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a b s t r a c t

The oxidative coupling of methane (OCM) was studied in a catalytic membrane reactor (CMR), catalyst
packed bed reactor (PBR) and catalyst packed bed membrane reactor (PBMR) respectively. The CMR con-
sists of a mixed ionic-electronic conducting membrane (MIECM) Ba0.5Ce0.4Gd0.1Co0.8Fe0.2O3−ı (BCGCF)
coating on the outer surface of ceramic tubular support using sol–gel method. The inner surface of the
membrane tube was coated with 3 components (Na-W-Mn) catalyst using mixture slurry dip coating
method. Prior to the OCM reaction, separation of oxygen from the mixture of nitrogen and oxygen similar
to air composition was performed in the membrane reactor. In the absence of chemical reaction, the oxy-

3 2 ◦ 3

atalytic membrane reactor (CMR)
a-W-Mn/SiO2
ixed ionic-electronic conducting
embrane (MIECM)

acked bed membrane reactor (PBMR)

gen permeation flux was 0.6 cm /min cm at 900 C with sweep gas flow rate 100 cm /min. The oxygen
permeation flux increased significantly during the oxidative coupling of methane reaction. 67.4% of C2+

selectivity and methane conversion of 51.6% with oxygen permeation flux 1.4 cm3/min cm2 was obtained
at 850 ◦C with sweep gas flow rate of 100 cm3/min. The performances of PBR and PBMR using Na-W-
Mn/SiO2 were compared with the performance of CMR. The catalytic membrane reactor performed best
among three reactors with C2+ yield of 34.7%. The deterioration of the catalytic membrane performance

gated
after reaction was investi

. Introduction

In recent years, oxidative coupling of methane (OCM) studies
ave been focused to the application of membrane reactor; the
oteworthy technology that believed to overcome the limitation
f low C2+ yield and minimizing the economic constraints. Various
ypes of inorganic membranes are reported in the literature. These
nclude inert porous membrane [1–4], packed bed membrane [5,6],
atalytic membrane [7,8], solid-oxide membrane [9,10] and dense
embrane [11–14]. These are classified as per their characteris-

ics in selectivity and permeability. Both of these characteristics
re determined by the interaction between the membrane and the
ermeating molecules which resulted in the different transport
echanisms.
Coronas et al. [1] in their study of OCM used PBMR with coating

he porous �-alumina membrane (pore size 10 �m at outer layer
nd 200 nm at inner layer) by depositing silica sol (with sodium

ontent) inside the porous alumina structure and further impreg-
ating with Li2CO3 solution, in order to improve the membrane
urface area and its acidity. Catalyst Li/MgO was packed within the
ubular membrane and 28% of methane conversion, C2+ selectivity

∗ Corresponding author. Tel.: +60 4 5996409; fax: +60 4 5941013.
E-mail address: chbhatia@eng.usm.my (S. Bhatia).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.01.008
by SEM and XRD analyses.
© 2009 Elsevier B.V. All rights reserved.

60–65% and C2+ yield 16.8–18.2% were obtained at the operat-
ing temperature 1023 K, CH4/O2 ratio 4 and WHSV 4000 cm3/g h.
Another work reported using porous membrane support (Pall-
Exekia) was attempted to stabilize the �-alumina membrane tube
by coating lanthanum oxide, which believed to be the most effective
inhibitor in preventing the sintering of the �-alumina at high tem-
perature more than 700 ◦C with the 3-component W-Mn-Na/SiO2
catalyst packed inside the membrane tube [5].

These research studies were ineffective in terms of ethylene
yield and selectivity because porous membrane was not good
in controlling oxygen perm-selectivity, and the permeability of
methane to the air side might occur. In addition, the reactant stream
in a packed-bed membrane reactor bypassing the catalyst packed
in the reaction side may occur if there is insufficient pressure drop
across the membrane. Recently, some research efforts have been
directed toward searching for ionic conducting perovskite-type
oxide membrane [7,11] and dense fluorite-structured membrane
[12,15], which could enhance the oxygen permeation flux in mem-
brane reactor. This, in consequence, will increase the methane
conversion and thus promoting higher yield of C2 product in OCM

process. The gas phase homogeneous reaction can be reduced
because the oxygen first reaches the catalyst through the mem-
brane and forms active surface-oxygen species, and further convert
methane to methyl radical that favored in OCM reaction. Haag et
al. [16] reported that the oxygen flux and its permeability control

