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Abstract

A perovskite material of BgsSry5Cop gFep 2035 (BSCF), with both electronic and ionic conductivity, was synthesized
by a combined citrate—EDTA complexing method. The dense membrane tube made of BSCF was fabricated using the plastic
extrusion method. The partial oxidation of methane (POM) to syngas was performed in the tubular BSCF membrane reactor
packed with a LiLaNiOy—Al,O3 catalyst. The reaction performance of the membrane reactor was investigated as functions
of temperature, air flow rate in the shell side and methane concentration in the tube side. The mechanism of POM in the
membrane reactor was discussed in detail. It was found that in the tubular membrane reactor, combustion reaction of methane
with permeated oxygen took place in the reaction zone close to the surface of the membrane, then followed by steam and
CO, reforming of methane in the middle zone of the tube side. The membrane tube can be operated steadily for 500 h in
pure methane with 94% methane conversion and higher than 95% CO selectivity, and higher than &.thinl/erygen
permeation flux.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction recently being focused on the catalytic partial oxida-
tion of methane (POM) to syng#4,5].
The conversion of methane to syng@O + Hy) To date, different kinds of catalysts for POM to syn-
is an attractive route for the conversion of the large gas with high CO and pselectivity and high CHi
reserves of natural gd4,2], from which a wide va- conversion have been investigaféd8]. Although the

riety of valuable hydrocarbons and oxygenates can POM with air as the oxygen source is a potential alter-

be synthesized. Up to now, steam reforming is the native to the steam-reforming process, however, down-
dominant process for producing syngak However, stream process requirements cannot tolerate nitrogen.
to this process, there are some drawbacks, for exam-Therefore, pure oxygen is required, and the most sig-
ple, this reaction is highly energy intensive and also nificant cost associated with conventional POM to syn-

suffers from limitations like poor selectivity for CO  gas is that of the oxygen separation plant.

and high H/CO production ratio, unsuitable for the Dense mixed-conducting oxygen-permeable mem-

Fisher-Tropsch synthesis. Large research efforts arebranes offer potential solution to several problems in

methane conversiof®—17]. This kind of membrane

_— is selectively permeable to oxygen at high tempera-
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the methane, at the same time electrons can transpor{24]. The purpose of this study is to investigate the
back to the oxygen-reduction side. As such, there is syngas production and membrane stability for POM
no external electrodes are needed and cheaper air carto syngas in the tubular membrane reactor packed
be used as oxygen source for POM. Moreover, the with a LiLaNiO/y-Al,O3 catalyst.
hot point producing in the conventional reactor can
be eliminated due to the gradual feeding of oxygen
through the membrane. 2. Experimental

Tsai et al.[14] studied the direct conversion of
methane to syngas in a disk-type membrane reac-2.1. Preparation of the dense membrane tube
tor based on LgpBaggCoyoFeygOs_s at 1123 K.
They found that packing a 5% Ni/AD3 catalyst di- The BSCF oxide powder was prepared by a com-
rectly on the membrane surface result in a fivefold bined citrate and EDTA complexing method. Detail
increase in oxygen permeation flux and fourfold in- information for the preparation of BSCF oxide pow-
crease in Cl conversion, compared with the blank der can be found in Ref24]. The membrane tube
run. Our group[16,17] investigated POM to syngas was prepared by extrusion methf@b]. The extruded
using a LiLaNiO#-Al,03 as catalyst in a disk-type tube was heated at a rate ofG/h in the temperature
Bap 5Srp 5Cop gFen203_s (BSCF) membrane reactor.  range of 100—450C to facilitate the removal of the
At 1123K, CH; conversion was higher than 98% gaseous species formed during decomposition of the
with the CO selectivity higher than 93%, the oxy- organic additives, then the heating rate was increased
gen permeation flux reaches 10 mlfmin, and the to 1°C/min and the tube was sintered at 1100-1200
membrane reactor can be operated steadily for 500 h.in stagnant air for 3-5 h, then the tube was cooled to
However, the disk-type membrane has a disadvantageroom temperature with the cooling rate of@/min.
of lower ratio of the reaction area to the volume, as The sintered membrane tube had an outer diameter of
illustrated in literature$16,18,19] In such a configu-  about 8 mm and an inner diameter of about 5mm, and
ration, a large portion of the methane passing through length up to 30 cm.
the reactor may not participate in the reactions, result-
ing in a lower production efficiency of the methane 2.2. Membrane reactor setup
observed, thereby it is necessary to increase the ratio
of area to volume. The tubular membrane has larger A shell and tube reactor was used in this work for
ratio of reaction area to volume than the disk-type the conversion of methane to syngas. The configura-
membrane, so the problem can be partially solved by tion is shown inFig. 1. The membrane tube served
using tubular membranes with a smaller diameter. as the tube side of the membrane reactor. Two quartz

