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Abstract

A dense membrane tube made of Bay 5Srg sCog gFeg 05 s (BSCF) was prepared by plastic extrusion from BSCF oxide synthesized by the
complexing EDTA-citrate method. The membrane tube was used in a catalytic membrane reactor for oxidative coupling of methane (OCM) to
C, without an additional catalyst. At high methane concentration (93%), about 62% C, selectivity was obtained, which is higher than that
achieved in a conventional reactor using the BSCF as a catalyst. The dependence of the OCM reaction on temperature and methane
concentration indicates that the C, selectivity in the BSCF membrane reactor is limited by high ion recombination rates. If an active OCM
catalyst (La-Sr/CaO) was packed in the membrane tube, C, selectivity and CH4 conversion increased compared to the blank run. The highest
C, yield in the BSCF membrane reactor in presence of the La-Sr/CaO catalyst was about 15%, similar to that in a packed-bed reactor with the
same catalyst under the same conditions. However, the ratio of C,H4/C,Hg in the membrane reactor was much higher than that in the packed-

bed reactor, which is an advantage of the membrane reactor.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

During the past years, extensive efforts have been
devoted to both direct and indirect conversion of methane
[1,2]. The direct conversion approaches involve selective
oxidation of methane to methanol and formaldehyde, and
oxidative coupling of methane (OCM) to C, hydrocarbons
(C,Hg and C,H,) and so on. The indirect conversion requires
converting methane to syngas (CO + H,) either by steam
reforming or partial oxidation, or by a combination of these
two in a first stage, and then conversion of the syngas to a
series of important chemicals by Fischer—Tropsch technol-
ogy. Compared to the indirect conversion, the direct
conversion is the more challenge and economic route
because it does not require intermediate steps. The OCM to
ethane and ethylene is one of the most important routes for
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direct conversion of natural gas to chemicals, and an
enormous number of studies have been performed on this
reaction since the pioneering work of Keller and Bhasin [3].

Most reported studies on OCM were carried out in
packed-bed reactors in co-feed operation mode, i.e. methane
and oxidant (O,) were fed to the reactor together [4-8]. In
this operation mode, the C, selectivity is low because of the
total oxidation of the C, products by gaseous oxygen. Since
1990s, the research on OCM has been shifted from
developing new catalysts to exploring new reactor concepts
better suited for the OCM reaction mechanism. Lu et al. [9]
investigated the OCM reaction in a porous <vy-Al,O3
membrane reactor using a Mn-W-Na/SiO, catalyst. C,
yields up to 27.5% were obtained in the membrane reactor.
The experimental results clearly demonstrated the benefit of
a distributed feed of oxygen along the reactor length for
methane oxidative coupling reactions. For oxygen-perme-
able membranes, oxygen is uniformly transported through
the membrane in the form of oxygen ions, so there are many
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oxygen species (O™, O, ) on the membrane surface. These
oxygen species may be more selective for the OCM reaction
[10]. Therefore, the C, selectivity of OCM can be improved in
oxygen-permeable membrane reactors. Lin and Zeng [11-13]
studied the catalytic properties of oxygen semi-permeable
perovskite-type and yttria-doped bismuth ceramic membrane
materials for OCM. Lu et al. [14] investigated OCM in a
tubular membrane reactor based on the perovskite material
BaCe( 3Gdy,05_5. They obtained a C, yield of about 16%
with 62.5% C, selectivity. They also studied oxidative
coupling of methane in a SrFeCog 50;_s membrane reactor,
where the membrane was coated with a non-combusting
material BaCe( Sm 403_s and obtained 7% C, yield [15].
Elshof et al. [16,17] used LaggSry4CoqgFep,03_5 as
membrane reactor material for OCM. They achieved C,
selectivity up to 70%. Xu and Thomson [18] investigated
OCM in a La-Ba-Co-Fe-O perovskite membrane reactor.
Higher C, selectivity (up to 50%) was obtained in the
membrane reactor compared to a conventional reactor. Akin
and Lin [19,20] performed OCM in a tubular dense membrane
reactor made of catalytically active Bi; 5Y(3Smg,05_5 with
fluorite structure. They obtained a one-pass C, (C,Hy4 + C,Hg)
yield of 35% with a C; selectivity of 54% at 900 °C, which is
the best result for OCM so far. This result shows that oxygen-
permeable membrane reactors hold promise for an application
of OCM in industry.