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:chbhatia@eng.usm.my
dx.doi.org/10.1016/j.cej.2009.01.008
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he methane conversion and C2+ selectivity during OCM reaction
n a catalytic membrane reactor using dense perovskite membrane
oated with Pt/MgO catalyst. Yang et al. [13] conducted the OCM
eaction in both the PBCMR and CMR and they found that the C2+
electivity in CMR was limited by high ion recombination rates in
he Ba0.5Sr0.5Co0.8Fe0.2O3−ı dense membrane. The improvement in
he C2+ selectivity was observed after La-Sr/CaO catalyst was packed
n the membrane tube.

These results show a remarkable potential of membrane reactor
n OCM, though the technological gap still exists in achieving the
ndustrial practice. The main challenge is the fabrication of ionic
onducting membrane, where solid-state reaction/isostatic press-
ng method (easier method) was mostly used by the researchers,

hich is not applicable in industry. Some researcher suggested that
uniform distribution of pore size membrane (tube/disc) available

n the market should be used. This membrane should be modified
y coating the desired ionic conducting material and catalyst on the
embrane. Sol–gel method is one of the methods for dip coating

he ionic conducting material and catalyst on the membrane [17,18].
The present research is focused on the study of OCM reac-

ion in a catalytic membrane reactor (CMR) for the production
f C2+ (ethane plus ethylene). CMR performance was com-
ared with the performances of the packed bed catalytic reactor
PBR) and packed bed membrane reactor (PBMR) containing
a-W-Mn/SiO2 catalyst. The membrane was synthesized by coat-

ng a mixed ionic-electronic conducting membrane (MIECM)
a0.5Ce0.4Gd0.1Co0.8Fe0.2O3−ı (BCGCF) on the outer surface of the
eramic tubular support using sol–gel technique. The MICEM has
igh oxygen permeability as desired for the OCM reaction. The inner
urface of the membrane tube is coated with 3 components (Na-W-
n) catalyst using mixture slurry dip coating method to convert it

s catalytic membrane.

. Experimental

.1. Synthesis of MIECM

The commercial alumina support tube (Pall-Exekia) was pre-
reated with 50 wt.% lanthanum nitrate aqueous solution to
tabilize the gamma alumina for high temperature reaction. The
uter surface of the tube was coated with a MIECM.

The MIECM with BCGCF material was prepared by combined
itrate–ethylene diamine tetraacetic acid (EDTA) complex sol–gel
ethod [19]. The lanthanum nitrate treated alumina support tube
as first dip-coated into the BCGCF sol. Only the outer surface of the

lumina tube was exposed to the BCGCF sol by closing both ends of
he tube using a set of Teflon cap. The membrane tube was allowed
o air-dry after withdrawal from the sol. The air-dried membrane
ube was further dried at 100 ◦C for 4 h and subjected to the heat
reatment at 400 ◦C for 4 h with heating rate of 0.2 ◦C/min. The dip
oating and heating steps were repeated for 8–10 times. Finally, the
oated membrane tube was calcined at 1000 ◦C for 6–10 h.

.2. Synthesis of catalytic layer

Three components catalyst Na-W-Mn/SiO2 was coated as a cat-
lytic thin film on the alumina tube using mixture slurry method
20]. The membrane tube was dipped into the catalyst solution.
efore the dip-coating process, the outer membrane tube was cov-
red with poly tetra fluoro ethylene (PTFE) tape in order to prevent

he coating of catalyst on the MIECM layer. The membrane tube
as dried in air for an hour before overnight drying at 100 ◦C and

alcined at 900 ◦C for 8 h. These steps were repeated for 3 times
n order to obtain good coating of the catalytic thin film over the

embrane tube.
Fig. 1. Schematic drawing of catalytic membrane reactor.

