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Continuous oxygen ion transfer medium as a catalyst for high

selective oxidative dehydrogenation of ethane
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An oxygen permeable mixed ion and electron conducting membrane (OPMIECM) was used as an oxygen transfer medium as well as
a catalyst for the oxidative dehydrogenation of ethane to produce ethylene. O®~ species transported through the membrane reacted
with ethane to produce ethylene before it recombined to gaseous O,, so that the deep oxidation of the products was greatly suppressed.
As a result, 80% selectivity of ethylene at 84% ethane conversion was achieved, whereas 53.7% ethylene selectivity was obtained using
a conventional fixed-bed reactor under the same reaction conditions with the same catalyst at 800 °C. A 100h continuous operation of
this process was carried out and the result indicates the feasibility for practical applications.
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1. Introduction

In the petrochemical industry, more than 60% of
products obtained by catalytic processes, including
some huge commercial processes such as oxidation of
n-butane to maleic anhydride, are produced via oxida-
tion [1,2]. The difficulties in this process lie in the fact
that intermediates and target products, i.e., olefin and
oxygenates, are usually more reactive than the raw
materials; alkanes, therefore, are easily deeply oxidized
to CO,. As a result, the selectivity for the target products
is significantly lowered. Alternatively, peroxides, such as
hydrogen peroxide [3], alkyl hydroperoxides or iodosyl-
benzene [4], are used as oxidants to control the deep oxi-
dation of products. However, these peroxides are
expensive and their production is harmful to the environ-
ment. Therefore, the most attractive oxidant for the
chemical industry is molecular oxygen, O,, because of
its low cost and less environmental contamination. The
crucial step in using O, as an oxidant is to prevent the
products from being deeply oxidized by this oxidant.
Several experiments were reported up to date on protect-
ing reactants from being attacked directly by O,. One
reduced the contact time between O, and reactants to
less than 1073 second in order to prevent further oxida-
tion of the products [5—7]. The other employed a regiose-
lective catalyst to terminally oxidize the linear alkanes by
O, [8]. A successful industrial processing example is the
use of a metal oxide as an oxygen transfer agent in a per-
10dic shift reactor, which has been used in the ammoxida-
tion of propylene to acrylonitrile [9] and of metaxylene to
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isophthalonitrile [10]. In these reactions, the metal oxide
participates in a series of redox steps. This reaction
strategy results in a higher selectivity in comparison
with the conventional method in which hydrocarbon
and oxygen are simultaneously in contact with an
oxidation catalyst. However, these processes can only
be operated periodically, and a catalyst that is physically
and chemically more stable is to be developed to sustain
repeated reduction-oxidation cycles [11].

We report the results of the oxidative dehydrogena-
tion of ethane to produce ethylene using an oxygen
permeable mixed ion and electron conducting membrane
(OPMIECM) [12-22]. The mechanism of our reaction
process is shown in figure 1. Molecular O, (in air) at
the air side of the OPMIECM obtain electrons from the
surface of the OPMIECM to form O~ species (lattice
oxygen). Sequentially, the lattice oxygen is transported
through the OPMIECM to the reaction side. Once the
reaction side is reached, lattice oxygen will react quickly
with ethane on the surface of the OPMIECM before it
recombines to molecular oxygen. Local charge neutrality
is maintained by the joint diffusion of oxygen vacancies
and electrons. Since lattice oxygen converted from O,
by the OPMIECM is continuously supplied to the
reaction system, the selectivity of the oxidation reaction
can be controlled at a very high level.

2. Experiments

Our OPMIECM reactor is illustrated schematically
in figure 2. The material of the OPMIECM is
Baj 5Sry sCoggFe;,05s recently developed in our
laboratory. A more detailed synthesis process can be
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Figure 1. Schematic representation of oxidative dehydrogenation of ethane
to ethylene in the OPMIECM reactor.