Recently, a novel perovskite oxygen-permeable mem-
brane of Bag 5Sry sCoq gFeq,05_s (BSCF) was developed in
our laboratory [21-25]. The BSCF membrane exhibits
higher oxygen flux and higher oxygen vacancy concentra-
tion than Lag ¢St 4Cog gFeg ,03_5 and La-Ba-Co-Fe-O due
to substitution of La* by the lower valence state of Ba** and
Sr**. The higher oxygen vacancy concentration in the BSCF
membrane could lead to a higher C, formation rate. On the
other hand, the reported research work on OCM in oxygen-
permeable membrane reactors to date mainly used disk-type
membrane reactors. In our group, the OCM reaction was
primarily studied in disk-type BSCF membrane reactors
before [22]. In this paper, we report results on the OCM
reaction obtained from a BSCF tubular membrane reactor.

2. Experimental

The BSCF oxide material was prepared by a complexa-
tion EDTA-citrate method [21]. The membrane tube was
made by the plastic extrusion method [26]. The extruded
tube was heated with a heating rate of 5°C/h in the
temperature range of 150-400 °C to remove the gaseous
species formed during decomposition of the organic
additives. Then, the heating rate was increased to 1 °C/
min and the tube was sintered at 1100-1200 °C in stagnant
air for 3-5 h. The sintered tube has an outside diameter of
about 8 mm and inner diameter of about 4.5 mm. The
density of the sintered tubular membranes was measured by
the Archimedes method with ethanol. Only those mem-
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Fig. 1. Experimental set-up for the study of oxygen permeation and OCM
using tubular BSCF membranes.

branes that had a relative density higher than 90% of the
theoretical value were used for the OCM reaction.

The OCM experiments were performed in the shell-and-
tube reactor shown in Fig. 1. The membrane tube was
connected to a quartz tube (@ = 17 mm) with a ceramic glass
powder (Keramik-Glasur, UHLIG, Germany). Another
quartz tube (@ =29 mm) served as shell side tube of the
reactor. A thermocouple was put along the axis of the
membrane tube to profile the temperature along the reactor.
A mixture of methane and helium was fed into the tube,
while air (or a mixture of oxygen and nitrogen) was fed to
the shell side. Before the mixture of methane and helium was
fed to the shell side, pure helium was fed to the shell side to
check the sealing efficiency. The products were analyzed by
an on-line gas chromatograph (HP6890) with a porapak Q
column and a 13X column. The gas chromatograph was
equipped with two automatic valves, a sample valve and a
bypass valve, and the HP Chemstation computer software
was used for data collection and analysis. A serial/bypass
configuration was arranged for two isothermal columns
(80 °C), porapak Q and molecular sieve 13X. Details of the
analytical method can be found in [26]. The oxygen
permeation flux during the OCM reaction was calculated
from the measured flow rates and the mole fractions of the
oxygen-containing product gases, such as CO, CO,, O, and
H,0. The carbon balance during all experiments was within
95%. If air leaked through the membrane or the sealing, the
nitrogen signal was subtracted for calculation of the oxygen
permeance. Leakage was less than 2% for all samples.

The La-Sr/CaO catalyst was prepared by an impregnation
method. In brief, CaO was preheated to 900 °C overnight. A
mixed solution of 10% La(NO3); and 20% Sr(NOs3), was
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added slowly to the CaO, while stirring with a glass rod to
form a paste. The paste was heated to 800 °C for 6-8 h. Then
the powder was pelletized, crushed and sieved into 20-40
mesh. A 0.45 g of a La-Sr/CaO catalyst were loosely packed
into the membrane tube. A catalytic experiment with the La-
St/CaO catalyst in a packed-bed reactor was also conducted
as a basis for comparison with the membrane reactor results.
A quartz tube (@ =6 mm) was used for the packed-bed
reactor, 0.45 g of catalyst were packed into the quartz tube.
The oxygen amount fed to the packed-bed reactor was equal
to the oxygen permeation flux of the membrane at the
indicated temperature under OCM conditions.

