AIChE

A Robust Mixed-Conducting Multichannel Hollow Fiber
Membrane Reactor

Jiawei Zhu, Shaobin Guo, Gongping Liu, Zhengkun Liu, Zhicheng Zhang, and Wanqin Jin
State Key Laboratory of Materials-Oriented Chemical Engineering, College of Chemistry and Chemical
Engineering, Nanjing Tech University (former Nanjing University of Technology), 5 Xinmofan Road,
Nanjing 210009, P.R. China

DOI 10.1002/aic.14835
Published online April 20, 2015 in Wiley Online Library (wileyonlinelibrary.com)

To accelerate the commercial application of mixed-conducting membrane reactor for catalytic reaction processes, a
robust mixed-conducting multichannel hollow fiber (MCMHF) membrane reactor was constructed and characterized in
this work. The MCMHF membrane based on reduction-tolerant and CO;-stable SrFeygNby>053.5 (SFN) oxide not only
possesses a good mechanical strength but also has a high oxygen permeation flux under air/He gradient, which is about
four times that of SFN disk membrane. When partial oxidation of methane (POM) was performed in the MCMHF mem-
brane reactor, excellent reaction performance (oxygen flux of 19.2 mL min~' c¢m™2, hydrogen production rate of
54.7 mL min~" em™?, methane conversion of 94.6% and the CO selectivity of 99%) was achieved at 1173 K. And also,
the MCMHF membrane reactor for POM reaction was operated stably for 120 h without obvious degradation of reac-
tion performance. © 2015 American Institute of Chemical Engineers AIChE J, 61: 2592-2599, 2015
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Introduction

Due to the potential impacts on energy and environment,
mixed-conducting dense membranes have attracted consider-
able interests in many promising application areas, such as
oxygen separation,'”” solid oxide fuel cells,® effective utili-
zation of natural gas’'* or coke oven gas,'>'® production of
hydrogen,'” 2 as well as treatment of CO,?'® and
NO,.>*2 Among these applications, one of the most attrac-
tive applications of mixed-conducting membranes is to con-
struct catalytic membrane reactor applied in the field of
energy and environment. Mixed-conducting membrane reac-
tors not only carry out separation and reaction in one unit
but also potentially lead to achieve a green and sustainable
chemistry with less energy consumption and pollution and
improved performance in terms of separation, selectivity,
and yield.26’27 However, the commercialization of this con-
cept has not been realized. For potential industrial or com-
mercial applications, mixed-conducting membrane reactors
should meet the following requirements: high permeation
flux, adequate mechanical strength, excellent phase stability
under reaction atmospheres, and attractive membrane config-
uration for industrial application.

Membrane configuration is as important as membrane
materials in determining the performance of reaction in
mixed-conducting membrane reactors. Currently, single-
channel hollow fiber membranes successfully fabricated by
phase inversion and sintering technique possess a thin wall

Correspondence concerning this article should be addressed to W. Jin at
wqjin@njtech.edu.cn.

© 2015 American Institute of Chemical Engineers

2592 August 2015 Vol. 61, No. 8

and an asymmetric structure. This kind of membrane config-
uration presents prominent advantages over the conventional
disk®?**° or tubular configurations:**~? (1) much larger sur-
face/volume ratios, (2) the thin separating dense layer results
in high oxygen permeation flux, (3) the porous layers of the
membrane provide much larger gas-membrane interfaces,
resulting in a decrease of surface exchange resistances for
gas transport.”"*37 Therefore, according to the above
advantages, the configuration of hollow fiber is considered as
the most promising one for the future industrial application
in reaction process. More and more articles have reported
the application of hollow fiber mixed-conducting membranes
in reaction processe:s.19’38_41 However, the single-channel
hollow fiber membrane for reaction process may suffer from
low mechanical strength because of thin membrane walls
with a lot of finger or sponge-like pores. In our recent
work,42 a mixed-conducting multichannel hollow fiber
(MCMHF) membrane was first proposed to overcome some
drawbacks of conventional single-channel hollow fiber mem-
branes for oxygen separation. Subsequently, from the view-
point of making better use of the MCMHF membrane for
oxygen separation, we systematically studied the effect of
permeation modes on separation performance of the mem-
brane.** So far, no research relates to application of the
MCMHF membrane in reaction process. The membrane
reactor performance in terms of mechanical strength, separa-
tion, reaction conversion, selectivity, and yield may be
enhanced by such membrane configuration.

