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A microelectrode study of the reduction of
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Voltammetry at Hg microelectrodes has been used to investigate the mechanism of the reduction of
formaldehyde in conditions close to those employed for the electrosynthesis of ethylene glycol (that
is, a very high concentration of formaldehyde in a neutral buffer at high temperature). It is shown that,
even with a 40% formaldehyde solution, it is possible to record a well formed reduction wave, limiting
current densities up to 30 A cm 2. The variations in half-wave potential, limiting current density and
wave shape with formaldehyde concentration are reported and the influence of pH, temperature and
electrolyte are considered. With increasing formaldehyde concentration, the transition from 2e~
reduction to le™ reduction is clearly observed. The results led to a re-examination of the influence of
cathode material on the yield of ethylene glycol and it is confirmed that graphite is definitely the best

choice.

1. Introduction

The mechanism of the reduction of formaldehyde in
aqueous solutions has been widely studied by polar-
ography and related techniques [1-12], because the
dehydration of formalin is the classical example of a
preceding chemical reaction determining the rate of a
reduction. Hence in solutions of formaldehyde below
0.6moldm 3, it has been definitively demonstrated
that the cathodic reduction occurs by the mechanism

k
CH,(OH), k: HCHO + H,0 (1)

HCHO + 2H* + 2~ =% CH,OH (2)

where the dehydration reaction is the rate determining
step. At room temperature the equilibrium constant,
K, for Reaction 1 has been reported [6] to be 4.4 x
10~* and the rate constant for the dehydration step,
k,, estimated as 3.4 x 107*s7'[1, 3, 4]. In fact, com-
mercial formalin contains methanol as a stabiliser and
in such solutions free formaldehyde is also in equi-
librium with the methanol hemiacetal. The early
papers also recognized that buffer components cata-
lysed the hydration and dehydration reactions and
Los et al. [11] proposed that it was necessary to con-
sider additional equilibria, for example

.~ OH
2 c: HCHO + HOAc 3)
in acetate buffer. Then the chemistry of the solutions
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could be interpreted in terms of equilibrium and rate
constants given by

10* K, = 6.3 + 20.2 [HOAC] 4

and
k_, = 11 + 53 [HOAc] + 39 [OAc™] (5)

respectively. A complete description of the physical
chemistry of the formaldehyde solutions also needs to
take into account the dimerisation

2 CH,(OH), = HOCH,0CH,0H + H,0 (6)

with an equilibrium constant of 4.5 at room temper-
ature. These polarographic investigations further
concluded that the mechanism of reduction changed
with pH and different mechanisms taking into account
protonation equilibria were proposed [6] for the
ranges <3, 3to 9 and >9.

All these studies employed conditions where the
formaldehyde reduction led to the formation of only
methanol. Recently, however, there has been consider-
able interest in the hydrodimerisation of formaldehyde
to ethylene glycol. This reaction was first reported by
Tomilov et al. [13, 14] who obtained a 46% organic
yield and 25% current efficiency at a graphite cathode
in an acidic phosphate buffer. Later a Japanese group
[15, 16] reported a higher current efficiency, 83%,
using an alkaline solution at 323 K. Since these reports,
the Electrosynthesis Co. has developed a very efficient
process [17-19]. The recommended process conditions
include a low methanol content formate electrolyte,
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pH 5 to 7, containing a tetraalkylammonium salt, a
high formaldehyde concentration (40%), a high tem-
perature (e.g. 363K) and a cathode chosen from a
range of carbons.

The development of microelectrode techniques per-
mits the study of electrosynthetic processes using con-
ditions (e.g. high concentrations of substrate) close to
those used in practice [20]. Hence, in this paper, we
have set out to use microelectrode techniques to inves-
tigate formaldehyde reduction in conditions as close
as possible to the process developed by the Electrosyn-
thesis Company. But since it was not possible to con-
struct microelectrodes from carbons known to be
similar to those used in the electrosynthesis, most
experiments used a Hg microelectrode. In fact, how-
ever, the data obtained suggested that Hg is a good
choice of cathode for the electrosynthesis and this
prompted a re-examination of the choice of cathode;
further preparative scale electrolyses were carried out
and the results are also reported here.

2. Experimental

The microelectrode experiments were carried out in a
two-electrode cell. The working electrode was a 10 yum
gold disc plated with mercury. The mercury plating
was carried out in acidic, Smmoldm 3 mercurous
nitrate using a diffusion controlled current density for
3min and the surface was then polished lightly. The
surface was replated with Hg every few experiments.
The second electrode was an aqueous SCE (Radio-
meter, type K601).