3. Results and discussion

The OCM in the dense BSCF membrane tube without
catalyst was investigated at first. After sealing at high
temperature, the furnace was cooled down to the indicated
temperature, then air (or a mixture of N, and O,) was fed to
the shell side and a mixture of CH; and helium was
introduced to the tube side. The species detected in the
products were C,H,, CoHg, H,O, CO,, O, and CO. The
OCM reaction in the dense oxygen permeation membrane
reactor can be explained by the mechanism shown in Fig. 2.
The following reaction occurs on the membrane surface
exposed to the air:

055 +2V," & 20,* +4h° (A)

At high temperature, lattice oxygen (O,") and electron holes
(h*) may be transported through the membrane to the other
side of the membrane (surface exposed to methane) and
react there with methane. Local charge neutrality is main-
tained by joint diffusion of oxygen vacancies and electrons
on the surface exposed to air. The reactions occurring on the
membrane surface exposed to methane may be described by
the paths:

CH4(g) < CH4(S) (B)
2CH,(s) + O,* +2h* < 2CH;* 4+ H,0 + V,**  (O)

Oy «—Air
0, h

ZHﬁ(Sq'SO"X + rCH4(S)§
CHu(g)

C:Ha(g) CHy' «—CH,/He

Fob]

CO;, CO, H;04mC2He(g)

C:He(g)

Fig. 2. Possible mechanism of OCM in the BSCF membrane reactor.

2CH3. — C2H6 (D)

After combining reactions (B)—(D), we can get the following
equation:

2CH4(g) + O,* +2h* — C,Hg +H,0 + V,*° (E)
Therefore, the ethane formation rate can be expressed as:

royn, = ke[CH4)*P? 1)

where [CH,4] is the methane concentration in the gas phase
and P is the electron hole concentration on the membrane
surface exposed to methane.

Since reaction (D) is a fast irreversible reaction, the
reaction constant of reaction (E), kg is determined by
reactions (B) and (C):

kE = kB X kc (2)

where kg and k¢ are the total reaction constants of the
reactions (B) and (C), respectively, after they got equili-
brated.

Furthermore, the produced ethane can also be converted
to ethylene by the following paths:

C2H6(g) = C2H6(S) F)

C2H6(S) + O, +2h* & CHs +H,O + V,°° (&)

If the reactions (C) and (G) cannot consume all of the lattice
oxygen (O,") completely, or the reaction rates of (C) and (G)
are not fast enough to consume the lattice oxygen in time,
the following reaction can occur:

20,* +4h* — 0, +2V,** H)

Therefore, on the membrane surface exposed to methane
lattice oxygen (O,") is competitively consumed by three
reactions: methane activation (reaction (C)), ethane activa-
tion (reaction (G)) and recombination of oxygen ions (reac-
tion (H)). Because the gaseous oxygen produced in reaction
(H) could further react with methyl radicals and C, to form
CO,, a high oxygen ion flux can increase OCM activity, but
does not necessarily improve the C, selectivity.

Fig. 3 shows the effect of the oxygen partial pressure in
the shell side on the OCM reaction at 850 °C. The flow rate
of a mixture of 10% CH,4 and 90% He was kept constant at
100.22 ml/min. The total flow rate of O, and N, in the shell
side was 300 ml/min and different oxygen partial pressures
were obtained by adjusting the ratio of N,/O,. As shown in
Fig. 3, with increasing oxygen partial pressure, the oxygen
permeation flux increased, which lead to an increase of
CH, conversion and to a moderate decrease of C,
selectivity. This indicates that the non-selective gas phase
reactions played an important role in the BSCF membrane
reactor. Kao et al. [27] found that lowering the membrane
permeability improves the performance. Higher oxygen
feed pressure reduced the yield as well as the selectivity to
C, products.
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Fig. 3. Influence of the oxygen partial pressure on OCM performance in the
tubular BSCF membrane reactor. Flow rate: mixture of 10% CH4 and 90%
He = 100.22 ml/min, mixture of N, and O, = 300 ml/min; outer diame-
ter = 7.96 mm, inner diameter =4.56 mm, length = 11.17 mm, membrane
surface area = 1.599 cm”.