Therefore, the aim of this work is to construct and characterize
a multichannel hollow fiber membrane reactor in catalytic reac-
tion process. And the reaction of partial oxidation of methane
(POM)  (CH4+ 10, = CO+2H,, AH3g = —36 kI mol™!)
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will be performed in the MCMHF membrane reactor. The phase
stability of the membrane material under reducing and CO,
atmosphere, morphology, mechanical strength and the reaction
performance of the MCMHF membrane reactor were investi-
gated in detail.

Experimental

Synthesis of powder and preparation of the MCMHF
membrane

The SrFe(gNby,05.s (SFN) oxide with excellent stability
and a high and steady oxygen flux** was selected to con-
struct the MCMHF membrane reactor for POM reaction.
SEN powder was synthesized by using solid-state reaction
method. Stoichiometric amounts of SrCO; (99.9%), Fe,O;
(99.9%), and Nb,Os (99.9%) were mixed and ball-milled in
ethanol for 24 h and then dried. After calcination at 1563 K
for 10 h in air, the SFN oxide was formed. And then the
SEN powder was grinded and sieved via a sieve of 300
meshes for spinning the MCMHF membrane. The MCMHF
membrane was fabricated using phase inversion/sintering
technique. SFN powder, 1-methyl-2-pyrrolidinone (NMP),
and polyethersulfone (PESf) in the mass ratio of 8:4:1 com-
posed the spinning suspension. The membrane precursor was
obtained by a tetra-bore spinneret reported in our previous
work.*? The internal and external coagulants were composed
of deionized water and tape water, respectively. Subse-
quently, the SFN multichannel hollow fiber precursor was
dried and then sintered at 1613 K in air for 10 h.

Characterizations

The crystal phase structures of the SFN powder and the
hollow fiber membranes were observed by x-ray diffraction
(XRD, Bruker, model D8 Advance) with Cu Ko radiation.
The diffraction patterns from the samples were collected at
ambient temperature by step scanning in the range of
20° <2 0<80°. Morphologies of the MCMHF membranes
were detected by using a scanning electron microscope
(SEM, Hitachi S-4800, Japan). The measurement of the
mechanical strength of the MCMHF membrane was per-
formed by using a tensile tester (Model CMT6203) with a
load cell for 5 kN through a three-point bending test. The
multichannel hollow fiber membrane samples were fixed in
the sample holder with a length of 50 mm. The crosshead
speed was fixed at 0.02 cm min~'. The minimum load (F,,)
needed to break the sample was recorded.

Membrane reactor setup

The measurement of oxygen permeation fluxes of the gas-
tight and defect-free MCMHF membranes was performed by
using a home-made apparatus.*** A multichannel hollow
fiber membrane sample with the length of about 20 mm was
sealed by silver with the two dense alumina tubes. The lumen
side of the membrane was exposed to pure helium and the
shell side was fed by air. The temperature surrounding the
membrane was monitored by a programmable temperature
controller (Model AI-708PA, Xiamen Yudian automation
technology Co.). The mass flow controllers (Model D0O7-19B,
Beijing Jianzhong Machine Factory, China) controlled inlet
gas flow rates. Both the shell and lumen sides of the MCMHF
membrane were under the atmospheric pressure. The on-line
gas chromatograph (GC, Shimadzu, model GC-8A, Japan)
was used to analyze the composition of effluent streams from
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Figure 1. lllustration of the MCMHF membrane reactor
module for POM reaction.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

the sweep side. The effective membrane area is about 0.8 cm?
in this measurement. The more details about obtaining the
oxygen permeation flux of the MCMHF membrane can be
seen in our previous work.*?

The MCMHF membrane reactor for POM reaction experi-
ment is shown in Figure 1. The effective length of the
MCMHF membrane was 3.0 mm. one gram 40-60 mesh Ni/
Al,O5 catalyst was packed on the shell side of the MCMHF
membrane. POM reaction occurs at the shell side of the
MCMHF membrane. More clearly, methane reacts with oxy-
gen, which permeates through the membrane from the lumen
side of the membrane, to produce hydrogen and CO over
supported catalysts. The shell side of the membrane was
exposed to the mixture of CHy and He, and air was fed to
the lumen side of the membrane. In this work, both sides of
the membrane reactor were maintained at atmospheric pres-
sure. The composition of effluent streams was analyzed by
two on-line GC (Shimadzu, model GC-8A, Japan) equipped
with a 5A molecule sieve column and a TDX-01 column,
respectively. The 5A molecule sieve column was used for
the detection of H,, O,, N,, CH,, and CO, and the TDX-01
column was used for detecting H,, CHy, and CO,. The oxy-
gen permeation fluxes through the MCMHF membrane reac-
tor were calculated from the effluent flow rate and the
concentration of oxygen-containing compounds in the efflu-
ent. The oxygen permeation flux (Jo,), hydrogen production
rate (Py,), CH, conversion (Xcp,), CO selectivity (Sco) were
calculated by the following equations