2.3. Reactor module

The catalytic membrane reactor was designed and fabricated by
considering the three major prerequisites such as, gas-tight reactor
system, resistant to high temperature without any reaction with the
gases and the membrane tube within the reactor could be taken out
easily without breaking the membrane tube. The design of catalytic
membrane reactor resembles like a shell and tube heat exchanger
as shown in Fig. 1. The reactor was comprised of a highly imper-
vious alumina working tube (length 304.8 mm × ID 25.4 mm × OD
31.4 mm) that served as the reactor casing (shell side) and the mem-
brane tube (length 125 mm × ID 7 mm × OD 10 mm, pore size 5 nm)
was connected to a quartz tube (length 150 mm × ID 10.5 mm × OD
13 mm) with sealant (Aremco, Ceramabond 569) at each end (tube
side) of the membrane tube. Special care was taken during the
sealant curing procedure. The sealant in slurry form was well mixed
before applied to the connecting point of membrane tube and
quartz tube. Then, it was kept to dry in air for 2–4 h and further to be
placed in furnace for heat treatment at 550 ◦C for 4–6 h. After that,
the sealing part was added with some thinner (Aremco, Ceram-
abond 569-T) and let the thinner to diffuse through the sealant and
filled the pores or cracks within the seal. Viton O-ring was used to
provide a gas tight seal between the alumina working tube and the
quartz tube. A K-type thermocouple was placed in the reactor to
indicate the temperature of the reaction zone and another one was
attached to the outside wall of the reactor. As the membrane is far
shorter than the length of the heating zone, the temperature gradi-

ent along the membrane was negligible. The leak test was done by
purging compressed air into the reactor and it must be gas tight at
the pressure of 2 bars.
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Fig. 2. Schematic diagram

Reactant gases CH4 (99.92%) and sweep gas helium (99.999%)
ere fed into the reactor from the tube side whereas mixture of

xygen (99.8%) and nitrogen (99.999%) resembling air composition
ere fed into the reactor from the shell side. Methane flow rate
as regulated by mass flow controller (MKS, Model 246c), whereas

nother mass flow controllers (Brooks, 5850E) were used to regu-
ate nitrogen and oxygen gas flow rates. A cold trap was placed at the
utlet of the reactor to separate any condensed water vapor from
he reaction product. Fig. 2 shows the schematic representation of
he experimental set-up used in the present study.

.4. Experimental procedure

In order to study OCM reaction in a catalytic membrane reac-
or, the methane conversion, C2+ selectivity, C2+ yield and oxygen
ermeation flux are defined as [13]:

CH4 conversion,

XCH4 =
FCH4,in

− FCH4,out

FCH4,in

× 100% (1)

C2+ selectivity,

SC2+ = 2 × (FC2H4 + FC2H6 ) + 3 × FC3H6

FCO + FCO2 + 2 × (FC2H4 + FC2H6 ) + 3 × FC3H6

× 100% (2)

C2+ yield,

YC2+ = XCH4 × SC2+ (3)

O2 flux,

JO2 = FCO + 2FCO2 + FH2O + 2FO2(unreacted)

2Asurf
(4)
Fi is the flow rate of the species in mol/s and Asurf is the membrane
surface area in cm2. The concentration of gases in the feed and
product was obtained from the on-line GC analysis. The conver-
sion, selectivity and yield of the individual species were calculated
from the compositions. The performance of catalytic membrane
erimental test rig system.

reactor is influenced by many operating parameters such as tem-
perature, gas hourly space velocity, methane to oxygen ratio and
dilution ratio.

In a typical experimental run, the furnace was heated to the reac-
tion temperature 700–900 ◦C. A flow of the mixture of O2 and N2
gases were passed into the shell side at the rate of 150 cm3/min
for certain time, allowing the oxygen gas to permeate through
the membrane to the tube side before the OCM reaction. Oxygen
flow rate was maintained constant and the methane flow rate was
manipulated to providing CH4/O2 ratio from 0.5 to 3 during the
experimental tests. Once the furnace temperature reached constant
value, the reaction was started by introducing methane from the
tube side. The steady state was reached after about an hour and
the product was sent to an online gas chromatograph for analysis.
Each analysis took about 25 min and the total flow rate of the cooled
product gases was measured using bubble flow meter. The reaction
products were analyzed using on-line gas chromatograph HP 6890
equipped with FID, using a Poropak Q column for the separation of
CH4, C2H4, C2H6 and C3H8, and TCD, using a 0.5 nm molecular sieve
column for the separation of H2, O2, CO2, N2 and CO.