Fig. 4 shows the temperature-dependence of the OCM
reaction in the BSCF tubular membrane reactor. A mixture
of 10% CH4 and 90% He was fed to the tube side at a flow
rate of 100.22 ml/min. As shown in Eq. (1), the ethane
formation rate can be improved by increasing the methane
concentration and the electron hole concentration on the
membrane surface. Since the methane concentration in the
gas phase is almost constant during experiments at different
temperatures, the reaction rate is mainly determined by the
electron hole concentration, i.e. the oxygen permeation rate
through the membrane. As shown in previous research [22],
the oxygen permeation rate increases with increase of
temperature. Therefore, the OCM reactivity on the
membrane surface also increases with increase of tempera-
ture. As shown in Fig. 4, the C, formation rate increased with
increase of temperature.

Machin et al. [28] pointed out that the surface methyl
radical generation reaction (reaction (C)) is temperature-
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Fig. 4. Influence of temperature on OCM performance in the tubular BSCF
membrane reactor. Flow rate: mixture of 10% CH,4 and 90% He = 100.22 ml/
min, air =300 ml/min; outer diameter =7.96 mm, inner diameter = 4.56
mm, length = 11.17 mm, membrane surface area = 1.599 cm?.

dependent and dramatically slower than the temperature-
independent radical coupling reaction (reaction (D)) in the
gas phase. Based on their observations it can be inferred that,
in the absence of combustion, the C, formation rate is
limited by the generation rate of methyl radicals (reaction
(©)) and can be increased by increasing the temperature. In
our experiments, a large amount of oxygen was released into
the gas phase, which could react with the methyl radicals and
C, species to form CQO,, thus lowering the C, selectivity. So,
the C, selectivity is determined by competition of the
combustion and OCM reactions. As shown in Fig. 4, the C,
selectivity increased with increasing temperature in the
range below 825 °C. However, for T > 825 °C, the C,
selectivity decreased with increasing temperature. This
result indicates that the combustion rate increases faster than
the OCM rate at temperatures higher than 825 °C. Between
800 and 900 °C, the C, selectivity was 38-52% and the
conversion of methane varied between 2 and 14%. However,
the C, selectivity was only about 20-30% in the packed-bed
reactor using BSCF as catalyst (conditions: CH4/O, = 3:1,
total flow of CH4 and O, of 100 ml/min, catalyst amount
0.6 g). Compared to the packed-bed reactor, the C,
selectivity obtained in the membrane reactor was higher,
so it seems that the membrane reactor was favorable for C,
formation.

Fig. 5 shows the effect of the methane concentration on the
OCM reaction at 850 °C. The total flow of CH, and He was
100.22 ml/min, different methane concentrations were
achieved by adjusting the ratio of CH4/He. According to
Eq. (1), the C,Hg formation rate can also be enhanced by
increasing the methane concentration in the gas phase at
constant temperature. As we expected, the C, formation rate
increased with increasing methane concentration (in Fig. 5a).
At a methane concentration of 93%, the C, formation
rate reached 1.7 mmol/s m2, which is a much higher value
than for the LageSrg4CoggFep,05_s (LSCF) membrane
(~0.27 mmol/s m?) and LaygBay,Cog sFeq,0;5_5 (LBCF)
membrane (~0.02 mmol/s m?) reported by Elshof et al.
[16,17]. The higher C, formation rate of the BSCF membrane
was due to the following reason. The substitution of La®* in
LSCF and LBCF with lower valence metal ions, such as Ba®*
and Sr**, usually leads to an increase of the oxygen vacancy
concentration in the membranes. The higher oxygen vacancy
concentration not only promotes oxygen ion transport through
the membrane, but also increases the activation of methane
molecules. Therefore, the BSCF membrane exhibits a better
performance for the OCM than the LSCF and the LBCF
membranes.