found in our previous papers [23,24]. The permeation
area of the OPMIECM disk is 0.813cm?. 10% C,H¢ +
90% He was fed to the reaction side, while air was fed
to the air side. The inlet gas flow rates were controlled
with mass flow controllers (models D07-7A/ZM). Both
reaction side and air side of the reactor were maintained
at atmospheric pressure. The online gas chromatograph
(HP6890) was equipped with two automatic valves, a
sample valve and a bypass valve, and the HP Chemsta-
tion computer software for data collection and analysis.
A serial/bypass configuration was arranged for two
isothermal columns (80 °C), Porapak Q and molecular
sieve 13X. The injection of sample gases directed the
mixture of H,, O,, N,, CH,, CO, CO,, C,H; and
C,Hg through the Porapak Q. H,, O,, N, and CO
were eluted earlier than CHy4, CO,, C,H, and C,Hg
from the Porapak Q column and then quickly entered
the serial-arranged molecular sieve 13X column. Before
the H,, O,, N, and CO were eluted from the molecular
sieve 13X column, a bypass valve was activated to
deaden the 13X column and direct the outlet of the Por-
apak Q column to the thermal conductivity detector.
Once CH4, CO,, C,H, and C,Hg had eluted from the
Porapak Q, the valve was again activated, and the H,,
0,, N, and CO were cluted from the molecular sieve
column 13X to the detector. An external standardization
was used for product analysis. Multiple-point calibration
curves were created and recalibrated routinely for long-
term studies. The quantity of H,O was calculated by
hydrogen atomic balance. The oxygen permeation rate
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was calculated from the measured outlet flow rate and
the mole fractions of oxygen-containing product gases,
such as CO, CO,, O, and H,0O. The carbon balance
during all of the experiments was within 5%. The separa-
tion of O, and N, was crucial for leak checking on the
membrane tube and the sealing. The leakage of oxygen
could be calculated from the leakage of nitrogen. In
the reaction experimental results, the Ileakage of
oxygen, which accounted for 0 to 2% of the total
oxygen flux, was subtracted from the total oxygen flux.

3. Results and discussion

The intrinsic catalytic behavior of the OPMIECM
reactor based on BSCFO for oxidative dehydrogenation
of ethane to ethylene was performed in the reactor, as
shown in figure 2. After sealing at high temperature
(1040 °C), the furnace was cooled down to the tempera-
tures of interest, then air was introduced to the air side
and the feed (10% C,Hg + 90% He) was introduced to
the reaction side. In all the experiments, air flow rate
was 300 ml/min. The species detected in the eluted gas
of the reaction side were C,H,, C,Hg4, H,O, CO,, CO
and CHy. There was no O, detected in the eluted gas,
which indicated that O, was consumed completely in
this reaction. Figure 3 shows the temperature effect on
the performance of oxidative dehydrogenation of
ethane to ethylene in the OPMIECM reactor when the
feed flow rate was kept constant at 30ml/min. As
shown in figure 3, with the increase of reaction tempera-
ture from 700°C to 850°C, the C,Hg conversion
increased from 18.0% to 96.5%, the C,H, selectivity
decreased from 91.0% to 60.2%, and the yield of C,H,
reached the maximum value (67.4%) at 800 °C, then
decreased slightly between 800°C and 900°C. The
oxygen permeation of the membrane increased with the
increase of temperature, and the oxygen permeation
flux in Air/C,H¢-He gradient (Jo, = 1.72 ml/cm?® min,
at 800°C) is about two times that in Air/He gradient
(Jo, = 1.0 ml/cm? min, at 800 °C). However, when we
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Figure 2. Schematic diagram of the OPMIECM reactor for ethane oxidative dehydrogenation to ethylene.
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Figure 3. Effect of temperature on the performance of oxidative dehydrogenation of ethane and oxygen permeation flux.

use gaseous O, transport through the membrane to
partially oxidize ethane to syngas, the oxygen permeation
flux will be about eight times higher than that in Air/He
gradient [25]. These results indicated that the reactivity of
lattice oxygen (O”") is much lower than that of gaseous
0O,, so that the deep oxidation of ethane and/or ethylene
was suppressed, and the selectivity of ethylene was high.
Since the yield of ethylene was the highest at a temperature
of 800 °C, 800 °C was selected as a standard temperature
for further experiments.

Figure 4 shows the effect of the feed flow rates on the
performance of oxidative dehydrogenation of ethane to
ethylene in the OPMIECM reactor. It can be seen that
with the increase of the feed flow rate, the ethylene selec-
tivity increased, but the ethane conversion decreased.
The lower ethylene selectivity at lower feed flow rate was
due to the fact that a longer residence time often means
a higher probability of oxidation of the valuable inter-
mediate produced. The ethylene yield was reached at the
highest value when the feed flow rate was 30ml/min.
Based on the oxygen balance, the amount of permeated
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Figure 4. Effect of feed flow rates on the performance of oxidative dehydro-
genation of ethane in the OPMIECM reactor at 800 °C.

oxygen at different feed flow rates can be calculated,
and the result is shown in figure 5. As indicated in
figure 5, with the increase of the flow rate of feed from
10.63 ml/min to 49.73ml/min, the permeated oxygen
of the OPMIECM increased from 1.26 ml/cm”min to
2.19ml/cm’ min, but the mole ratio of oxygen to
ethane decreased from 0.92 to 0.3. When the feed flow
rate was 30 ml/min, the mole ratio of oxygen to ethane
was 0.46, which is close to the stoichiometric ratio for
the selective oxidation of ethane by O, to produce
ethylene. Therefore, the ethylene yield was the highest
when the feed flow rate was 30 ml/min in our experiment.