Two methods have been employed to prepare tubes (¢ = 17 mm) with grooves at their ends sup-
the membrane tube, one is the isostatic pressing ported the membrane tube with a ceramic binder to
method and the other is the plastic extrusion method. seal both ends of the membrane tube into the grooves.
Balachandran et a[12,20,21]and Ma and cowork-  Another quartz tube€ = 29 mm) served as the shell
ers [22,23] have reported the results on the tubular side of the membrane reactor. The catalyst was packed
oxygen-permeable membrane by the plastic extrusion in the tube side of the membrane reactor. The heated
method. Compared to the isostatic pressing method, zone was about 40cm and the isothermal zone was
the plastic extrusion method can prepare membranes10cm, where the membrane tube was placed. The
with different shapes and different dimensions. More- temperature was measured by a K-type thermocouple
over, the plastic extrusion method can also produce encased near the membrane tube. A microprocessor
the membrane tube in batches. Therefore, the plas-temperature controller (Model Al-708) was used to
tic extrusion method was used to prepare a ceramic control the temperatures withihl K of the set points.
membrane tube in this paper. The membrane based onMethane mixed with helium (or pure methane) was
perovskite-type BSCF was chosen in this work due to fed to the tube side, while air was fed to the shell side.
its high oxygen permeation flux and good structure The flow rate of inlet gas was controlled with mass
and chemical stability reported in our previous study flow controller (model DO7-7A/ZM). Both the shell



H. Wang et al./ Catalysis Today 82 (2003) 157-166 159

CHy/He Fo, = 3(Fco+ Fu,0) + Fco, (4)
+ _ Fo,

Jo, = 5
(o)) S ( )
whereF; is the flow rate of specidsin ml/min, Sthe

membrane area in ¢m
| e Air LiLaNiO/y-Al,O3 was used as the catalyst, the
W [ [ » Quartz tube preparation procedure has been described previously
[26]. In previous experimentR7—29] we obtained a
very high CO selectivity (>98%) and methane conver-
sion (>95%) for POM on this catalyst in the co-feed
mode for 500 h.

Shell side <«

X » Tubular membrane

A\ P Catalyst
Tube side «¢ R »Ceramic binder
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3. Results and discussion

Fig. 2 shows the SEM picture of the fresh mem-
brane tube. For the fresh membrane tube, ceramic
Syngas grains with clear grain boundaries are visible, and a
(Hx+CO) few of pores can also be seen from the top view of the
fresh membraneHig. 2(a)]. However, no open pores
Fig. 1. The schematic of tubular membrane reactor module. are found from the across-section of SEM picture, as
shown inFig. 2(b). Moreover, nitrogen permeation
side and the tube side of the reactor were maintained measurements confirm that these pores are only closed
at atmospheric pressure. The products were ana-pores. These closed pores are formed perhaps due to
lyzed by an online gas chromatograph (GC, HP6890 the grain growth or decomposition of organic additives
equipped two auto valves) with a porapakQ column during the sintering of the membrane tube. The den-
and a 13X column. The porapakQ column was used sity of the sintered membrane tube is determined by
to separate Ckiand CQ, and the 13X column was  Archimedes method with ethanol. Only those mem-
used to separateiiN;, Oz, and CO. Concentrations  brane tubes having at least 90% relative density are
of CHyg, COy, CO, Ny, O, were computed by calibrat-  used to construct the membrane reactor for the POM
ing against a standard gas mixture containing all the reaction in the following experiments.
product species in the known quantities. The amount  After the membrane reactor was sealed at 1@0
of hydrogen was calculated based on the downstreamthe temperature was lowered to 8% and air was
flow rate. The quantity of KO was accounted based fed to the shell side. It is necessary to check the leak-
on hydrogen atom balance. The oxygen permeation age before reaction. So pure helium was introduced
flux was calculated based on oxygen atom balance of to the tube side, the leakage through the sealant, if
all the oxygen-containing products. The conversion present, can be detected by the nitrogen concentration
of CHy, selectivity of CO and K, and the oxygen in the downstream. If leaked oxygen concentration is
permeation flux were defined respectively as follows: less than 0.5% of the total oxygen, then the mixture
of 80% methane and 20% helium (40.34 ml/min) will
be fed to the tube side to replace helium. The effect
of air flow rate in the shell side on the reaction per-
o co formance of POM with the LiLaNiG/-Al,O3 in the
CO selectivity= Feot Feo. 2) tubular membrane reactor was investigated. The re-
oI sults are shown irFig. 3. With the increasing of air
Ha selectivity = Fh, 3) flow rate from 200 to 300 ml/min, the conversion of
Fu, + Fu,0 methane increased from 92 to 96%, and the oxygen