2.5. Characterization

2.5.1. Scanning electron microscopy (SEM)
SEM was used to measure the film thickness and to study the

membrane surface morphology of the inner surface, outer surface
and cross-sectional view of the membrane. A scanning electron
microscope (Zeiss Supra 35VP) equipped with W-Tungsten filament
(Lanthanum-Hexabonde Field Emission) was used at 10–15 kV
speed voltage, 155 eV resolution and orientation of 35◦ with Mn
K� as the energy source. The membrane tube was first cracked into

small pieces, glued to the sample plate by double-sided tape and
coated with a thin layer (∼20 nm thick) of gold for electron reflec-
tion using Polaron Division Bio-RAD SEM sputter coater. The plate
with the sample was then placed in the electron microscope for the
analysis under magnification (300–50,000×).
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flux was also remarkably higher. The performance of the oxygen
permeation flux was different when there was OCM reaction at the
permeate side.
ig. 3. Temperature profile of OCM reaction in catalytic membrane reactor with
H4/O2 ratio = 3, air flow rate = 150 cm3/min and mixture of 48.6% CH4 and 51.4%
e = 194.5 cm3/min.

.5.2. High resolution X-ray diffraction (HR-XRD)
The crystalline phases of the membrane thin film were analyzed

sing high-resolution X-ray diffractometer system (PANalytical
’Pert Pro MRD PW3040, Spectris plc) with the integrated software,
’Pert HighScore. The HR-XRD system accepts the sample of either
owder or thin film coated materials in the original form. The anal-
sis of the MIEC membrane thin film coated on the alumina support
ith lanthanum oxides and the catalytic thin film on the support
sing XRD could provide important information. Any interaction
etween the interfacial layers could be detected by examining the
rystalline phases of the XRD pattern. The source of the diffractome-
er is Cu K� and K� monochromatic radiation with wavelength of
.1541874 nm and 0.139225 nm, respectively. It is operated at 40 kV
nd 30 mA with the scattering angles at 2� values of 10–80◦ with a
tep of 1.2◦/min at room temperature.

. Results and discussion

.1. Oxidative coupling of methane

.1.1. Effect of temperature
The effect of temperature to the performance of catalytic mem-

rane reactor in OCM reaction is presented in Fig. 3. The air (mixture
f oxygen and nitrogen) flow rate was maintained at 150 cm3/min
nd CH4/O2 flow rate ratio at 3. The methane conversion, C2+
electivity and yield of C2+ were increased with the increase of
emperature (700–900◦C). However, the C2+ selectivity was quite
oor in the region of low temperature, indicates that lower tem-
erature is less conducive to the C2+ formation due to the low
atalytic activity. In contrast, the oxygen permeation flux obtained
as 2.1 cm3/min cm2, which was remarkably higher at low temper-

ture (700 ◦C), although the C2+ formation was very poor. The high
oncentration of oxygen at the reaction side was attributed to the
aster oxygen permeation rate than the reactions of lattice oxygen
ith absorbed methane species and ethane species. It was observed

hat the oxygen permeation flux dropped at the temperature 750 ◦C
ut started to ascend moderately with the increment of tempera-
ure. The rise of oxygen permeation flux after 750 ◦C was mainly
nfluenced by the active OCM reaction as the methane conversion
nd C2+ selectivity increased with respect to temperature, leading
o the greater oxygen partial pressure gradient across the mem-

rane. The highest C2+ selectivity of 67.5% was obtained at around
00–825 ◦C and started to decline after 900 ◦C.

The ethylene to ethane ratio in the catalytic membrane reac-
or was increased with the reaction temperature. Fig. 4 shows the
nfluence of temperature over the C2+ selectivity and the C2H4/C2H6
Fig. 4. Temperature dependence of C2H4/C2H6 ratio in OCM reaction with
CH4/O2 ratio = 3, air flow rate = 150 cm3/min and mixture of 48.6% CH4 and 51.4%
He = 194.5 cm3/min.

ratio. It was found that the high temperature favored the formation
of ethylene from ethane or the ethyl radicals, but it was limited to
temperature of around 800 ◦C in the catalytic membrane reactor.
The C2H4/C2H6 ratio started to descend when the temperature was
increased beyond 800 ◦C because the tendency of ethane or ethyl
radicals to react with oxygen for the formation of carbon oxides at
the higher temperature.

