examination of the variation in electro-oxidation kinetics as
a function of electrode material and supporting electrolyte.
For this purpose, voltammetric measurements at rotating
disk electrodes (RDE) are employed, and the experimental
results fitted to a simplified empirical kinetic model
involving a series of 2-electron transfer processes for the
overall oxidation. Additional preparative batch syntheses
are used to provide further qualitative support for the
proposed mechanistic approach. The final quantitative ki-
netic expressions, based on the fitted kinetic parameters,
are intended to be used in subsequent work to evaluate the
potential interest of novel electrochemical reactor designs.

2 Experimental section
2.1 Chemicals and materials

The reactant, 4-methylanisole of purissimum grade, was
purchased from Acros Organics. Methanol, purchased from
Merck, was of HPLC grade. Supporting electrolytes,
namely sodium perchlorate at 0.4 or 0.8 M, lithium per-
chlorate at 0.8 M, and potassium fluoride at 0.1 or 0.2 M,
were of analytical grade and purchased from Acros
Organics. The viscosity of the solutions was measured
using an Ubbelohde capillary tube with laminar flow of the
solution: kinematic viscosity v varied from 0.7 x 10° m?
s! for 0.2 M KF to 0.85 x 10°® m? s~ for 0.8 M per-
chlorate solutions.

For the sake of simplicity, the various compounds in-
volved in the synthesis are denoted anisole, ether and
acetal: the presence of aldehyde formed from acetal by
hydrolysis is accounted for in the acetal mole number.
Analysis of the fractions collected in the batch experiments
was carried out by HPLC (Shimadzu) using an Inertsil
ODS-3 250 x 4.6 mm column with an internal diameter of
5 wm and with a 55:45 acetonitrile-water eluent. The
various compounds were detected at 230 nm.

2.2 Electrode materials

Glassy carbons (Sigradur) were purchased from HTW-
Hochtemperatur Werkstoff, Germany, and graphite mate-
rials from Goodfellow. The rotating disk electrodes (RDE)

used were constructed from a PTFE shaft with a stainless
steel connection, and a 3.0 mm cylindrical sample of car-
bon electrode material to be investigated. In addition to the
graphite disk electrode, two RDE were machined with
glassy carbon (GC) as follows:

1. A small GC disk, 1 mm thick, was pasted on top of the
stainless steel support. The conducting paste also al-
lowed the small gap between the cylinder surface and
the machined PTFE piece to be filled. Because of its
shiny appearance, this surface will be called ‘‘pol-
ished”’.

2. A one centimetre GC cylinder from HTW was inserted
into the PTFE-stainless steel shaft. The length of the
cylinder allowed perfect alignment of the two surfaces.
The active surface appeared far less shiny and has been
called “‘cut’’, because the cylinders were produced by
cutting without further polishing of the small surface
of the disk.

2.3 Electrochemical cells

RDE investigations were carried out using a 150 cm?® glass
cell, provided with a glass cover. The counter electrode
was a 50 cm?” sheet of expanded platinised titanium. The
reference electrode was a saturated calomel electrode
(SCE, 0.242 V/NHE).

Batch runs were made in a 400 mL glass reactor at
ambient temperature, with 200 mL of 10 mol m™ anisole
solutions at the start. The working electrode was a
5 x 5 cm? carbon sheet (‘‘polished’” GC or graphite) with
an immersed surface of approximately 40 cm?® corre-
sponding to both sides of the immersed carbon sheet. A
120 cm? sheet of expanded platinised titanium acted as the
counter electrode; the cell was provided with a SCE ref-
erence electrode and magnetic stirring.

All experiments were performed with a potensiostat
(PGSTAT 10 from Autolab).

3 Voltammetric investigations

3.1 Experiments and interpretation of the first anodic
wave

Voltammetric studies were conducted at low scan rate
(3 mV s_l) on RDE of various electrode materials. The
disk electrode was rotated at 100, 400 or 900 rpm, and the
anisole concentration was 2.5, 5 or 10 mol m™>. Voltam-
metric curves were corrected for ohmic drop by using the
cell resistance previously measured by impedance spec-
troscopy. The residual current measured without anisole
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was then subtracted. The values of electric current recorded
control measurements at fixed potential were in agreement
with the currents measured in the voltammetric tests, with
deviations less than 15%.