Fco, + Fco 1)

outlet

CHg4 conversion=
Fep, + Feco, + Fco
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permeation flux increased from 8.5 to 9.1 mlfcmin,
while the selectivity of CO and $decreased slightly.
These results indicate that the oxygen permeation flux
could be influenced by the flow rate of air in the
shell side when the flow rate of air is lower than
300 ml/min at 875C. However, when the flow rate

of air is higher than 300 ml/min, the catalytic perfor-
mance and oxygen permeation flux reach stable states.
These results demonstrate that the external mass trans-
port of oxygen to the membrane surface is not the lim-
iting step for the oxygen permeation when the flow
20KV X2,000 T0pm 0772  13/NOV/O1 rate of air is higher than 300 ml/min. The similar phe-
nomenon was found in our previous study on the POM
in a disk-type oxygen-permeable membrane reactor
[17]. In order to eliminate the effect of oxygen ex-
ternal mass transport to the membrane surface, we
keep the flow rate of air at 300 ml/min for the further
research.

Fig. 4 shows POM performance in the tubular
membrane reactor at different temperatures. The flow
rate of air in the shell side is 300 ml/min; the flow
rate of 80% methang 20% He in the tube side is
40.34 ml/min. With increasing of temperatures, the
CHg4 conversion and the oxygen permeation flux in-
creased, while the selectivity of CO and Hecreased.
The increase of the oxygen permeation flux is due
to the increase of oxygen diffusion rate through the
(b) membrane and the surface exchange kinetics with the
increase of temperatures.

20kV X2,000 10um 0764 13/NOV/01

Fig. 2. SEM pictures of fresh membrane tube: (a) top view; (b)
across-section.
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Fig. 3. Effect of air flow rate in the shell side on the membrane reactor performance &€ 8F6ed (80% Chl+ 20% He) flow rate is
40.34 ml/min.
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Fig. 4. Effect of temperatures on the membrane reactor performance. The feed (80% Z0DRb He) flow rate is 40.34 ml/min, air flow
rate is 300 ml/min.

Fig. 5 compares the oxygen permeation flux under  Fig. 6 shows the dependences 0$/80 ratio and
POM reaction condition (ClHAIr) with that under CH4/O, ratio on the methane concentrations in the
pure helium condition (He/Air). The feed in the tube tube side. The oxygen permeation flux was calculated
side was 80% ChH20% He or pure He, respectively. based on oxygen atom balance from the oxygen con-
The flow rate of the feed was 40.34 ml/min in the taining products. The results showed that they@CH
both cases. The presence of methane in the tube sideatio and the H/CO ratio increase with the increase
can lower the oxygen partial pressure in the tube side of methane concentration in the tube side. However,
deeply, thus enhancing the oxygen permeation flux by the H/CO ratio was always lesser than 2 even at the
a factor of 8-10 times as compared to helium case methane concentration was 100% (26, ratio was
(He/Air), as shown irFig. 5 which agrees with there-  2.2). This result indicates that there is a little car-

sults in disk-type membrane reactor in our gr¢29). bon deposition takes place on the catalyst because the
12
=
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Fig. 5. Comparison of oxygen permeation flux under POM reaction condition/é@Hand under He/air condition. The feed flow rate in
the tube side is 40.34 mil/min, air flow rate in the shell side is 300 ml/min.
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Fig. 7. XRD of (a) treated and (b) untreated sample of BSCF for
Fig. 6. Effect of methane concentration in the tube side on the 1h in 5% H—Ar mixture gas at 900C.
ratios of CH/O, and H/CO at 875C. The total flow rate in
the tube side is 40.34 ml/min, air flow rate in the shell side is