The oxygen permeation flux under the OCM reaction conditions
was compared with the one under pure helium condition without
reaction (Fig. 5). In both situations air flow rate of 150 cm3/min
was fed to the shell side and helium (100 cm3/min) at the tube
side. When pure helium was passed in the tube side, the incre-
ment of oxygen permeation flux was quite insignificant, which was
around 0.4–0.6 cm3/min cm2 at temperature range of 700–900 ◦C.
Whereas, the introduction of methane during the OCM reaction
greatly affected the oxygen flux, in such a way that most of the
lattice oxygen that migrated from the oxygen-rich surface to the
reaction surface and activated the methane. The oxygen flux under
OCM condition was almost 3 times greater than the pure helium
condition. Furthermore, the increment of the oxygen permeation
Fig. 5. Temperature dependence of oxygen permeation flux with or without reaction
with air flow rate = 150 cm3/min, CH4/O2 ratio = 3 and mixture of 48.6% CH4 and
51.4% He = 194.5 cm3/min.
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Table 1
Effect of sweep gas flow rate to the performance of OCM reaction at T = 850 ◦C and CH4/O2 = 3.

He flow
rate
(

Methane conversion (%) C2+ selectivity (%) C2+ yield (%) C2H4/C2H6 ratio JO2
with reaction

(cm3/min cm2)
JO2

with pure He
(cm3/min cm2)

.8 ± 0
1 .7 ± 1

a
c
2
c
g
o

3

r
i
o
r
c
a
i

F
w
4

F
t

cm3/min)

35 32.9 ± 1.4 2.5 ± 0.1 0
00 51.6 ± 2.5 67.4 ± 3.4 34

Fig. 6 shows the oxygen concentration of the total gas mixture
t the tube side of the catalytic membrane reactor. The oxygen con-
entration without the introduction of OCM reaction was around
7–30% of the total gas mixture, without considering the helium
ontent in the tube side. As the OCM reaction occurred, the oxy-
en concentration was 5.5–11% less than the former case albeit the
xygen permeation flux was higher as shown in Fig. 5.

.1.2. Effect of methane to oxygen ratio
The effect of CH4/O2 ratio in the range of 0.5–3 over the OCM

eaction is presented in Fig. 7. Methane conversion, C2+ selectiv-
ty and C2+ yield increased with the increase of CH4/O2 ratio. The
xygen permeation flux was observed inconsistent with the OCM

esults, in which the flux reduced with the increase of methane con-
entration in the tube side. The highest oxygen permeation flux was
t 2.6 cm3/min cm2 and CH4/O2 ratio of 0.5, although the OCM activ-
ty was the lowest at this value. This was due to the recombination

ig. 6. Temperature dependence of oxygen concentration at the tube side with or
ithout reaction with air flow rate = 150 cm3/min, CH4/O2 ratio = 3 and mixture of
8.6% CH4 and 51.4% He = 194.5 cm3/min.

ig. 7. Effect of CH4/O2 ratio over the performance of OCM process at tempera-
ure = 850 ◦C, air flow rate = 150 cm3/min and He flow rate = 100 cm3/min.
.2 1.0 2.2 0.2
.8 1.4 1.4 0.6

of lattice oxygen to gaseous oxygen predominantly occurred on the
membrane surface exposed to OCM reaction. However, one could
observe that the high oxygen flux reduced in a sliding pattern at
the smaller CH4/O2 ratio but almost maintained at 1.5 cm3/min cm2

when the CH4/O2 ratio was within the range 2–3.
Low concentration of methane in the OCM reaction contributed

little in the OCM activity, which was in agreement with the results
reported in literature [13]. The greater degree of oxygen concentra-
tion at lower methane concentration shows that there is insufficient
methane surface coverage on the membrane side exposed to reac-
tion, allowing the recombination of lattice oxygen into gaseous
oxygen [11]. The oxygen concentration in the tube side of the reactor
reduced once the methane concentration was increased, as shown
in Fig. 8. Therefore, it could be established that introducing more
oxygen or the air flow rate would be meaningless because methane
concentration is the one in controlling the performance of OCM
reaction in the membrane reactor.