Typical voltammetric curves recorded in 0.8 M NaClO4
are shown in Fig. 1. For all cases the voltammograms
exhibited a well-defined oxidation wave attributed to for-
mation of acetal. A second oxidation wave appeared at
more positive potentials: the resolution of the second wave
from the overall curve depended on the RDE materials.
The half-wave potential of the first oxidation was observed
near 1.35 V/SCE at graphite surfaces, and near 1.42 V/
SCE for the GC surfaces: these potential values are nearly
200 mV more positive than those reported in [3]. The
deviations could be due to the different origins of the
carbon materials used. Well-defined plateaus were obtained
with graphite and polished GC. The second current wave
appeared at 1.50 V on graphite and at 1.65 V for the GC
surfaces: the current increased more regularly on the cut
GC surface, whereas the plateau was better defined with the
polished GC electrode. The second wave has been attrib-
uted to acetal oxidation, as shown in previous works [3];
however the accuracy in this part of the i—F curves was
poor due to the significant contribution of the residual
current to the overall current. In addition, electrode side
reactions between the solvent and intermediate species are
likely [4].

Initial interpretation of the curves was focused on esti-
mation of kinetic parameters related to the first oxidation
wave. The data were analysed using the Koutechky—Levich
equation for the current density under mixed-control (ki-
netic and mass transfer) [16]:
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Fig. 1 Voltammetric oxidation curves of 4-methylanisole (5 mol

m~?) at a carbon RDE in 0.8 M NaClO4 methanol solution; rotation
rate = 100 rpm; influence of the carbon electrode material
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For the overall oxidation to acetal, n, = 4, and the
electrode rate constant kX’ is defined at OV/SCE. For con-
venience, modified electrode rate constant, k, was intro-
duced in Eq. 1 with an arbitrary potential shift of 1.35 V/
SCE into a potential zone for which effective oxidation
occurs:

kK = kexp(—1.35b) (2)
The current density is than expressed as follows:

1 1 1
i nFCik exp[b(E — 1.35)] + 0.621n,FCAD* P! /2y-1/6

(3)

For each concentration of 4-methylanisole, C,, the data
recorded at the various rotation rates were fitted to Eq. 3.
As shown in Fig. 2, the overall model allows representation
only of the first anodic wave related to acetal formation,
i.e., for potentials below 1.6 V/SCE for glassy carbon, as
further oxidation phenomena were not accounted for.

Values for k were typically of the order of 10°-10° m
s”', with higher values with graphite surfaces (Table 1).
The Tafel slope, m, can be expressed in terms of Tafel
parameter, b, as follows:

m= % (mV/dec) 4)

Tafel slopes were approximately 139 mV/decade on
polished GC surfaces, 69 mV/decade on graphite and
74 mV/decade on freshly-cut GC surfaces (Table 1). This
result, observed with all of the supporting electrolytes
studied (sodium and lithium perchlorates, potassium fluo-
ride), partly contradicts Wendt’s conclusions [3] according
to which the oxidations of toluene and ether are very fast
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Fig. 2 Voltammetric oxidation curves of 4-methylanisole (5 mol
m~3) at a cut GC surface in 0.8 M NaClO,; methanol solution;
comparison of experimental data to fitted model: dotted lines are for
the model limited to the first anodic wave (Eq. 3) and solid lines for
the fitted model including consecutive oxidation reactions
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Table 1 Results of the overall interpretation of the voltammetric curves
Electrode Salt Cy D k m
Cut GC LiCl04 5 6.4 2 76
Cut GC NaClO4 2.5 54 55 71
5 5.1 1.6 72
10 6.7 4.9 74
Graphite NaClO4 5 9.8 36 69
Polished GC LiCl04 5 4.4 1.1 101
Polished GC NaClO4 25 5.1 59 159.5
5 54 3.6 139
10 6.5 4.6 171
Polished GC KF 5 4.2 29 139
10 4 4 150

Anisole concentration C4 in mol m~3, D in 1071 m? s!, k in 107 m s~!, and m in mV/decade. Supporting electrolyte (salt) concentrations of

NaClO4 and LiClO4: 0.8 M, KF: 0.2 M

two-electron oxidations with an overall Tafel slope of the
4-electron reaction of approximately 60 mV/decade.