300 mi/min. the second type of fracture was the result of a chem-
ical decomposition in the reductive atmosphere. It is
important to note that no fractures occurring on the

H>/CO ratio should be higher than 2.0 if the carbon BSCF membrane reactor during the POM reaction

deposition on the catalyst is serious. This result also process. This result indicates the BSCF membrane

suggests that our membrane reactor and catalyst sys-exhibits better phase stability than the SCF because
tem can be operated with a little carbon deposition not proper substitution of strontium ion in SCF with bar-
only at low methane concentration, but also at high ium ion with a larger radium can increase the tolerate
methane concentration even in pure methane stream. factor (near to 1J24].

Ideal material for the membrane reactor must have  The atmosphere in POM reaction is reductive, so it
sufficient mechanical strength and maintain chemical is very important for the membrane reactor to be stable
stability at the desired oxygen permeation flux un- inreductive atmosphere. BSCF sample was treated for
der the reaction condition. Although, recent reports 1h at 900°C in the 5%Hh—Ar mixture gas, then the
have described various perovskite-type materials that sample was quenched to room temperature. The XRD
could be used as ceramic membrane reactors foranalysis was carried out after the treatmdsity. 7
POM, a few materials can be operated steadily for shows the XRD patterns of the treated and the un-
a long time under the reaction condition. Balachan- treated samples of BSCF. As showrFig. 7, the per-
dran et al[12,20,21]investigated POM to syngas by ovskite structure of the membrane has been completely
using tubular Lg2SrsCoy2FeygOs—s (LSCF) and destroyed in the btcontaining atmosphere. From the
SrCogFe203-s (SCF) membrane reactors. They XRD results, the BSCF membrane may be not suit-
found the membranes broke into several pieces within able to be used in membrane reactor for POM to syn-
a few minutes after methane was introduced to the gas. However, the membrane reactor based on BSCF
membrane reactor at 85C. Pei et al.[13] studied can be operated for a long time in POM in practical
the failure mechanism of ceramic membrane reactors experiment, as shown iRigs. 8 and 9
on POM to syngas. They observed two types of frac-  Fig. 8 shows CH conversion, CO and Hselectiv-
tures occurring on the SCF membrane reactor. The ity and oxygen permeation flux after the introduction
first type occurred shortly after the reaction started of a mixture of 80% CH + 20% He at 875C in the
and the second type often occurred days after the BSCF tubular membrane reactor. The flow rate of air
reaction. They also found the first fracture was the is 300 ml/min in the shell side and the flow rate of the
consequence of oxygen gradient across the membranemixture of 80% methane and 20% He is 40.34 ml/min
from reaction side to the air side, which causes a little in the tube side. As shown ifig. 8 methane conver-
mismatch inside the membrane, leading to fracture; sion was higher than 94%, CO selectivity was 98%
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Fig. 8. Methane conversion, CO ang lelectivity and oxygen permeation flux in the membrane reactor for POM reaction a€8The
feed (80% CH + 20% He) flow rate in the tube side is 40.34 ml/min, air flow rate in the shell side is 300 ml/min.

and H selectivity was higher than 95%, the oxygen methane was used in this time. The flow rate of pure
permeation flux was about 8.8 ml/émmin. The mem- methane in the tube side is 45.28 ml/min; the flow
brane can be operated steadily without any fractures. rate of air in the shell side is 300 ml/min. The reac-
At 35 h, an abrupt failure of power supplies lead to the tion temperature is 878C. During 500 h operation,
ending of the experiment. methane conversion was about 94%, CO selectivity
Further confirmation of the stability of the mem- was higher than 95%, and the oxygen permeation flux
brane tube is shown ifFig. 9. There was a little  was higher than 8.0 ml/chmin. From these results,
carbon deposition on the catalyst, when methane con-we can conclude that the BSCF membrane can be
centration was 100% (discussedHiy. 6), so the pure  operated steadily for a long time in POM reaction,