Xcn, = (Feuy,inet—Fony, outter) /F oy, intet (H
Sco = Fco/ (Fen,intet = Fcuy, outter) ()
Py, = Fy, /A 3)

where F; is the flow rate of species i. A is about 0.245 cm?.
The oxygen permeation flux through the multichannel hollow
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Figure 2. XRD patterns of SFN fresh powder and fresh
membrane.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

fiber membrane reactor could be obtained by the mass bal-
ance on the basis of the components of CO, CO,, O,, and
H,O in the exit stream

Jo, = (Fco+2Fco, +Fu,0+2Fo, (unreacted)) /24 (4)

where Fy,0 can be calculated according to the hydrogen
balance

1 1
Feny, intet = Fony, outlet + EFHZ + EFHZO ©)

Substitution Eq. 4 to Eq. 3 yields

Jo, = (Fcot+2Fco, +2Fcu,, intet-2F chy, outet — Fr,

+2F0, (unreacted)) /2A (6)

Results and Discussion

Crystalline structure and chemical stability of
membrane material

The XRD patterns of the as-synthesized SFN powder and
the as-prepared MCMHF membrane sintered at 1613 K for
10 h are shown in Figure 2. XRD analysis showed that both
the samples of SFN powder and SFN membrane have well-
formed perovskite crystalline structure.

Because POM reaction environment contained reducing
gases (H,) and a small amount of CO,, the membrane mate-
rial applied in POM reaction must possess excellent chemi-
cal stability at elevated temperatures in reducing and CO,-
contianed atmosphere. To evaluate the chemical stability, we
exposed SFN powder samples to 5 vol % H,/Ar and pure
CO, at 1173 K for 20 h, respectively. As shown in Figure 3,
SFEN oxide still maintained full perovskite structure and no
obvious new phases can be found after being treated in both
reducing and CO, atmospheres at 1173 K for 20 h. Addition-
ally, it should be noticed that the characteristic peaks of the
SEN powder shifted slightly to a lower angle after treatment
in reducing atmosphere. The result should be correlated with
the increase in the cell parameter because of the loss of lat-
tice oxygen in the perovskite structure during the treatment
under reducing atmosphere.'? These results demonstrated
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that SFN oxide exhibited a good chemical stability at high
temperature and under both reducing and CO, atmospheres.

Morphologies of the sintered MCMHF membrane

Figure 4 shows the morphologies of the sintered MCMHF
membrane. Figure 4a visually shows that the inner and outer
diameters of the sintered membrane were about 0.78 mm
and 2.6 mm, respectively. Figure 4b displays the wall struc-
tures of the membrane. Finger-like pores appeared at the
center wall of the membrane, and sponge-like structures
were near the outer and inner wall of the membrane. The
formation of the complex structures in the MCMHF mem-
brane can be attributed to the complicated interactions
between the spinning suspension and nonsolvent. More
details about the formation process of the complex structure
can be obtained in the literatures.”**** The thickness of the
membrane dense layer could be simply considered as about
80 um clearly shown in Figure 4b. The very dense structures
of the membrane surfaces which were formed during control-
lable sintering process are clearly shown in Figures 4c,d.

Breaking load of the sintered MCMHF membrane

The breaking load of the mixed-conducting hollow fiber
membrane reactors is of significance for their practical appli-
cation. By three-point bending test, we can found that the
as-prepared MCMHF membrane can withstand a breaking
load of about 20 N, which was about 20 times that of con-
ventional single-channel hollow fiber membranes.**™*® The
special cross-shaped structure of the MCMHF membrane
shown in Figure 4a could play a supporting role in bearing
the force applied on the membrane and then provide an
excellent breaking load value for the membrane. This excel-
lent mechanical strength can make the MCMHF membrane
reactor be a potential candidate for industrial application.