3.1.3. Effect of sweep gas flow rate
The effect of sweep gas flow rate to the performance of

OCM reaction was studied at temperature 850 ◦C, air flow rate
150 cm3/min and CH4/O2 ratio at 3 and presented in Table 1. It
can be seen from the table that the sweep gas played an important
role affecting the methane conversion, C2+ selectivity and C2+ yield.
At helium gas flow rate 35 cm3/min, 32.9% of methane conversion
was obtained as compared to 51.6% methane conversion at higher
sweep gas flow rate. A dramatic change of C2+ selectivity from 35
to 100 cm3/min of helium flow rate signified that sweep gas flow
rate had greater effect over the selectivity than the methane conver-
sion. It was be due to more helium could sweep off the C2+ product
from the reaction site and shortening the contact time between the

intermediate products with the oxygen, thus resulting in higher C2+
selectivity by limiting the formation of carbon oxides. The oxygen
permeation flux was higher in the presence of reaction, especially
when the reaction rates were lower.

Fig. 8. Effect of CH4/O2 ratio over the oxygen concentration at the tube side at
temperature = 850 ◦C, air flow rate = 150 cm3/min and He flow rate = 100 cm3/min.
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Table 2
Comparison of CMR and PBCR at T = 850 ◦C and CH4/O2 ratio = 3 with varying the dilution ratio.

Type of reactor Helium flow rate = 100 cm3/min Helium flow rate = 35 cm3/min

)

P
C

3
c

a
f
i
r
C
P

3
c

c
i
a
d

F
M

CH4 conversion (%) C2+ selectivity (%

acked bed catalytic reactor (PBCR) 49.3 ± 2.5 30.9 ± 1.5
atalytic membrane reactor (CMR) 51.6 ± 2.6 67.4 ± 3.4

.2. Comparison of OCM process in different reactor
onfigurations

The performances of packed bed catalytic reactor (PBCR), CMR
nd packed bed catalytic membrane reactor (PBCMR) are compared
or the purpose of investigating the most suitable design of reactor
n the OCM process. The reactant feed mode that related to the
eactor configurations is one of the important factors that affects
2+ selectivity, in which co-feed mode was used in PBCR, whereas
BCMR and CMR were both using separated-feed mode.

.2.1. Comparison of catalytic membrane reactor and packed bed
atalytic reactor

The comparison of a catalytic membrane reactor and packed bed

atalytic reactor at temperature 850 ◦C, CH4/O2 ratio at 3 and vary-
ng dilution ratio is presented in Table 2. In CMR, helium was used
s the diluents’ and fed at 35 and 100 cm3/min for low and high
ilution, respectively. Both reactors gave different performances

ig. 9. SEM micrograph of surface morphology of the (a) fresh and (b) used Na-W-
n/SiO2 catalytic layer.
C2+ yield (%) CH4 conversion (%) C2+ selectivity (%) C2+ yield (%)

15.2 ± 0.8 29.6 ± 1.5 46.1 ± 2.3 13.6 ± 0.7
34.7 ± 1.7 32.9 ± 1.6 2.5 ± 0.1 0.8 ± 0.04

depending upon the operating conditions. The C2+ selectivity in
CMR differed from 2.5% to 67.4% and influenced greatly by the
diluents’ flow rate (sweep gas) in the tube side. Whereas, PBCR per-
formed conversely from the CMR, in which high dilution gave higher
methane conversion but lower C2+ selectivity, and vice versa.

Compared to PBCR, the gaseous oxygen that was fed from the
shell side of CMR has to undergo the adsorption of oxygen and
charge transfer reaction on the membrane surface to the forma-
tion of lattice oxygen and electron hole, in which lattice oxygen has
greater tendency to activate methane molecule to methyl radicals;
whereas, the co-feed mode in PBCR implied the need of oxygen
to be transformed to active species before activation of methane
could take place. Therefore, the OCM reaction occurred at a higher
rate in CMR than PBCR and higher dilution rate is believed to be
more advantageous in providing higher C2+ selectivity in CMR.

3.2.2. Comparison of packed bed catalytic membrane reactor and
packed bed catalytic reactor

The PBCMR resembled the design of catalytic membrane reac-
tor, except a 3 component catalyst was loaded in the membrane
tube and tested under optimum condition (temperature = 850 ◦C,
GHSV = 23,947 cm3/g h, time of catalyst pretreatment = 2 h, dilution
ratio = 0.2 and CH4/O2 ratio = 7) that obtained from process study
of PBCR [21]. The performance of PBCR and PBCMR during the opti-
mum condition was compared and presented in Table 3.