As indicated in our mechanism of reaction in the
OPMIECM reactor, we attributed the high selectivity
to ethylene to reaction between ethane and lattice
oxygen. To verify this speculation, we designed a
periodic shift reactor using OPMIECM oxides (contain-
ing O°~ intrinsically) as a catalyst, as shown in figure
6(b). In this experiment, the feed flow rate was controlled
at 30ml/min and reaction temperature was kept at
800°C. O, and ethane diluted with helium were fed to
the reactor alternately. When O, was fed to the reaction
side, the lattice oxygen (O*7) could be formed in mem-
brane oxide by the reactions O,(g) < O,(ad) < 207~ (s).
In order to sweep out the gaseous oxygen (O,(g)) and
adsorbed oxygen (O,(ad)) on the OPMIECM oxides,
the reactor was purged with helium before the ethane
was introduced into the line. When ethane diluted with
helium was supplied to the reactor, ethane directly
reacted with the lattice oxygen (O?") of the OPMIECM
oxides. Since the reaction between ethane and O*~ was
transient in this reactor, the measurements were made
before O°~ was completely consumed. The result in
this reactor was very similar to that in the OPMIECM,
as shown in table 1. The similarity in the results between
these two reactors suggests that our mechanism of
reaction in the OPMIECM is correct.

In order to elucidate the role of gas-phase O, in the
deep oxidation of ethylene to CO,, we also carried out
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Figure 5. Effect of feed flow rate on the permeated oxygen of the OPMIECM and the mole ratio of O,/C,Hg in the OPMIECM reactor at 800 °C.
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Figure 6 (a—c). Comparative study of oxidative dehydrogenation of ethane to ethylene in different reactors at 800 °C.

the reaction of the oxidative dehydrogenation of ethane
in a conventional fixed-bed reactor with a catalyst of
broken OPMIECM fed with pure O,, as shown in
figure 6(c). It is important to note that the size and
shape of the three reactor types are the same. To elimi-
nate the non-catalytic homogeneous reaction in the gas
phase, we introduced ethane and O, to the reaction
system separately before they reach the surface of the
catalyst. In this experiment, 30 ml/min 10% ethane +
90% He, at a reaction temperature of 800 °C, was fed
through the inner tube and 1.4 ml/min O, equal to the

oxygen permeation flux of the membrane was fed
through the outer tube. The result is listed in table 1. It
shows that only 53.7% selectivity to ethylene and more
than 36% CO, were obtained in this reactor, indicating
that molecular oxygen is responsible for the deep oxida-
tion of ethylene to CO,. That the ethylene selectivity in
the OPMIECM reactor is similar to that in the periodic
shift reactor and much higher than that in the fixed-
bed reactor indicates that the OPMIECM can provide
lattice oxygen rather than gaseous oxygen for oxidative
dehydrogenation of ethane to ethylene. This mechanism

Table 1
Typical results of oxidative dehydrogenation of ethane to ethylene in different reactors at 800 °C.

C,H¢ conversion
(%)

Reactor types

Product selectivity (%)

C,H, CH,4 CO CO,
OPMIECM reactor 84.17 80.06 5.74 6.43 7.87
Periodic shift reactor 85.61 88.22 4.56 7.22 0
Fixed-bed reactor 83.63 53.71 9.5 13.92 22.85
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Figure 7. Long-term operation of the OPMIECM reactor for oxidative dehydrogenation of ethane to ethylene at 800 °C.

is also proven in our previous paper [26]. From table 1,
we can also see that the ethylene selectivity in the
OPMIECM reactor is slightly lower than that in the
periodic shift reactor. The reason is that a little part of
the lattice oxygen recombined to gaseous oxygen,
which reacted with ethylene to form CO,.

We carried out a 100 h experiment of the oxidative
dehydrogenation of ethane to ethylene in the
OPMIECM reactor to test the long-term operation
capability of this reactor for practical applications.
The feed flow rate was 30ml/min and the reaction
temperature was 800 °C. The result is shown in figure
7. In this experiment, the ethylene selectivity, the
ethane conversion and the oxygen flux at reaction condi-
tions were maintained at ~80%, ~82% and ~1.6ml/
cm’min respectively. This result indicates that O*~
species can be continuously supplied by the OPMIECM,
and the reaction process can be continuously operated in
the OPMIECM reactor with high ethylene selectivity and
ethane conversion.

4. Conclusions

Based on our results, it is concluded that the
selectivity to ethylene resulting from the selective oxida-
tion of ethane can be greatly improved in an OPMIECM
reactor. This process has several additional advantages
over the conventional oxidative dehydrogenation
process: (1) Oxygen can be obtained directly from air
via membrane separation instead of extracted from
cryogenic distillation. (2) The reaction zone is free of
gaseous O,, so that the operation can be controlled
smoothly without the danger of explosion. It is possible
to apply this novel approach for a wider range of selec-
tive oxidation reactions with the exploration of new
catalytic membrane materials.
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