Membrane reactor performance

In general, the oxygen permeation flux of MCMHF mem-
brane is a significant factor in the production rate of syngas
because the consumption of 1 mol O, will produce 4 mol H,
and 2 mol CO in the POM reaction. Figure 5 shows the
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Figure 3. XRD patterns of SFN samples.

(a) fresh powder; (b) powder annealed in pure CO, at

1173 K for 20 h; and (c) powder annealed in in 5vol %

H,/Ar atmosphere at 1173 K for 20 h. [Color figure can

be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 4. SEM images of as-prepared MCMHF membrane.

(a) cross section of the fresh membrane; (b) the wall of the fresh membrane; (c) outer surface of the fresh membrane; and (d)
inner surface of the fresh membrane. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

temperature dependence of the oxygen permeation flux with
He as sweep gas in the temperature range of 1073-1173 K.
As known to all, temperature has a significant influence on
oxygen permeation flux. The oxygen permeation flux
increases with increasing temperature because of the reduc-
tion of the oxygen bulk diffusion resistance and the oxygen
surface reaction resistance. The oxygen permeation flux
increased from 0.50 to 1.21 mL min~' cm™? by increasing
the temperatures from 1073 to 1173 K. Nevertheless, for a
disk SFN membrane, Yi et al reported that oxygen permeation
fluxes of the membrane was about 0.31 mL min~' cm™? at
1173 K.** Thus, the oxygen permeation flux of our MCMHF
membrane was about four times that of conventional disk
membrane with membrane thickness of 1 mm. The possible
reason could be that the dense layer of the MCMHF mem-
brane is much thinner than that of the symmetric disk mem-
brane. Therefore, MCMHF membrane can obtain high
oxygen flux and will be a potential candidate to construct
membrane reactor applied in the field of energy and
environmental.

The operating conditions such as reaction temperature,
methane flow rate, air flow rate, helium flow rate, and meth-
ane concentration will greatly affect the reaction perform-
ance in terms of oxygen permeation flux, hydrogen
production rate, methane conversion, and CO selectivity.
Thus, we investigate the influence of above operating condi-
tions on the performance of the SFN MCMHF membrane
reactor in detail as follows.

The POM reaction performance of the MCMHF mem-
brane reactor in the temperature range of 1023-1173 K was
investigated. Figure 6 shows the temperature dependence of
the performance of SFN membrane reactor. Each tempera-
ture point was held about 0.5 h and all the corresponding
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data points were recorded for at least three times for ensur-
ing the accuracy of the experiment results. As we all known,
temperature could influence the performance of membrane
reaction significantly. Oxygen permeation flux, hydrogen
production rate, and methane conversion increase rapidly
with increasing the temperature. The increase of oxygen per-
meation flux was mainly attributed to the increase of oxygen
bulk diffusion rate and surface exchange kinetics by increas-
ing the reaction temperature. For the excess feed of the
methane, the methane conversion was mainly controlled by
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Figure 5. Oxygen permeation fluxes of MCMHF mem-
brane as a function of temperature

(Fair =120 mL min~", Fye =80 mL min™").

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 6. CO selectivity, CH; conversion, H, produc-
tion rate, and oxygen permeation flux as a
function of temperature (Fcy, =8 mL min~',
Fre =40 mL min~", F,;,=80 mL min~").

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

the oxygen permeation flux. Therefore, the increase in meth-
ane conversion was caused by the increased oxygen permea-
tion flux."* At 1173 K, the oxygen permeation flux is about
19.2 mL min~ ' ¢cm ™2, which is a remarkable value because
the oxygen permeation flux exceeding 15 mL min~ ' cm™ 2 is
rarely obtained. And the methane conversion is 94.6%, the
CO selectivity is about 99% and the hydrogen production
rate is about 54.7 mL min~ ' cm 2. By comparison, the oxy-
gen flux of the MCMHF membrane reactor is about 16 and
62 times that of the MCMHF membrane and SFN disk mem-
brane with thickness of 1mm, respectively, under the air/He
gradient. The reasons for this are as follows: (1) under the
air/CH, gradient, the oxygen partial pressure at the perme-
ated side is very lower than that under the air/He gradient
and then the lower oxygen partial pressure improves the
driving force for oxygen transport according to Wagner’s
equation,”’ (2) the dense layer of the MCMHF membrane is
obviously thinner than that of SFN disk membrane. The CO
selectivity keeps the constant of 100% when the temperature
is below 1123 K and it decreases when the temperature is
higher than 1123 K. The reason for this experiment phenom-
ena is that the ratio of methane and oxygen deceased at high
temperatures due to the oxygen flux increased with increas-
ing temperature, which led to the excessive oxidation of CO.
Similar explanations were reported by many researchers in
the literatures.'”*’