As shown in Fig. 5b, the C, selectivity enhanced from 47
to 62% when the methane concentration was increased from
10 to 93%. Note that the oxygen concentration detected in
the product stream (shown in Fig. 5b) increased, while the
C, selectivity decreased as the CH, concentration was
reduced. This result means that low methane pressures could
lower the OCM reaction rate and be beneficial for the
recombination rate of oxygen ions. So there is more oxygen



164 H. Wang et al./Catalysis Today 104 (2005) 160-167

2.0

0.5F

C, formation rate (mmol/m2~s)

0.0 L L ! L
0

20 40 60 80 100
(a) Methane concentration (%)
2.0 70
. L8F
= —&— (, selectivity 165
; 1.6 F —— Oxygen concentration
2 160
£ 14Ff =~
= 2
7] i =
2 12t 5z
g g
5 1.0Ff 150 &
on [l
[l o
5 0.8 F
445
0.6 F
. . . . 40
0 20 40 60 80 100
(b) Methane concentration (%)

Fig. 5. Dependence of C, selectivity, C, formation rate and oxygen
concentration in the product stream on methane concentration at 850 °C.
Flow rate: mixture of CH, and He = 100.22 ml/min, air = 300 ml/min; outer
diameter = 7.96 mm, inner diameter = 4.56 mm, length = 11.17 mm, mem-
brane surface area = 1.599 cm?.

in the gas phase, which can combust the C, products and
lower the C, selectivity.

Xu and Thomson [18] investigated OCM in an oxygen-
permeable membrane reactor made of LBCF. They found
that the oxygen flux under OCM conditions is higher by a
factor of three to four compared to the case of pure helium as
sweep gas at 1153 K. They attributed this to surface ion
coupling limiting the oxygen ion transport. Zeng and Lin
[13] found that the oxygen permeation flux during OCM in a
BY25 membrane reactor was larger than that with pure
helium as sweep gas. They concluded that the larger oxygen
partial pressure gradient in the OCM case leads to a higher
oxygen permeation flux. In our experiments, the oxygen
permeation flux in the OCM case improved only modestly
when compared to that in the pure helium case. These results
are consistent with that of Elshof et al. [16] for a LSCF
membrane reactor. Fig. 6 shows the temperature-depen-
dence of the oxygen permeation flux and the oxygen partial
pressure in the product stream for the cases of OCM and pure
helium sweep gas, respectively. As shown in Fig. 6a, the
oxygen partial pressure in the product stream in the OCM
case is only slightly lower than that in the pure helium case.
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Fig. 6. Dependence of the oxygen concentration in the tube side and the
oxygen permeation flux on temperature for OCM conditions and pure He
sweep gas. Flow rate: mixture of CH4 and He or pure He = 100.22 ml/min,
air = 300 ml/min; outer diameter =7.96 mm, inner diameter =4.56 mm,
length = 11.17 mm, membrane surface area = 1.599 cm?.

So the oxygen permeation flux in the OCM case is only
slightly improved compared to that in the pure helium case
(shown in Fig. 6b). These results could be reasonably
understood by considering that the oxygen partial pressure
in the membrane tube in the OCM case was in the same
range as that in the pure helium case, which leads to the same
driving force for oxygen transport. Apparently, a rather large
amount of oxygen exits with the product stream, which
indicates that the oxygen ion recombination reaction
(reaction (H)) rate is by far faster than methane activation
(reaction (C)) on the membrane surface. Furthermore, the
gaseous oxygen produced accelerates the non-catalytic gas
phase methane combustion leading to the decrease of the C,
selectivity. The C, selectivity and yield might be improved
by packing an active OCM catalyst on the membrane
surface.