The overall results showed that PBCR has better performance
than PBCMR with 43.1% methane conversion and 70.6% C2+ selec-
tivity. The poor performance of PBCMR was most probably due to
the bypass of the oxygen from the catalyst bed, resulting in the
lower catalytic activity in the catalyst zone. Besides, the existence of
catalyst bed in the membrane tube was believed to contribute pres-
sure drop difference between the tube side and shell side, allowing
the flow of mixture permeated from the tube side to the shell side.
The activity test in PBCMR was carried out under optimum con-
dition with and without sweep gas in the tube side. The presence
of sweep gas significantly enhanced the C2+ selectivity from 20.8%
to 55.5%, although the methane conversion did not vary much.
However, it was observed that the optimum condition was only
obtained from the process study using PBCR, which by no means
in signifying these conditions would be the optimum conditions
for PBCMR. The C2+ yield obtained from PBCMR was 20–25% lower
than PBCR (30%), concerning that the C2+ selectivity obtained from
PBCMR with helium was comparable to PBCR. C2+ selectivity could
be enhanced by increasing the sweep gas flow rate in PBCMR but the

gas bypassing problem must be solved in order to achieve higher
methane conversion Thus, both the C2+ selectivity and methane
conversion were equally important in performing high yield of C2+
products.

Table 3
Comparison PBCMR and PBCR at T = 850 ◦C, GHSV = 23,947 cm3/g h, catalyst pretreat-
ment period = 2 h, dilution ratio = 0.2 and CH4/O2 ratio = 7.

Type of reactor CH4 conversion (%) C2+ selectivity (%) C2+ yield (%)

PBCR 43.1 ± 2.2 70.6 ± 3.5 30.4 ± 1.5
PBCMR with sweep gas 12.9 ± 0.6 55.5 ± 2.8 7.1 ± 0.4
PBCMR without sweep gas 11.1 ± 0.6 20.8 ± 1.0 2.3 ± 0.1
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Table 4
Comparison of CMR and PBCMR performances at T = 850 ◦C, CH4/O2 = 3, air flow rate = 150 cm3/min and He flow rate = 100 cm3/min.
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t
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t
b
d
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c
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c

F

The elements that appeared for the relevant peaks were obtained
from the library database of the PANalytical software. The per-
ovskite Ba0.5Ce0.4Gd0.1Co0.8Fe0.2O3−ı phase was not found in the
database because this mixed oxides material has a particular com-
position and hitherto is not reported in literature yet.
eactor type Methane conversion (

atalytic membrane reactor (CMR) 51.6 ± 2.6
acked bed catalytic membrane reactor (PBCMR) 36.4 ± 1.8

.2.3. Comparison of catalytic membrane reactor and packed bed
atalytic membrane reactor

The performances of CMR and PBCMR were compared at tem-
erature 850 ◦C, sweep gas flow rate 100 cm3/min, air flow rate
50 cm3/min and CH4/O2 ratio of 3 (Table 4). CMR showed its
uperiority over PBCMR with higher methane conversion and C2+
electivity. The C2+ yield obtained from CMR was almost 2.5 times
reater with 34.7%. Compared to PBCMR, the CMR has greater reac-
ion site along the surface of the membrane tube inducing higher
eaction rate, whereas the PBCMR was restricted to the area of
he catalyst zone. The oxygen permeation fluxes in both reactor
ypes did not differ much. These results might not the best results
ecause the performances of these reactors might be better or
orse depending upon the reaction conditions. Both the CMR and

BCMR still encountered some defects and problems in providing
etter results. The PBCMR might have better performance if the
ressure drop of the catalyst bed could be minimized until a limit
hat the driving of products from tube side to shell side would not
ake place.

Catalytic membrane reactor performed the best results among
hree of the reactors with C2+ yield of 34.7%. However, the C2+ selec-
ivity could be improved by well tuning the sweep gas flow rate
nd reactants concentration. Packed bed catalytic membrane reac-
or with the function as oxygen distributor was expected to have
etter performance than packed bed catalytic reactor, but it might
ue to the operating conditions that affecting the performance of
BCMR.