The effects of methane flow rate on CO selectivity, CHy
conversion, hydrogen production rate, and oxygen permea-
tion flux at 1173 K are shown in Figure 7. In this experi-
ment, air of 80 mL min~' was fed into the lumen side of the
membrane reactor and the flow rate of helium was fixed at
about 40 mL min~' while the methane flow rate was
increased from 4 to 16 mL min~'.The methane conversion
decreased and CO selectivity increased with increasing the
methane flow rate. Oxygen permeation flux and hydrogen
production rate increased rapidly with increasing the meth-
ane flow rate from 4 to12 mL min~ ', but when the methane
flow rate further increased to 16 mL min ', the oxygen per-
meation flux and hydrogen production rate increased very
slowly. These results can be explained as follows. According
to the literatures,”>>° the methane conversion mechanism in

2596 DOI 10.1002/aic

Published on behalf of the AIChE

the MCMHF membrane reactor packed with Ni-based cata-
lyst is the combustion reform reaction mechanism. When the
methane flow rate is lower than 12 mL min !, the permeated
oxygen is first reacted with part of fed methane to form CO,
and H,O on the surface of the membrane, and then the resid-
ual methane reacts with CO, and H,O to produce CO and
hydrogen. The oxygen permeation flux increased due to the
decrease in oxygen partial pressure near the membrane sur-
face. When the methane flow rate is higher than 12 mL
minfl, the increased methane mainly reacted with CO, and
H,O0 to form syngas rather than directly reacted with oxygen.
Therefore, the oxygen partial pressure near the membrane
surface would slightly decrease, which results in the slight
increase of oxygen permeation flux. As presented in Eq. 1,
the methane conversion can be expressed as the ratio of the
reacted methane to the feed methane. Although the reacted
methane slightly increases with increasing the oxygen per-
meation flux, the feed methane increases rapidly with
increasing methane flow rate. Therefore, the methane conver-
sion decreased drastically with increasing methane flow rate
and the ratio of methane and oxygen increased leading to the
increase of CO selectivity.

Figure 8 presents the influence of the feed methane con-
centrations on the MCMHF membrane reactor performance
at the temperature of 1173 K. Similar to the investigation of
the effect of methane flow rate, air flow rate is kept at
80 mL min~'. The total feed flow rate of the mixture of
methane and helium is 60 mL min~ ', and by adjusting the
ratio of methane and helium, the different methane concen-
trations are obtained. The methane conversion decreased and
CO selectivity increased with increasing the methane con-
centrations. Oxygen permeation flux and hydrogen produc-
tion rate increased rapidly with increasing the methane
concentrations from 5 to 13.3%, but when the methane con-
centrations further increased to 25%, the oxygen permeation
flux and hydrogen production rate increased very slowly. All
of these results are similar to those shown in Figure 7. And
the reason for these results is also the same as that for
explaining the results in Figure 7. When the methane con-
centration is 13.3%, the methane conversion is about 93%
and the CO selectivity is about 99.8%, presenting that the
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Figure 7. CO selectivity, CH,; conversion, H, production
rate, and oxygen permeation flux as a func-
tion of methane flow rate (Fye =40 mL min™",
Fair =80 mL min~", Temperature = 1173 K).
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

August 2015 Vol. 61, No. 8 AIChE Journal


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

100+ & =100
'c
80 ] -
= —h—X, 80 £
S " B
S +s L)
S 60- "’ {60
(2] s
T
o —0—J, g—
= 40-  J40 o
xu O _O_PH: -
| -
/ 2
204 __o—o——o0{20
o—° o
0- T v T v T » T L4 |-o
5 10 15 20 25

CH -content (vol.-%)

Figure 8. CO selectivity, CH,; conversion, H, production
rate and oxygen permeation flux as a func-
tion of methane concentration (Fye+ Fcu, =
60 mL min"', F,;=8 mL min",
Temperature = 1173 K).
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membrane reactor has an excellent reaction performance.
Similar results were reported by other researchers.”®

The effect of feed air flow rate on reactor performance at
1173 K was presented in Figure 9. From Figure 9, we can
see that the effects of air flow rate on oxygen permeation
flux, hydrogen production rate, methane conversion, and CO
selectivity of the MCMHF membrane reactor were insignifi-
cant when air flow rate is higher than 40 mL min '. These
experimental results indicated that the flow rate of feed air
has no influence on the oxygen permeation when the air
flow rate is higher than 40 mL min~!. Therefore, there is no
need to further increase the air flow rate when the feed air is
sufficient for supplying unchanged oxygen permeation flux.
Similar results like these were reported in the literatures.'!