The diffusion coefficient D of 4-methylanisole was
found to vary from 4 to 6.7 x 107" m* s™' depending on
the electrolyte used, with the exception of the graphite
electrode for which a higher value of the diffusivity was
obtained (Table 1). The difference is likely due to the
roughness of the graphite surface.

3.2 Model for consecutive anodic waves

In order to present polarization behaviour beyond the first
anodic wave, the voltammetric curves were interpreted by
considering three oxidations in series, yielding ether, acetal
and ester-products B, C, and D respectively:

A—2—B (5a)
B—-2e—C (5b)
C—-2—D (5¢)

The model was developed on the basis of the following
assumptions:

1. The three reactions are assumed to be irreversible.
Each reaction involves two electrons and corresponds
to consumption of species (j), j = A, B or C.

2. No adsorption phenomena are considered.

3. The area of the RDE is small enough in comparison
with the volume of the electrolyte solutions, that the
bulk concentrations of species B, C, and D can be
neglected.

4. The model is written at steady-state, in both the bulk
and at the electrode surface.

The following Tafel laws were considered:
ij = n,Fk,Cjsexp(b;E) with j=A, BorC (6)

where n, is the number of electrons involved, n, = 2, and
C;s the surface concentration of species j. Parameters k’;
and b; are the kinetic parameters of the oxidation of species
Jj- The partial control of processes by diffusion-convection
results in depletion of the reactive species near the elec-
trode surface: A diffuses toward the electrode, with a mass
transfer coefficient k,, depending on both its diffusivity and
the local hydrodynamics. The current density of the first
oxidation can therefore be written as follows:

in = neFky(Ca, — Ca,) (7)

The surface concentration can then be deduced as a
function of the bulk concentration Cy,;, and the potential E:

km CA b

Cp=— M=
As km + k;& eXp(bAE)

(3)

Mass balances on species B and C can be written by
equating their production flux to their consumption flux,
plus the flux transferred from the electrode surface, as
follows:

n.FkyCa, exp(baE) = n FkyCg, exp(bgE) + n.Fk,Cpg,
(9a)

n.FkyCp, exp(bpE) = n Fki-Cc, exp(bcE) + n.Fk,Cc,
(9b)
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Fig. 3 Simulated voltammetric curves for 10 mol m~3 anisole
concentration as a function of the values for number of electrons
involved in the rate-determining step v.4 and v.g. The values of the
other parameters are provided in the text. (a) Upper figure: linear plot;
(b) lower figure: Tafel plot

The balance expressions (9) lead to the following
expressions for the surface concentrations Cp, and Cc;:

k), exp(bsE)
Cp, = Cyp,—A 27 10
Bs A kom + kj, exp(bgE) (102)
/
c kj exp(bgE) (10b)

=C
& 55 ko + ki exp(bcE)

Concentrations Cp, and Cc¢, are calculated from the
surface concentration C4, and potential E, taking into ac-
count rate constant kJ’., Tafel parameter b;, and mass transfer
coefficient k,,. The overall current density for the electro-
chemical reaction is the sum of contributions i;:

i =i+ i+ ic (11)

The mass transfer coefficient k,, was calculated using
the Levich equation:

Ky = 0.621D*3 !/~ 1/6 (12)

For the sake of simplicity, and in spite of the noticeable
difference in size of species A, B and C, the diffusion
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coefficient of all species has been assumed to be the same,
and will be denoted D in the text. Finally, as for the model
of the first anodic wave, we operated a potential shift by
considering kinetic constants k]' defined as:

K, = kj exp(—1.35b;) (13)

3.3 Simulation of the (i-E) curves

The model described above involves seven parameters
whose determination from experimental data can be diffi-
cult. The sensitivity of the model, in particular to the values
of parameters b; was examined. For this purpose, the
charge transfer coefficient o was fixed at 0.5. The number
of electrons involved in the rate-determining step, v,;, was
chosen to be 1 or 2. The Tafel parameter b; was deduced
from the v,; values as follows:

iF
=

(14)

where R denotes the ideal gas constant (8.314 J mol™!

K1) and T the absolute temperature (298 K). Depending
on v, b; varies from 19.46 to 38.92 v, respectively,
corresponding to Tafel slopes from 118.2 to 59.1 mV/
decade.