La-St/CaO, which is an active catalyst for OCM, was
chosen as the catalyst. Compared to the membrane reactor
without catalyst, there was no oxygen detected in the product
stream. The results of the packed-bed reactor, the membrane
reactor without La-St/CaO and the membrane reactor with
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the La-Sr/CaO catalyst are shown in Fig. 7a—c. It can be seen
that between 775 and 900 °C 54-88% C, selectivity and 13—
15% C, yield were achieved in the membrane reactor with
the La-Sr/CaO catalyst, while 40-55% C, selectivity and
only 4% C, yield were obtained in the membrane reactor
without the La-Sr/CaO catalyst. The introduction of the La-
Sr/CaO catalyst apparently improves the OCM results (C,
selectivity and CH, conversion). Compared to the packed-
bed reactor under the same conditions, the membrane
reactor with catalyst gave a higher C, selectivity at lower
temperature (<800 °C), while it reached a similar C,
selectivity at higher temperature (>800 °C) (shown in
Fig. 7a). As shown in Fig. 7c, the C, yields obtained in the
membrane reactor with the La-Sr/CaO catalyst were about
13-15%, which is much higher than those reported
previously for dense membrane reactors [16—18]. However,
the C, yield obtained in the membrane reactor with the La-
Sr/CaO catalyst was similar to that achieved in the packed-
bed reactor under the same conditions. Although C, yield
and C, selectivity (especially for 7 > 800 °C) in the
membrane reactor with the La-Sr/CaO catalyst were not
improved compared to those in the packed-bed reactor with

the La-Sr/CaO catalyst under the same conditions, the
distribution of the C, products differed greatly in the two
reactors.
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Fig. 8. Comparison of the C,H4/C,Hg ratio obtained in the membrane
reactor and in the packed-bed reactor in presence of the La-Sr/CaO catalyst.
Flow rate: CH4;=20.67 ml/min, He =79.75 ml/min, air = 300 ml/min;
outer diameter = 7.96 mm, inner diameter = 4.56 mm, length = 15.94 mm,
membrane surface area = 2.282 cm>.
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Table 1

Typical values of the C,H4/C,Hg ratio reported for OCM in literature

Catalyst or membrane Temperature (°C) C,H,4/C,Hg ratio References
Li/MgO (co-feed reactor) 850 3.7 [29]
‘W-Mn-Si (co-feed reactor) 900 2.6 [30]

Lag »SrygCo03_s (membrane reactor) 850 1.4 [31]

BY25 (membrane reactor) 900 4 [12,13]
SrCoy gFe(,03_s (membrane reactor) 850 1.5 [32]

BSCF (membrane reactor) 900 12.45 Present work

Fig. 8 shows the temperature effect on the C,H,/C,Hg
ratio in the C, products. The C,H4/C,Hg ratio in the packed-
bed reactor with the La-Sr/CaO catalyst was almost constant
at 1.0, but the C,H,4/C,Hg ratio in the membrane reactor with
the La-Sr/CaO catalyst increased exponentially with
increasing temperature and reached a value of 12.0 at
900°C. Since C,H, is more valuable than C,Hg, we can say
the membrane reactor with catalyst performs better than the
packed-bed reactor. It is important to note that the C,H,/
C,Hg ratio obtained in our experiments is much higher than
those reported in literature, as shown in Table 1.

4. Conclusion

When the BSCF membrane tube was employed as a
reactor for the OCM reaction without catalyst, the C,
selectivity had 20% increase compared to the packed-bed
reactor using BSCF as catalyst. There were large amounts of
gaseous oxygen detected in the product stream, which
caused the oxygen permeation flux to increase only slightly
compared to the pure helium case. A higher oxygen
concentration in the product stream also lowered the C,
selectivity, so the highest selectivity was only 62%. The C,
selectivity limitation may be due to the higher oxygen ion
recombination rate (i.e. reaction (H) is faster), which is not
only competes with the surface methane activation (reaction
(©)), but also leads to the formation of gaseous oxygen and
subsequent C, combustion. The C, formation rate increased
with increasing temperature, while the C, selectivity
decreased with increasing temperature at temperatures
higher than 825 °C. This indicates that the oxygen ion
recombination reaction (reaction (H)) rate increased faster
than the methane activation reaction (reaction (C)) above
825 °C. As we expected, not only the C, formation rate, but
also the C, selectivity increased with increasing methane
concentration.

When the BSCF membrane tube was packed with an
active OCM catalyst (La-Sr/Ca0), both C, selectivity and
CH, conversion were improved. About 13-15% C, yield and
54-88% C, selectivity were obtained. Although the C, yield
in the membrane reactor with the La-Sr/CaO catalyst was
similar to that in a packed-bed reactor under the same
conditions, the C,H4/C,Hg ratio in the membrane reactor

with the La-Sr/CaO catalyst was much higher than that in the
packed-bed reactor.
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