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Electrochemical reduction of dichloromethane
to higher hydrocarbons
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The electroreduction of CH,Cl, at Ni, Cu, Pt and Ag electrodes in acetonitrile and (C4Hg)4NI 0.1 m
as supporting electrolyte was studied. The half-wave potential was found to be in the range —2.2 to
—2.5V vs SCE at room temperature. From the analysis of the gaseous products it was found that
methane, ethylene, chloromethane, propene and butene isomers were the main products, while at
silver and platinum cathodes methane was mainly produced. The effect of the potential on the current
efficiency of the gaseous products was also studied. The current efficiency of the products increases at
concentration levels of CH,Cl, up to 0.2m, whereas at higher values its CE is not significantly
influenced. The application of the Schultz—Flory distribution analysis to the experimental data
showed that the hydrocarbons are mainly formed via polymerization of methylene radicals on the
surface of Ni and Cu electrodes. At Ag and Pt electrodes the mechanism appears to be different.
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1. Introduction

The direct utilization of methane as a cheap starting
material for synthesis of valuable substances is diffi-
cult because of the high stability of this molecule [1].
Many efforts have been made to produce synthesis
gas, ethylene or electricity from methane. Pertinent
references concerning catalytic [2, 3] or novel elec-
trocatalytic processes [4, 5] with solid electrolytes are
available in the literature. To extend the practical
uses of methane beyond its primary utilization as a
fuel, conversion of methane to more reactive sub-
stances capable of entering into technologically useful
reactions would be a worthwhile endeavour.
Chloromethane and dichloromethane are promis-
ing derivatives in this regard. These materials are the
main products of the reaction of methane with
chlorine under the influence of light or heat [6].
Chloromethane and dichloromethane have also been
formed in an electrochemical cell under illumination
[7]. An electrochemical process for the conversion of
methane to chloroderivatives and the simultaneous
conversion of these to useful products would be de-
sirable. The process would be nonpolluting since no
chlorine would be emitted. The chloride ion liberated
at the cathode would be oxidized to chlorine at the
anode and this would react with methane to give
the chloroderivatives, which are again reduced at the
cathode and thus the catalytic cycle with the C17/Cl,
mediator would be repeated. Chloromethane con-
version by chemical processes to other chemicals has
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received most attention [8—10], while little interest has
been shown in dichloromethane [11, 12].

Electrochemical processes for the conversion of
the chloroderivatives of methane to higher hydro-
carbons have not been reported. Polarographic and
voltammetric studies with dichloromethane and other
chloroderivatives have been performed without iden-
tification of the products [13—16]. The present study is
mainly concerned with the detection and identificat-
ion of the gaseous products of the cathodic reduction
of dichloromethane at different electrodes in aceto-
nitrile medium.

2. Experimental details

Electrolysis was performed in a three compartment
glass cell equipped with a saturated calomel electrode
(SCE) as reference. The cathodes were Ni (99.99%)),
Ag (99.9%), Pt (99.9%) and Cu (99.999%) in the
form of foils with respective areas 39, 49, 31.5 and
45mm? The first three were supplied by Aldrich
Chemical, and the copper by Alpha Metal. Ni, Pt and
Ag electrodes were polished with alumina with par-
ticle size down to 0.05 um; they were then placed for
20s in HNOj solution (5% w/v) and were washed
many times with distilled water. Cu was electropol-
ished in H3PO,4 85% and washed with distilled water.
The solvent was acetonitrile (Lab Scan) containing
0.1% water and 0.1 m (C4Ho)4NI as supporting
electrolyte. The CH,Cl, concentration was 0.155 m,
unless stated otherwise. The concentration change
was never greater than 5% during each experiment.

The gaseous products were identified by gas
chromatography by comparing their retention times
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with standards on different columns using an FID
detector. The products were withdrawn from the cell
by a flowing stream of nitrogen with a constant flow
rate of 20mlmin~'. Estimation of the current effi-
ciency of each of the products was made by dividing
the measured concentration in the nitrogen stream by
the theoretical concentration assuming all the current
was used for the formation of this particular product.
A similar method was used in a previous study for the
estimation of CE of the gaseous products from CO,
electroreduction [17].