Simulations have been made by varying v.4 and v
between 1 and 2, which represents four combinations, for a
reagent concentration of 0.01 M anisole. The oxidation
plateau of acetal calculated for v,c = 2 usually appeared
far better defined than the experimental (i—E) variations:
for this reason, coefficient vec was fixed at 1 in the pre-
liminary simulations. The diffusion coefficient D was taken
to be 1072 m? s~!, constants k4 and kz were taken to be
10> m s ! for E =1.35 V/SCE, whereas constant k¢
was assumed to be related to k4 by ks exp(—0.25b,),
corresponding to an assumed 250 mV shift between the
two waves. The simulation results reported in Fig. 3 show
the effect of (vea,ves) values on the profiles of (i-E)
curves. Separate estimation of coefficients v,4 and v,z by
fitting experimental (i—E) curves was shown to be possible.
Moreover the average Tafel slope of the first wave was
near 60 mV/decade when v,4 =2, and 120 mV/decade
when v.4 = 1, regardless of v,p.

3.4 Application of the model to experimental
voltammetric curves

The model was fitted to experimental data by least-square
minimisation on the deviations of the current density, using
the gradient method available with Excel™ software
(Microsoft). Preliminary tests revealed that the (i—E) curves
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could not be perfectly fitted with integer values for v.c.
Coefficients v.4 and v.p were varied as integers in the fit-
ting, whereas parameters k; and v,c were varied without
any restriction. Table 2 summarises the values of the fitted
parameters for all conditions tested. Tafel plots of theo-
retical and experimental (i—E) variations exhibited a slight
discrepancy, corresponding to the fact that the overall Tafel
slope, related to the product (av.c), was slightly larger then
the expected values given above: the actual charge transfer
coefficient involved in the first two steps likely differs
slightly from the postulated value of 0.5. However, as
exemplified in Fig. 2, the agreement allowed by this model
was far better than the overall interpretation, in particular
because acetal oxidation was accounted for. In agreement
with the preliminary observations made above, coefficient
vea could be taken to be 2 with cut glassy carbon, whereas
v.p was equal to 1. Polished glassy carbon surfaces were
probably deactivated by the polishing procedure and v.4
was found to be 1. The faster oxidation to ether observed
on graphite with the same electron number for the second
step (v.g) should result in more significant accumulation of
ether in the solution: this was actually observed (Fig. 8) as
discussed in the following section. Better agreement was
found in most cases for v.c = 0.8, except for graphite for
which v.c was taken to be 1: in fact the numerical result
means that the product (av,c¢) is equal to 0.4 for the two GC
materials.

Rate constants k4 and kg could be estimated within
15%. The two constants are of the same order of mag-
nitude with the overall constant k, in the range 10—
10 m s~!' (Table 2). However, contrary to Wendt’s
conclusions [3], kg was generally slightly smaller than k4,
except for graphite, for which the two rate constants differ

more significantly. Constant k- was estimated with poor
accuracy because of the significant current due to side
reactions: in addition to the residual current, methanol
may be involved in the oxidation of aryl compounds.
Therefore, subtraction of the residual current over 1.7 V
(for ohmic correction) distorts the (i—E) curves in this
potential domain. The constant k¢ could thus only be
estimated to a factor of two.

The diffusion coefficient D was estimated from each
series of (i—F) curves within 8%, and the values obtained
were very close to those found with the overall model
(Tables 1 and 2). The experimental values of diffusivity
were compared to theoretical estimates from published
correlations. The correlations proposed by Tyn and Calus
[17] and Siddiqi and Lukas [18] were selected for the
comparison since they were established for organic mole-
cules dissolved in solvents of a low dielectric constant,
such as methanol. Application of the correlations to the
present case yielded D estimates at 1.37 and 1.31 x 107°
m? s~! respectively. These values are significantly higher
than the experimental diffusion coefficients listed in
Table 2. The noticeable deviation between theory and
experiment could partly be due to the presence of sup-
porting electrolyte in the solvent but also due to electrode
surface deactivation.

It was observed that the concentration of 4-methy-
lanisole had no significant effect on the values of the
kinetic and diffusion parameters. A more significant
influence of the supporting electrolyte and electrode
material was observed. In particular, graphite exhibits a
far larger activity in the three oxidation steps, with rate
constants 3-30 times larger than at glassy carbon
(Tables 1, 2).