A Hi-Tek waveform generator, type PPR1, was
used directly as the potential source and the cell cur-
rent was amplified using a current follower based on
an RS 071 operational amplifier. The cell and the
current follower were placed in a small Al box (Fara-
day cage); short leads and gold contacts were used
between the cell and amplifier. The I-F curves were
recorded on a Philips x~y recorder, type PM 8043. All
solutions were prepared with analytical grade chemi-
cals and triply distilled water and were degassed with
a fast stream of N, prior to experiments.

Except where otherwise stated, the electrosyntheses
were carried out at 353 K in a MP parallel plate flow
cell (ElectroCell AB) with a Nafion type 324 cation

exchange membrane. The catholyte was 40% formald-
ehyde in 1 moldm ™ sodium formate, generally with
1% (C,H,),N*. The anolyte was 1 moldm™* sulphuric
acid and the anode was lead. With a mercury cathode
the electrolyses were carried out in glass cells stirred
with a magnetic bar. Both a standard H-cell with a
cation membrane separator and a cell designed so that
a Hg pool cathode was parallel to a glass frit separator
and the counter electrode were used; the results were
similar. In addition, data obtained with glass cells and
the other cathodes were found to be close to that
obtained from MP cell experiments. Current yields
of ethylene glycol were determined by gas chroma-
tography after the passage of a charge equivalent to a
20 to 50% conversion of the formaldehyde initially
present.

3. Results
3.1. Microelectrode experiments

Figure 1 shows a series of i—F curves recorded at room
temperature for various concentrations of formal-
dehyde between 0.04 and 40%. The solutions were pH
7.0 and also contained 1 moldm ™3 sodium formate,
while the working electrode was a mercury electro-
plated gold disc radius 5 ym. Also shown are the i—F
curves for the electrolyte without formaldehyde. Over
the whole range of formaldehyde concentration, a well
formed reduction wave is observed at a potential
where there is no interference from the reduction of
water or electrolyte. The shapes of the waves were
analysed by plotting log ((I, — I)I) against E and the
slopes of these plots together with the half-wave
potentials and limiting current densities are reported
in Table 1. Note that the limiting current densities are
always low compared with the diffusion limited
current density estimated from the equation

I, = iy/A = 4nFDc/nr N

where D is the diffusion coefficient (estimated as 5 x

10~*cm?s™'), ¢ the bulk concentration of form-
aldehyde (including formalin etc.), and 7 the radius of
the microdisc electrode. Indeed the limiting currents for
the lowest and highest concentrations of formaldehyde
are only approximately 9% and 4% of the calculated

Table 1. Data from I-E curves for the reduction of formaldehyde in 1 moldm™> aqueous sodium formate, pH 7

Total HCHO —E/V dE/dlog{ (I, — I)/I] I, I /e
conc. (%) w.r.t. SCE (mV}) (mAcm™2) (A cmmol™")
0.04 1.54 95 1.5 112
0.4 1.63 100 18 140
4 1.77 147 270 154
10 1.78 133 460 139
15 1.81 150 640 128
20 1.79 172 710 107
25 1.78 153 650 78
30 1.78 155 570 58
40 1.77 155 620 47

Hg plated Au microdisc electrode, diameter 10 um. Room temperature.
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Fig. 1. I-E curves at Hg plated Au microdisc electrode (diameter 10 um) for the reduction of formaldehyde in 1 mol dm~? sodium formarte,
pH 7. Room temperature. Potential scan rate 50mVs™'. Variation of formaldehyde concentration from 0.04 to 40%.

diffusion limited currents, respectively. Clearly, the
reduction of formaldehyde is always kinetically con-
trolled largely because of the slow dehydration of
formalin, while a decrease in I /I, with increasing
formaldehyde concentration probably results from
the effects of Equilibrium 6. In a recent paper [20], the
change in the product from the reduction of acryloni-
trile with concentration was monitored by noting that
for a diffusion limited current, I, /c is proportional to
n (see Equation 7). Such an analysis cannot be fully
justified in the case of formaldehyde reduction at
room temperature because the reaction is not dif-
fusion controlled. Clearly, the rate of reduction is
kinetically controlled, but if the rate of generation of
electroactive species is first order with respect to total
formaldehyde concentration, it is to be expected that
I /¢ would remain proportional to n. Hence in the
final column of Table 1, I; /c is reported and it can be
seen that its value decreases above 10% formaldehyde.
This may indicate a change in product from methanol
(n = 2) to ethylene glycol (# = 1) with increasing
formaldehyde concentration, although Equilibrium 6
will also influence I; and hence I /c. The data in
Table 1 also show a shift in half-wave potential and
wave slope at very low concentrations; these may also
be taken as an indication of a change in reaction
mechanism. At the higher formaldehyde concentra-
tions the wave slope is about (150mV)~!, probably
indicating that the slow step in the electrochemical
reduction of the free formaldehyde is the addition of

the first electron to form an anion radical. At lower
formaldehyde concentration, the Tafel slope is signifi-
cantly lower as could arise if n — 2.