3. Results
3.1. Influence of the cathode

Cyclic voltammetry showed that the reduction of
CH,Cl; on Ni, Cu, Pt and Ag began at —1.8 V vs SCE
and the half wave potentials were between —2.2 and
—2.5V vs SCE, while reduction of the electrolysis
medium occurred at potentials below —3.0 V. This is
in general agreement with observations of previous
workers at Hg, Pb [14, 18] and Ag, Pt [19, 20] cath-
odes. The form of repeated voltammograms change,
probably because of electrode deactivation. This
change made it difficult to obtain reliable volta-
mmograms. Preparative electrolyses were carried out
at —2.6 V vs SCE, close to the voltammetric half wave
potentials.

3.1.1. Nickel electrode. The main gaseous products
using a solution containing 0.155m CH,Cl, were
methane, ethylene, propylene, isomeric butenes,
chloromethane and small amounts of Cs and C4 hy-
drocarbons. Analysis of the catholyte by GCMS
showed the presence of propanonitrile, butanonitrile
and 1,2 dichloromethane. Other products were not
identified. Analysis of the catholyte after the passage
of 288.9 C charge by ion chromatography showed the
presence of CI™. The expected amount based on the
electrical charge was 0.106 g, while the determined
amount was 0.088 g. The electrolysis solution initially
became yellowish and gradually turned reddish.
Similar behaviour was observed by other workers [18,
20], who studied the electroreduction of halogenated
compounds in acetonitrile. The amount of main
products, as shown in Fig. 1, is an almost linear
function of the passed charge for all products.

The reproducibility of the experiments at nickel
was about 15%.

Dichloromethane was converted to unsaturated
hydrocarbons with average CE 12% for CH,=CH,
and 7.2% for isomeric butenes. Propene, not shown
in the figure, was less than 1%. About 18.5% of the
charge was consumed for the formation of CH;CL
The remainder of the charge was consumed for the
formation of methane (24%) and for various liquid
catholyte products. Figure 2(a) shows that the cur-
rent increased during the first 10 min, gradually lev-
elled off and finally stabilized at 36 mA corresponding
to a current density 92.7 mA cm 2. Apparently, at the
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Fig. 1. Dependence of the amount of main products of CH,Cl,
reduction on the passed charge at a nickel electrode at —2.6 V vs
SCE (A) methane, (W) ethylene, (O) chloromethane and (@) iso-
meric butenes.

high electrode potentials, used, electrode deactivation
does not occur to the extent as in the cyclic volta-
mmetric runs.

3.1.2. Copper electrode. Results at copper were
qualitatively similar to those at nickel. The CE for
methane was about 40% and for ethylene about 8§%.
Chloromethane with an approximate CE of 5% and
traces of isomeric butenes were also detected.
Figure 3 shows the dependence of the amounts of
chloromethane, methane, ethylene and propene on
the charge passed. The ratio of the products against
charge passed was constant, although the current
gradually decreased from 32 to 12mA after 1.5 h, as
depicted in Fig. 2(b).

It should be noted that the interruption of elec-
trolysis for five minutes reestablished the initial cur-
rent. The decrease in current may be attributed to the
slow diffusion of products from the electrode surface.

3.1.3. Silver and platinum electrodes. At silver and
platinum the main gaseous product was methane with
current efficiencies about 90% and 17%, respectively.
Unsaturated hydrocarbons were detectable only in
traces.
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Fig. 2. Current against time for the reduction of CH,Cl, at =2.6 V
vs SCE (a) at a nickel and (b) at a copper electrode.
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Fig. 3. Dependence of the amount of main products of CH,Cl,
reduction on the passed charge at a copper electrode at —=2.6V vs
SCE (A) methane, (W) ethylene, (O) chloromethane and (CJ) propene.