Table 2 Values of the kinetic parameters deduced from fitting of the experimental data to the empirical model

Electrode Salt Cy D ka ks ke VeA Ve Vec
Cut GC LiClO4 5 6.9 2 0.01 2 1 0.8
Cut GC NaClOy4 2.5 5.8 6 0.1 2 1 0.8
5 4.8 3 5 0.1 2 1 0.8
10 7 10 6 0.1 2 1 0.8

Graphite NaClO4 5 10 100 20 1 2 1 1
Polished GC LiClO4 4.5 3 3.5 0.01 1 1 0.8
2.5 4 8 7 0.01 1 1 0.8
Polished GC NaClOy4 5 6 4 0.01 1 1 0.8
10 5.5 6 4 0.01 1 1 0.8
Polished GC KF 5 4 4.5 2 0.01 1 1 0.8
10 4 4 3 0.01 0.8 0.9 0.8

Anisole concentration C4 in mol m—3, D in 10710 m?

s~ kj in 107% m s~!. The charge transfer coefficient o was fixed at 0.5. Supporting

electrolyte (salt) concentrations of NaClO4 and LiClO4: 0.8 M, KF: 0.2 M
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4 Batch oxidation of 4-methylanisole

The applied current was fixed at 75 mA, corresponding to
approximately 2 mA cm™2, so that the electrode potential
in the early stages was in the potential domain of the first
oxidation wave. The potential was continuously monitored
for the 150 min duration of each run. One-millilitre sam-
ples were taken every 15 min for analysis. The changes in
volume and in the mole amount of anisole induced by
sampling were accounted for in the calculations. The
electrical charge passed, Q, was normalized with respect to
the theoretical charge, Qmax, required for total conversion
of the reagent to acetal. No run was allowed to continue
beyond Q/Qna.x = 1. All runs were duplicated and a third
test was carried out if too large a discrepancy was observed
between the first two runs. The results shown here are the
averages obtained.

The anisole conversion was not substantially affected by
the nature of the supporting electrolyte (Fig. 4), but faster
conversion was observed with glassy carbon than with
graphite. The dimensionless plot used suggests that the
current efficiency calculated on the basis of 4 electrons
exchanged was larger than unity, in particular for the GC
surface: the electrochemistry of anisole oxidation to acetal
cannot be modelled perfectly by a simple 4-electron pro-
cess to acetal. The concentration of acetal normalised by
the initial anisole concentration (i.e., the acetal yield) was
plotted versus Q/Qmax and is shown in Fig. 5. For graphite,
acetal accumulated regularly in the liquid for any of the
two electrolytes used and for Q/Qu.x up to 0.7 before
levelling off: the dimensionless concentration attained 50
% after complete consumption of anisole. With glassy
carbon, the supporting electrolyte exerted a strong effect:
the acetal concentration remained nearly constant at 0.45
with KF for Q/Qpnax larger than 0.60, whereas it exhibited a
flat maximum with sodium perchlorate for Q/Qu.x near
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a ] A
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0 0.2 0.4 0.6 0.8 1
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Fig. 4 Conversion of anisole (10 mol m~3) versus the dimensionless
charge. Influence of the carbon electrode material (polished glassy
carbon or graphite) and nature of supporting electrolyte
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Fig. 5 Acetal yield (including aldehyde formation) versus the
dimensionless charge. Influence of the carbon material (polished
glassy carbon or graphite) and nature of supporting electrolyte

50%, corresponding to significant acetal oxidation in the
second half of the run. Although far less visible, the side
oxidation of acetal was also observed on the graphite
electrode (Fig. 5). The highest yields of acetal were ob-
tained with potassium fluoride, which was selected for
further oxidation experiments.