The influence of some changes to the electrolyte
medium were also investigated. i~E curves were
recorded for 40% formaldehyde with sodium formate
as the electrolyte before and after the addition of
tetrabutylammonium ion to the solution. The responses
are identical. At carbon cathodes, the addition of tetra-
butylammonium ion has been reported to improve the
current efficiency for ethylene glycol formation. This
apparent discrepancy could arise if the carbon surface
is a more effective catalyst for hydrogen evolution
than mercury and the role of the tetraalkylammonium
ion is to adsorb on the cathode surface and inhibit
hydrogen evolution. This explanation was supported
by experiments with the carbon microdisc electrodes
available to us (they were manufactured from carbon
fibres, but their surface characteristics are unknown).

At these microelectrodes, no well formed reduction

wave could be observed for formaldehyde reduction
and hydrogen evolution commenced at less negative
potentials. But it should also be recognized that the
enhanced diffusion rate to microelectrodes means that
the relative importance of mass transport and kinetic-
ally controlled reactions will not be the same at micro-
electrodes and at large planar electrodes. Hence, at
least in some conditions, the ratio of H, evolution to
HCHO reduction currents will be different at the two
types of electrode.
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Fig. 2. Dependence of the limit-
ing current density for 40%
formaldehyde reduction on tem-
perature, 1moldm™ sodium
formate, pH 7. Hg plated 10 ym
Au microdisc electrode. The
dashed line indicates the cal-
culated mass transport limited
current assuming D = 5 x
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i-E curves at the mercury microelectrode also
showed the limiting current density for the reduction
of 40% formaldehyde to be independent of pH over
the range 4 to 10. Below pH4, there was increasing
interference from hydrogen evolution.

Finally, the effect on the system of increasing the
temperature was studied. Well formed reduction
waves were obtained for the reduction of 40% formal-
dehyde at all temperatures between 288 K and 363K
(there are no obvious signs of iR distortion despite the
current densities reaching almost 30 Acm™2). The
most striking feature is the strong increase in the
limiting current density with temperature; presen-
tation of the data as a plot of log i; against 1/T shows
a liner relationship and leads to an energy of activa-
tion of 49 kI mol~'. This is a further confirmation that
the limiting current is determined by the rate-of a
chemical step. The limiting current densities as a func-
tion of temperature are reported in Fig. 2. Also shown
in the figure as a dashed line is the variation of the
diffusion limited current density with temperature,
calculated assuming that D = 5 x 10 %cm®s™' at
293 K and that the energy of activation for diffusion is
8kImol~'. It can clearly be seen that the observed
limiting current density approaches the calculated dif-
fusion limited current density with increasing tempera-
ture and, by 363 K, the difference is less than 10%.

Hence at 363K the reduction of formaldehyde is
close to diffusion controlled and, therefore, I, /c
should be proportional to n. Therefore, i-E curves
were recorded for several concentrations of formal-
dehyde in 1 moldm™? sodium acetate, pH7, and the
resulting data were used to construct the I /¢ against
¢ plot shown in Fig. 3. The decrease in I, /c with
concentration and the change fromn = 2 ton = 1
with increasing concentration is clearly demonstrated.

- 107%em?s™! at 293K and the
energy of activation for dif-
fusion as 8 kfmol~!.

1
350

7/
Hence these experiments with microelectrodes
clearly demonstrate that chemical reactions such as
the dehydration of formalin to form free formaldehyde,
Equation 1, or the dimerisation of formalin, Equation
6, commonly determines its rate of reduction even with
very concentrated formaldehyde solutions. Moreover,
the results would suggest that, otherwise, the reduc-
tion of formaldehyde at mercury in neutral solutions
is a straightforward reaction; the rate determining step
in the reduction of the free formaldehyde is probably
the formation of its anion radical and even at poten-
tials in the limiting current plateau, there are no

important competing electrode reactions.
The results also have important consequences for
the design of electrosynthetic processes for ethylene
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Fig. 3. I /c as a function % HCHO in 1 moldm —* sodium formate,
pH 7. Hg plated, 10 gm diameter Au disc. Temperature 363 K.
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glycol. First, they explain the necessity of using a
high concentration of formaldehyde and demonstrate
clearly the advantage of using an elevated tempera-
ture; the former favours the second order reactions of
intermediates, whereas the latter ensures the forma-
tion of the electroactive free formaldehyde at a high
rate. Similar reasoning leads to the conclusion that a
high current density for formaldehyde reduction
would lead to a high concentration of radical inter-
mediates and hence to the dimeric product, ethylene
glycol. Secondly, the data from the microelectrode
experiments imply that with high formaldehyde con-
centrations, the reduction at mercury is a le™ process
and hence, perhaps, that ethylene glycol should be
formed in good yields at mercury (and, logically,
similar metal) cathodes. The latter conclusion was
investigated further.