3.2. Influence of applied cathodic potential

The influence of the applied potential on the average
CE of the main products was studied at a copper
cathode and for an electrolysis time of 120 min. Fig-
ure 4 shows experimental results for methane, ethyl-
ene and chloromethane. The CEs vary with potential
and tend to stabilize beyond —-2.4V. The change in
CE is greatest for methane and reaches a minimum at
about —2.2V and then increases until it stabilizes at
about -2.4V.

3.3. Effect of the concentration of CH,Cl,
on the reduction products

The average CE for methane and ethylene as a
function of CH,Cl, concentration at a copper elec-
trode ata —2.5V vs SCE is shown in Fig. 5. It appears
that above about 0.2m CH,Cl, the CE does not
change significantly, but below 0.2 m it decreases with
corresponding decrease in the total current.

4. Discussion

It is suggested [16, 18] that the electrochemical re-
duction of dichloromethane proceeds as follows:
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Fig. 4. Current efficiency against potential for the main products
of the reduction of CH,Cl, at a copper electrode (A) methane, (M)
ethylene and (O) chloromethane.
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Fig. 5. Current efficiency against concentration of CH,Cl, at a
copper electrode at —2.6 V vs SCE (A) methane, () ethylene.

CH,Cl, +2¢- — CH,Cl” +CI™ (1)
CH,CI" == :CH, +CI” (2)

The results indicated that the reduction products are
influenced significantly by the nature of the working
electrode. To clarify the mechanism of hydrocarbon
formation the Schultz—Flory distribution analysis as
proposed by Kudo e al. [21] for electrochemical re-
actions was applied to the results depicted in Figs 1
and 3. The distribution is expressed by the following
equation:

In (m,/P) = In (In®e) + Plno (3)

where my, is the weight per cent of the hydrocarbon
whose carbon number is P and o represents the
probability of chain growth.

Figure 6 shows the Schultz—Flory distribution for
the copper and nickel electrodes. The correlation
coefficients were found to be 0.978 and 0.957, res-
pectively, which shows that the linearity between P
and In (m,/P) was satisfactory. The probability, o,
determined from the slope of the lines by the least
squares method was found to be 0.247 and 0.485,
respectively. This indicates that the higher hydrocar-
bons are possibly formed via polymerization of the
:CH, radicals, adsorbed on the electrode surface. This

In (mp/P)

P (carbon number)

Fig. 6. Shultz—Flory plots of hydrocarbons formed on Ni (O) and
(m) Cu electrodes by electrochemical reduction of CH,Cl,.
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mechanism is similar to that of the Fischer—Tropsch
reaction [22]. It is worth noting that the value of
possibility, a, at nickel is similar to that found during
the electrochemical reduction of CO, (. = 0.36) [21].
The value of o for Ni was greater than that for Cu,
which is in agreement with the fact that Ni is a better
Fischer—Tropsch catalyst than Cu [23]. According to
the literature [24], the decomposition of the support-
ing electrolyte through the reaction with methylene
radicals leads to the formation of C4 hydrocarbons
with parallel formation of tributylamine. In our case
tributylamine was not detected and this fact leads to
the conclusion that this is not the main reaction path
for the formation of C4 hydrocarbons.

At platinum and silver electrodes the only hydro-
carbon detected was methane, with a CE approaching
90%. It is possible that the products are formed at
these electrodes by a free radical mechanism [14, 24].

:CH, + 2CH3CN +2e- — CHy4 + 2[CH3CN7]

It is possible that 1,2 dichloroethane and chloro-
methane which were found in the products are
formed through the following reactions [25]:

CH,CI” + CH,Cl, — CICH,CH,Cl + Cl™
CH,Cl” + CH3;CN — CH;Cl + CH,CN™

On the basis of the products detected at nickel and
copper electrodes it is clear that the above mentioned
reactions also play an important role.
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