Selectivity or conversion (%)
Oxygen permeation flux (ml/em® min)

ol —B— H, selectivity
—@— CO selectivity
—O— CH, conversion 14
20} 0=,
1 1 1 L 1 0
100 200 300 400 500
Time (h)

Fig. 9. Long-term performance of reaction in the tubular membrane reactor 4C87he feed (pure methane) flow rate in the tube side
is 45.28 ml/min, the flow rate of air in the shell side is 300 ml/min.
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Fig. 10. Effect of the methane concentrations in the tube side on the membrane reactor performanc¢€ af B&5otal flow rate in the
tube side is 40 ml/min, air flow rate in the shell side is 300 ml/min.

which is contrary to the XRD results. Why can the different methane concentrations are obtained by ad-
BSCF membrane reactor be operated steadily for ajusting the ratio of methane to helium. As shown in
long time for POM reaction? One reason discussed Fig. 10 with the increase of methane concentrations,
in our previous papef30] for disk-type membrane  methane conversion decreased slightly at first, then
reactor is that BSCF membrane has a good structuredecreased sharply when the methane concentrations
reversibility, i.e. the surface of BSCF membrane ex- were higher than 80%. On the contrary, the selecti-
posed to the reaction atmosphere may be reduced byvity of CO and b increased sharply with the increase
produced syngasCO + H»), however, the reduced of methane concentrations at first, then levered off
layer can be soon re-oxidized by permeated oxygen when methane concentrations were higher than 80%.
through the membrane to the original structure. For If the POM reaction in the tubular membrane reac-
the tubular membrane reactor, another reason, i.e.tor followed the DPO mechanism, the change trend of
mechanism of POM in the tubular membrane reactor, oxygen permeation flux with the increase of methane
maybe also plays some roles in stabilizing the BSCF concentrations would be same as that of CO selec-

membrane structure. tivity, i.e. the oxygen permeation flux would sharply
Two main mechanisms of POM to syngas have increase with the increase of methane concentration
been proposed in the literaturg$,7]. One is com- until 80%, shown irFig. 10(line a). However, the oxy-

bustion and reforming mechanism (CRR mechanism). gen permeation flux increased only at methane con-
The other one is direct partial oxidation mechanism centration lower than 50%, then levered off, as shown
(DPO mechanism). In general, the CRR mechanism in Fig. 10 (line b). This phenomenon suggests that
takes place at low space velocity:10° I/kg h) [4], POM reaction in the tubular membrane reactor fol-
while the DPO mechanism takes place at high space lows the CRR mechanism, i.e. all the permeated oxy-
velocity (>1@ I/kg h) [7]. The space velocity is around  gen is used up by the complete combustion of methane
10*I/kg h in the membrane reactor, the mechanism of (CHsz+20, = CO,+2H,0), subsequently, the resid-
POM in the membrane reactor may follow the CRR ual methane is reformed by steai@H; + H2O =
mechanism. CO+3Hy) and carbon dioxid¢CH;+CO, = 2CO+

Fig. 10shows the influence of methane concentra- 2H,) to form syngas. As we known, the oxygen per-
tions in the tube side on the POM performance at meation flux depends on the oxygen gradient across
875°C. The total feed flow rate is 40 ml/min. The the membrane. When the methane concentration was



H. Wang et al./ Catalysis Today 82 (2003) 157-166 165

higher than 50%, the increased methane react only membrane. The color was similar to the fresh catalyst,
with CO, and HO produced by methane combustion which is NiAl2O4. In our previous study on the POM

to form syngas rather than directly react with.Go in a disk membrane reactor based on BSCF, the same
the oxygen partial pressure near the membrane sur-phenomenon was observgl?]. NiO was detected in
face would keep unchanged with the increase of the the gray layer and Niwas found in the black layer
methane concentration, which results in the oxygen based on the XRD. Lunsford and coworké¢4$ in-
permeation flux levered off at the methane concentra- vestigated POM to syngas over a Ni$Sl3 catalyst.
tion increased from 50 to 100%. Under reaction condi- They also observed that the catalyst bed consists of
tions, the oxygen permeation flux was 9.1 mifamin three different regions. The first region is N8y,

and the membrane area was about 2.8,@p the to- which has only moderate activity for complete ox-
tal oxygen amount is about 18.2ml/min. In order to idation of methane to C®and HO. The second
consume all the permeated oxygen, at least 9.1 ml/min region is NiO+ Al,0Os, on which the complete oxi-
methane should be fed to the membrane tube sidedation of methane to COand HO occurs. The third
based on the combustion reaction: £H 20, = region consists of reduced MAI,O3 phase, where
CO, + 2H20. Otherwise, some of the oxygen perme- reforming reactions of CiHwith CO, and HO take
ated could not be consumed, which would result in the place.

