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Partial Oxidation of Ethane into Acetaldehyde by Active Oxygen generated
Electrochemically on Gold through Yttria-stabilized Zirconia

T. Hayakawa, 2K, Sato,? T. Tsunoda,¢K. Suzuki,# M. Shimizu2 and K. Takehira* =
a Department of Surface Chemistry, National Institute of Materials and Chemical Research, Tsukuba Research Center,

AIST, 1-1, Higashi, Tsukuba, Ibaraki 305, Japan

b Institute of Materials Science, University of Tsukuba, Tennodai, Tsukuba, Ibaraki 305, Japan
cDepartment of Inorganic Chemistry, National Institute of Materials and Chemical Research, Tsukuba Research Center,

AIST, 1-1, Higashi, Tsukuba, Ibaraki 305, Japan

Ethane is partially oxidized to acetaldehyde by oxygen species generated electrochemically on an inert gold film via

yttria-stabilized zirconia at 475 °C.

A cell system using yttria-stabilized zirconia (YSZ) as a solid
electrolyte, e.g. P(0,), M|YSZM’', P(Oy)’ (M and M’;
electrodes) can serve as an ‘oxygen pump’,! by which the
oxygen flux transferred across the YSZ can be controlled by
the electric potential externally applied between the two
electrodes. The application of electrochemical cells using YSZ
for the oxidations of ethylene,? ethylbenzene3 and methane4
on metal or metal oxide catalysts has been demonstrated.
However, the characteristics of the surface oxygen generated
electrochemically through the YSZ have not been well
established, since all the cell systems previously studied have
been equipped with metal or metal oxide catalysts that can
activate oxygen and therefore catalyse the oxidation by
themselves, except in our previous study.> We found that
propene was partially oxidized into acrylaldehyde over an
inert Au anode film under the oxygen pumping: this suggests
that the oxygen species transported through YSZ onto the Au
surface was active for the selective oxidation of propene into
acrylaldehyde.’ In this paper, we report the selective oxida-
tion of ethane into acetaldehyde by the same oxygen species.

An electrochemical reactor was constructed from an YSZ
disk 32 mm in diameter and of thickness 1 mm. Thin compact
films of Ag (1.7 um thick) and Au (1.0 pum thick) were
prepared as the cathode and the anode, respectively, on each
face of the disk by vacuum evaporation. The two electrodes
were connected with gold wire to an electrical circuit for
controlling the oxygen transfer flux from the Ag cathode to
the Au anode across the YSZ by changing the applied voltage.
An oxygen pressure of 101.3 kPa was maintained on the
cathode of the cell. A gaseous mixture of ethane, nitrogen,
and helium was passed over the anode side for testing the
activity of oxygen species generated on the Au anode film.
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Fig. 1 The rate of acetaldehyde production on Au anode as a function
of oxygen flux through YSZ

The products in the effluent gas were determined by GC using
a thermal-conductivity detector with nitrogen as an internal
standard.

Electric current was measured to estimate the transport rate
of oxide ions via four electrons reduction—oxidation steps
across the YSZ. The amount of oxygen gas evolved in the
anode compartment coincided well with the value calculated
from the electric current across the YSZ. When the ethane-
nitrogen—helium mixture (5:5:90) was passed at a rate of 1.2
dm3 h—1 over the Au anode at 475 °C, no oxidation of ethane
occurred under open circuit conditions when no oxygen was
pumped through the YSZ. The oxidation took place when
oxygen was pumped under closed-circuit conditions, and an
increase in the current by increasing oxygen pumping resulted
in an increase in the rate of ethane oxidation. No evolution of
dioxygen was observed in this case. The rate of acetaldehyde
production is plotted in Fig. 1 as a function of the oxygen flux.
The rate of acetaldehyde production increased with increasing
oxygen flux (l). The applied potentials varied from zero to
1.0 V in these experiments. At the O, flux of 49.4 pmol h—1,
the production rate of acetaldehyde and CO, was 8.9 and 21.9
umol h~1, respectively, and the O, consumption rate of 47.2
umol h-! was calculated by assuming water as another
oxidation product. Mass balance calculated between oxygen
evolution and consumption was good and no other product
was observed except a trace amount of ethene. Selectivities of
acetaldehyde and CO, were 45 and 55%, respectively, based
on converted ethane (0.75%). The conversion can be
increased by lowering the rate of ethane flow. The addition of
oxygen (60 ml h—1) to the mixed-gas flow at the anode side did
not affect the rate of acetaldehyde production even when
applied potential was varied (@). There was no detectable
acetaldehyde produced under open circuit conditons in spite
of the presence of O, on the Au anode. When ethene (in place
of ethane)-nitrogen-helium mixture (5:5:90) was passed at
the same conditons, CO was substantially produced together
with acetaldehyde and CO, and the rate of production of each
again increased with increasing oxygen flux.

The results obtained above clearly indicate no activity of an
Au surface for the oxidation of ethane to acetaldehyde by
surface oxygen supplied directly from the gas phase and,
furthermore, no influence of applied potential on the acetal-
dehyde-production activity of the surface oxygen from the gas
phase. It is likely that acetaldehyde production from ethane is
achieved only by the ‘active oxygen species’ generated
electrochemically on the Au anode surface through the YSZ.

It has been reported that ethane was oxidized to ethene and
acetaldehyde over Mo, V, B, P and Nb oxide catalysts, where
N,O was used as the oxidant®é because O, afforded low
selectivity of oxygenated products.” In the N,O oxidation of
ethane over the Mo/SiO; catalyst, O~ ions, derived from N,O,
react with ethane by hydrogen-atom abstraction. The result-
ing ethyl radical reacts with surface Mo=O to produce a
surface ethoxide, which may either decompose to ethene or
react further with the surface OH- to form acetaldehyde.6 It
is likely that O~ ions can be formed over the present Au anode
surface during the four-electron oxidation of O2- to O, at the
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boundary between Au and ZrO, (YSZ) and oxidatively
dehydrogenate ethane. The ethyl radical thus formed can
react with the surface oxygen to produce a surface ethoxide,
which may react with the surface OH- of ZrO, to form
acetaldehyde. The surface oxygen over the Au anode is rather
weakly bound to the anode surface compared to the Mo=0O,
and the ethoxide therefore may be more stable and react in
preference with the surface OH- to form selectively acetal-
dehyde.
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