3.2. Electrosyntheses

The influence of reaction conditions on the yield of
ethylene glycol from the cathodic reduction of formal-
dehyde has been extensively studied and the details of
this programme will be reported elsewhere [19]. Here,
the purpose was only to check the influence of cathode
material under otherwise favourable conditions. These
include the use of sodium formate pH7 and also
containing (C,H,),N™*, as the catholyte, a high tem-
perature (353K), and a high current density. Where
possible a flow cell with a cation membrane was used
for the electrolysis. With mercury, this design cannot
be employed and in order to be certain that cell design
was not a critical factor, two different glass cells were
utilized and some experiments with other cathodes
were repeated in the glass cell. The results of the
preparative scale electrolyses are reported in Table 2.
It can be seen very clearly that graphite is the cathode
of choice, although significant ethylene glycol is
formed at mercury. No ethylene glycol was detected
after electrolyses at cadmium or lead cathodes. The
experiments also confirm the advantage of the elevated
temperature and of a high current density. The lower
yield at the graphite felt probably also reflects the

Table 2. Results of preparative scale electrolyses

Electrode IfmAem™) (C,Hy),N* Current efficiency
(%)
Graphite 10 Yes 42
50 Yes 79
250 Yes 87
250* Yes 55
Graphite felt 250 Yes 30
ESC 1#GF-56
Mercury7L 250 No 30
Lead} 250 Yes 0
250 No 0
Cadmium 250 Yes 0

Reduction of 40% formaldehyde to ethylene glycol in 1 moldm™

sodium formate, pH 7. Temperature 353 K. Electrolyses in MP flow
cell.
* room temperature. T glass cells. I MP and glass cell.

lower real current density at the very porous and high
area material.

A further observation concerning the electrolyses at
mercury should be noted: a considerable quantity of a
grey solid was formed on the cathode surface. It was
thought that this precipitate was an organomercury
compound; attempts to convert it into ethylene glycol
were not successful.

4. Discussion

From the viewpoint of the development of a process
for the synthesis of ethylene glycol, the conclusions of
this study are very clear. Graphite is definitely the
preferred and only viable cathode. The yield of ethy-
lene glycol is much higher than at mercury. Moreover,
since mercury is not possible as a cathode in most
practical cell designs, the electrolyses were carried out
at lead and cadmium, metals expected to give similar
results to mercury. At these metals no ethylene glycol
was found.

In comparing the results at the mercury microelec-
trode and the large mercury pool used for preparations,
however, some differences should again be emphasized.
The rate of diffusion to microelectrodes is much higher
than to planar structures. Hence, in the solution con-
ditions used for the electrosyntheses, the limiting cur-
rent density at the microelectrode is 30 Acm ™2, Even
with highly turbulent conditions this would be difficult
to achieve in a synthesis cell and, in any case, it would
be catastrophically detrimental to the performance of
the membrane and to the energy efficiency/temperature
control of the cell. Therefore it must remain specu-
lation as to what the yield of ethylene glycol would be
at 30 Acm™?, a current density 120 times higher than
the maximum used in the synthesis experiments.

It is also not certain whether the organomercury
compound is an intermediate in the formation of ethy-
lene glycol, that is

2HCHO + 2H,0 + Hg + 2¢- — 20H"™
+ Hg(CH,0H), — Hg + (CH,OH), (8)

or whether the formation of the organomercury com-
pound is an unwanted side reaction, that is

2HCHO + 2H,0 + 2e~
5 Hg(CH,OH),

—5 20H" + 2CH,OH
T~ (CH,0H),

The latter is more likely since ethylene glycot could
not be formed from the solid formed during electroly-
sis and such chemistry is not known in the literature.
It is certain that graphite cannot form an ‘organomet-
allic’ product and it is also possible that the graphite
is able to catalyse the dimerisation of the radicals to
ethylene glycol.

In any case, we believe that the microelectrode
experiments demonstrate clearly the change from 2e~
to le™ reduction at mercury with increasing formal-
dehyde concentration. Moreover, they provide perhaps
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the only method for probing the mechanism of this
important new process and can be used to investigate
the influence of temperature, pH, etc.
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