increase of partial oxygen pressure near the surface According to the reaction phenomenon and the state
of the membrane in the tube side and led to the de- of the catalyst after POM reaction, the mechanism of
crease of oxygen permeation flux. When the methane POM in the tubular membrane reactor may follow the
concentration is 20%, the amount of methane is only CRR mechanism. In the tubular membrane reactor, the
8.07 ml/min, which cannot consume up all the perme- combustion of methane, GH- 20, = COy + 2H,0,
ated oxygen and resultin the increase of oxygen partial with all the permeated oxygen firstly take place on
pressure in the tube side. So the oxygen permeationNiAl 204 and Ni/Al,O3 in the reaction zone near the
flux is only 5.6 ml/cn? min at methane concentration  inner surface of the membrane tube, then the reforming
of 20%, much lower than 9.1 ml/chmin at methane  reaction of the residual methane by®land CQ, i.e.
concentration of 50%. CHz+COy = 2CO+ 2Hp, CHz + H20O = CO+ 3Ho,

The CRR mechanism of POM in the tubular mem- occurs on Ni/Al,Oz in the middle zone of the mem-
brane reactor can also be confirmed by the catalyst brane tube. The different nickel species are responsi-
distribution after POM reaction. Helium instead of air ble for different reactions, so different reactions take
and methane was fed to both shell side and tube sideplace in different regions, as shown kig. 11 The
of the membrane reactor after the POM experiments. combustion reactiofCH4+20, = CO;+2H,0) took
The membrane reactor was rapidly cooled down to place in the blue and gray layers, while the reforming
room temperature under the inert gas atmosphere. Itreactions (CH + COp; = 2CO+ 2Hy, CHy + HO =
was found that the catalyst consists three layers along CO + 3H,) took place in the black layer. Therefore,
the radial direction, i.e. the blue layer, the gray layer, gases directly contacting with the membrane tube wall
and the black layer, as shown kig. 11 The very are CQ and KO rather than K and CO. CG and
thin blue layer was closed to the inner surface of the H,O are not reductive gases, so the membrane reactor

I ———
CH4+20,=C0,+2H,0 = 3 _"‘ glue }ayer
—® Gray layer

CH4+H,0=CO+3H;
CH;+C0,=2C0O+2H, Black layer

CH4420,=C0O+2H,0O
> \[cmbrane tube

Fig. 11. Schematic representation of LiLaNi@Al,O3 catalyst bed layers and different reactions in the different regions in membrane
tube reactor.
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based on BSCF can be operated steadily for long time [7] D.A. Hickman, L.D. Schmidt, AIChE J. 39 (1993) 1164.

during the POM reaction.

4. Conclusion

[8] W.J.M. Vermeiren, E. Blomsma, P.A. Jacobs, Catal. Today
13 (1992) 427.

[9] T. Nozaki, O. Yamazaki, K. Omata, Chem. Eng. Sci. 47
(1992) 2945.

[10] D. Eng, M. Stoukides, Catal. Rev. Sci. Eng. 33 (1991) 375.

[11] W. Wang, Y.S. Lin, J. Membr. Sci. 103 (1995) 19.

The POM to syngas was investigated in a dense [12] U. Balachandran, J.T. Dusek, R.L. Mieville, R.B. Poeppel,

tubular membrane reactor. The membrane tube based
on BSCF was made by the plastic extrusion method.
The POM performance under different temperatures
and methane concentrations were reported. The oxy-

gen permeation flux of the membrane tube in POM
was higher than 8.0 ml/cfmin, which is eight times
compared to helium case (He/Air). The tubular mem-

brane reactor can be operated steadily for a long time [16]

without fractures. During 500h operation in pure
methane at 87%C, relatively stable oxygen perme-

ation flux was obtained and CO selectivity was higher
than 95% with about 94% methane conversion. The

mechanism of POM in the membrane reactor is likely
the CRR mechanism, which is favor to the stability
of the BSCF membrane in POM.
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