The electrode potential was shown to increase regularly
during a run (Fig. 6), due to the steady consumption of
anisole. For the graphite surface (Fig. 6a), the effect of the
electrolyte although moderate is visible: with a KF
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Fig. 6 Variation of the graphite potential during a batch run. (a)
upper figure: graphite; (b) lower figure: glassy carbon
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electrolyte, the potential at the end of a run was below the
half-wave value of the second oxidation, which corre-
sponds to moderate acetal oxidation in the final part of the
run (Fig. 5). With sodium perchlorate, the higher potential
value (Fig. 6a) corresponds to more effective consumption
of acetal. For glassy carbon (Fig. 6b), the potential mea-
sured with NaClOy is higher than the half-wave potential of
acetal oxidation (E,/; -acetal) from Q/Qmax = 0.5, which
explains the noticeable acetal consumption mentioned
above. With KF, although the potential variation was
similar to that with NaClOy, the consumption of acetal was
less significant (Fig. 5).

The number of electrons effectively consumed per
converted anisole molecule, nqs, was calculated from the
slope of anisole concentration C4 versus time:

1 dCy VRF

ACy VgF
S o o ATRE (15)
Heff de 1 Ar 1

where AC, is the concentration variation within period At,
Vg is the solution volume and / the applied current.

At the beginning of the reaction, n.s Was approximately
2.5 for graphite and 2.1 for the polished GC electrode:
these values are in good agreement with previous data [4],
confirming that acetal is not a primary product of the
oxidation. The cumulative (integral) number of electrons
exchanged, nj,, was also calculated by integrating rneg
between ¢ = 0 and ¢. The coefficient n;,, was nearly constant
during the first part of the run and increased regularly from
Q/Qmax = 0.5 (Fig. 7). Oxidation of anisole consumes less
than four electrons at the beginning of the batch experi-
ment, indicating that a substantial part of the anisole is
initially oxidized to benzyl ether or to other products of
lower oxidation state than acetal.

4
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]
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Fig. 7 Cumulative number of electrons consumed per anisole
molecule in KF-methanol solutions versus the normalized electrical
charge

In addition to anisole, ether, acetal and aldehyde, HPLC
analysis revealed the existence of other products. Some of
these could be identified by mass spectroscopy: ester,
dimers at percent levels, but also side-products formed by
addition of methanol to the benzene ring, as reported in [4].
The sum of these products is referred to as ‘‘secondary
products’’. The variation of the chemical composition of
the KF-methanol solution during the run is shown in Fig. 8.
As expected, ether appeared as an intermediate compound
and its concentration exhibited a flat maximum for Q/Qax
around 0.3-0.4. Significant amounts of ether were obtained
with graphite, in comparison with GC: this is consistent
with the values for constants k4 and kg, since the high
(ka/kp) ratio determined for the graphite anode (Table 2)
should result in significant accumulation of ether in the
cell. The variations of acetal and anisole concentrations
have been discussed above. The formation rate of sec-
ondary products and their nature seems to depend signifi-
cantly on the electrode material: on the graphite surface
(Fig. 8a), secondary products were regularly formed during
a run and consisted of both dimers produced from the first
intermediate cation, and more oxygenated species such as
esters. On GC surfaces (Fig. 8b), the secondary products
were formed rapidly in the first part of the oxidation run.
Consistent with the low value for nqs, this observation
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Fig. 8 Composition of the solution during a batch run. Influence of
the electrode material. (a) upper figure: graphite; (b) lower figure:
polished glassy carbon
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would mean that the contribution of dimers—or slightly
oxygenated compounds—in the secondary products is
more significant with glassy carbon than with graphite.

5 Conclusion

The electrochemistry of 4-methylanisole oxidation in
methanol solutions has been investigated by linear vol-
tammetry and preparative conversion in a batch cell.
Potassium fluoride offers the best selectivity for the pro-
duction of acetal, whereas use of perchlorate salts favours
further oxidation of acetal to secondary products. The
nature of the electrode material largely affects the electrode
kinetics. Graphite and ‘‘cut’” glassy carbon allow faster
oxidation of anisole to acetal, with overall Tafel slopes
near 70 mV/decade, in perfect agreement with previous
observations [3]. In contrast, the surface treatment em-
ployed for preparation of commercial glassy carbon plates
resulted in significant deactivation of the electrode surface
resulting in two-fold increase in Tafel slope. An empirical
kinetic model representing intermediate formation of ether
as well as acetal oxidation was proposed to quantify the
results of the batch tests.

The values of the fitted kinetic parameters obtained in the
present study will be used in future work for quantitative
analysis of the performance of new designs for electro-
chemical reactors for the production of anisaldehyde.
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