.3. Characterization

.3.1. SEM
The fresh and used catalytic layers coated on the lanthanum-

odified �-alumina surface are exhibited in Fig. 9(a) and (b),
espectively. The catalytic layer was prepared by dip coating the

olloidal form of Na-W-Mn/SiO2 catalyst. The surface morphology
f the catalytic layer was distributed with porous pattern, resulted
rom the evaporation of water molecules during the heating and
alcination of the catalyst.

ig. 10. SEM micrograph of surface morphology of the inner surface after reaction.
C2+ selectivity (%) C2+ yield (%) JO2
(cm3/min cm2)

67.4 ± 3.4 34.7 ± 1.7 1.4
39.6 ± 2.0 14.4 ± 0.7 1.2

The used catalyst after the long-exposure to OCM reaction
seemed to be sintered where some of the void enlargement was
observed. Some catalyst particles (encircled part in Fig. 9(b))
appeared on the surface of the used catalytic layer, which came
from the catalyst bed that was packed in the membrane tube dur-
ing the activity test of packed bed catalytic membrane reactor. In
order to investigate the surface morphology of the �-alumina, the
catalytic layer was removed and different shapes of crystals were
found to be embedded in the layer (Fig. 10), implying that either
the infiltration of catalyst from the inner surface or the MIEC mate-
rials from the outer surface (�-alumina) to the �-alumina layer. It
also shows the infiltration of MIEC materials from the outer surface
to the �-alumina layer, which filled the void between �-alumina
particles.

3.3.2. HR-XRD
The XRD patterns of fresh and used membrane are shown in

Figs. 11 and 12 respectively. The peaks of the components were
found to overlap over each other and difficult to analyze the results.
Fig. 11. XRD pattern of fresh Ba0.5Ce0.4Gd0.1Co0.8Fe0.2O3−ı membrane.

Fig. 12. XRD pattern of used Ba0.5Ce0.4Gd0.1Co0.8Fe0.2O3−ı membrane.
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The existence of orthorhombic and cubic crystalline phases
howed the distortion of perovskite phase to brownmillerite
uring the synthesis and heat treatment of the membrane.
aFe5.64Al6.36O19 and Al2O3 were detected at 2� value of 35◦ but
he intensity of this peak decreased almost 3 times indicated that
here were changes after the OCM reaction. Several peaks were
ound to increase their intensities after reaction especially peak of
aCe0.9Gd0.1O2.95 and BaCo2GdO5.42, implying the migration of the
ation species, especially from the infiltrated bulk to the oxygen-
nriched surface. The catalyst components Na, W, and Mn also
igrated to the reaction surface after reaction, resulting in the

ower intensity of the related peaks. The estimated components
ppeared at 2� value of 53◦ were sodium tungstate (Na0.54WO3)
nd manganese oxide (Mn3O4), both in cubic form. The XRD pat-
erns (Figs. 11 and 12) suggest that the interaction of the elements
o form different combinations of mixed oxides took place during
he preparation of the membrane.

. Conclusions

The chemical reaction influenced the oxygen permeation rate
hrough the membrane. The oxygen permeation flux, however,
eeds to be controlled by regulating the other parameters such
s temperature, methane to oxygen ratio, sweep gas flow rate and
HSV because the greater the oxygen flux does not guarantee in

roviding higher yield of C2+ product. Higher concentration of oxy-
en ion in the methane-enriched side will tend to recombine to
aseous oxygen and react with intermediates to form carbon oxides.
comparative performance study of packed bed catalytic reactor,

atalytic membrane reactor and packed bed catalytic membrane
eactor showed that the catalyst in packed bed catalytic reactor gave
ighest C2+ selectivity. Each reactor behaved differently depend-

ng upon the operating conditions. The catalytic membrane reactor
ave the highest yield of C2+ as 34.7% with methane conversion
f 51.6% and C2+ selectivity of 67.4%. The packed bed catalytic
embrane reactor did not perform well compared to packed bed

atalytic reactor and catalytic membrane reactor due to the leakage

f gas.

SEM and XRD analyses show that the migration of the cation
pecies from the infiltrated bulk of the MIEC material to the oxygen-
nriched surface took place during the OCM reaction. The surface
orphology of the MIEC membrane was found to form clusters

[

[

[
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of crystals after the OCM reaction. The cation species migrated
through the bulk membrane to the oxygen-enriched surface in
order to balance the local electrical of the membrane during the
oxygen permeation and OCM reaction on both sides of the mem-
brane. The distortion of perovskite to brownmillerite structures of
the MIEC materials was taken place during the heat treatment pro-
cess as detected by XRD.
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