Figure 10 shows the effect of helium flow rate on reaction
performance at 1173 K. In this experiment, the methane par-
tial pressure was changed by fixing methane flow rate at
8 mL min~ ' and varying the helium flow rate from 20 to
60 mL min~!. As shown in Figure 10, the methane conver-
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Figure 9. Air flow rate dependence of POM reaction per-
formance in MCMHF membrane (Fcy, = 8 mL
min~!, Fue=40 mL min~', Temperature =
1173 K).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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sion decreased from 98.5 to 92% with increasing the flow
rate of helium from 20 to 60 mL min~'. The reason for this
result is that the increase of helium flow rate would result in
the reduction of methane partial pressure in shell side of the
membrane reactor. According to the literature,52 the
decreased methane partial pressure decreased the oxygen
permeation flux, and then the methane conversion.

For practical applications, the MCMHF membrane reactor
must exhibit long-term stability at elevated temperatures
under reaction atmospheres. The stability of the MCMHF
membrane reactor at 1173 K over more than 120 h are
shown in Figure 11. During this period, the methane conver-
sion, CO selectivity, oxygen permeation flux, and hydrogen
production rate remained at about 94%, 99%, 19 mL min !
cm™ 2, and 54 mL min~ ' cm ™2, respectively. These results
indicated that the SFN MCMHF membrane reactor exhibits
excellent performance and good stability for methane con-
version. The experiment was voluntarily stopped when the
reaction had continued for about 123 h. The methane side
surface phase composition of the used MCMHF membrane
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Figure 11. Time dependence of POM reaction perform-
ance in MCMHF membrane (Fcy, = 8 mL
min™', Fue=40 mL min~"', Fa,=80 mL
min~", Temperature = 1173 K).
[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 12. XRD patterns of SFN samples.

(a) fresh membrane and (b) outer surface of MCMHF
membrane after 120 h POM reaction. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

was detected by XRD shown in Figure 12. Very little impu-
rity phase can be observed and the perovskite main phase
still exists after 120 h POM reaction. However, the perov-
skite main phase exists after 120 h POM operation.

The excellent performance of the SFN MCMHF mem-
brane reactor may be attributed to three aspects. First, as dis-
cussed above, the good chemical stability of the SFN oxide
under both reducing and CO, atmospheres is very important
to ensure the membrane stability under POM reaction atmos-
phere. Second, the MCMHF with superb mechanical strength
can guarantee the preforming of the reaction process. Third,
most importantly, the MCMHF membrane with very thin
dense layer can obtain higher the oxygen permeation flux
and then convert more methane into products compared to
conventional disk or tubular membrane. All these indicate
that multichannel hollow fiber is a potential membrane reac-
tor configuration with good performance in membrane
reaction.

Conclusions

We constructed and characterized the robust multichannel
hollow fiber membrane reactor in POM reaction process in
this work. The mechanical strength of the MCMHF mem-
brane was very much higher than that of conventional
single-channel hollow fiber membranes, which was very
helpful to overcome some drawbacks of single-channel hol-
low fiber membranes and guarantee the preforming of the
reaction process. POM was performed in the MCMHF mem-
brane reactor in the presence of Ni-based catalyst. The oxy-
gen permeation flux of the MCMHF membrane reactor was
largely improved by the very thin dense layer of the mem-
brane. In the reactor under the POM reaction condition, the
maximum oxygen permeation flux reached 19.2 mL min™~'
cm 2, which is a very high value and is about 16 and 62
times that of SFN MCMHF membrane and SFN disk mem-
brane obtained under air/He gradient, respectively. At the
same time, 94.6% methane conversion, 99% CO selectivity,
and a hydrogen production rate of 54.7 mL min ' cm 2
have been achieved at 1173 K. And also, the SEFN MCMHF
membrane reactor was operated stably for 120 h without
obvious degradation of reaction performance. Our work
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demonstrates that the membrane configuration of multichan-
nel hollow fiber with excellent performance will be a poten-
tial candidate to construct catalytic membrane reactor
applied in the field of energy and environmental.
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