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A Mo-substituted lanthanum tungstate mixed proton-electron conductor, La5.5W0.6Mo0.4O11.252d (LWM04), was synthe-
sized using solid state reactions. Dense U-shaped LWM04 hollow-fiber membranes were successfully prepared using
wet-spinning phase-inversion and sintering. The stability of LWM04 in a CO2-containing atmosphere and the permea-
tion of hydrogen through the LWM04 hollow-fiber membrane were investigated in detail. A high hydrogen permeation
flux of 1.36 mL/min cm2 was obtained for the U-shaped LWM04 hollow-fiber membranes at 975�C when a mixture of
80% H2220% He was used as the feed gas and the sweep side was humidified. Moreover, the hydrogen permeation flux
did not significantly decrease over 70 h of operation when fed with a mixture containing 25% CO2, 50% H2, and 25%
He, indicating that the LWM04 hollow-fiber membrane has good stability under a CO2-containing atmosphere. VC 2015
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Introduction

Hydrogen is gaining more attention because it is generally
regarded as an important fuel of the future.1,2 The wide-
spread use of H2 as an energy source could help alleviate
concerns regarding energy security, global climate change,
and air quality. The most important source for H2 is steam
reforming of natural gas followed by the water-gas shift
reaction and separation steps. New technologies for the inex-
pensive and effective separation of H2 are in high demand
because traditional H2 separation technologies require high
capital costs and lead to significant energy losses. Supported
Pd and Pd alloy (23% Ag) membranes allow the highly
selective separation of H2 at temperatures of 300–500�C.3,4

However, thin Pd and Pd alloy membranes are brittle. In the
presence of hydrocarbons, carbides are formed and incorpo-
rated in the grain boundaries of the Pd-layer, and the mem-
brane is subsequently destroyed. Moreover, H2S and CO
poisoning must be considered. These disadvantages prevent
the widespread application of Pd and Pd alloy membranes in
the H2 separation industry. Although narrow pore zeolite
membranes could separate H2 (having a kinetic diameter of
0.29 nm), zeolite membranes have not been commercialized.
The only zeolite membrane with a proven size-selectivity for
industrial gas separation applications is the zeolite-type

mobil fifth (MFI) with a 0.55-nm pore width.5,6 However,
only a low separation factor of 70 could be obtained for H2/
i-butane separation at 500�C. As an alternative, dense mixed
proton-electron conducting ceramic membranes can be used
for a simple and cost-effective process. This novel mem-
brane type can selectively permeate H2 at high temperatures,
and the membrane separation process does not require an
additional external electrical circuit due to its inherent mixed
conductivity. This type of membrane has great potential for
H2 purification because it offers several advantages over
alternative technologies, including lower energy consump-
tion, lower materials cost, simpler operation, and the use of
equipment that is more compact.

Currently, perovskite-type oxides are the most commonly
studied mixed proton-electron conducting ceramic materials,
particularly doped SrCeO3 and BaCeO3 materials.7,8 How-
ever, the H2 permeation fluxes of these types of ceramic
membranes are too low to meet industrial standards. For
example, Song et al.9 investigated the H2 permeability of a
SrCe12xMxO32d (x 5 0.05, M 5 Eu, Sm) membrane and
found that the H2 permeation flux was approximately
0.0035 mL/min cm2 at 850�C under dry conditions. Li
et al.10 observed a H2 permeation flux of 0.015 mL/min cm2

through a BaCe0.9Mn0.1O32d membrane at 900�C, and that
the H2 permeation flux of a BaCe0.95Nd0.05O32d (BCN)11

membrane was only 0.026 mL/min cm2 at 925�C when fed
with a wet mixture of 80% H2 in He. Moreover, Wei et al.12

observed a H2 permeation flux of 0.026 mL/min cm2 when a
mixture of 80% H2 in He was used as the feed gas at 900�C
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with a SrCe0.95Tb0.05O32d membrane. These studies showed
that the known single perovskite membranes exhibited very
low H2 permeation fluxes (<0.03 mL/min cm2).

Intensive efforts have been made by many researchers to
improve the H2 permeation flux through perovskite-type
membranes to develop innovative membrane geometries
without using new materials. One approach considers a
hollow-fiber configuration with thinner walls. Another design
utilizes a membrane with an asymmetric wall structure. For
example, the H2 permeation flux of SrCe0.95Yb0.05O32a

(SCYb) hollow-fiber membranes could reach 0.20 mL/min
cm2 when fed with a mixture of 35.9% H2 in Ar at 950�C.13

The hydrogen permeation flux through an asymmetric Ni-
BaCe0.95Tb0.05O32d cermet membrane reached 0.914 mL/
min cm2 at 850�C when fed with a 50% H2 in N2 mixture.14

However, pervoskite-type membranes suffer from poor
chemical stability under atmosphere containing steam and
CO2 because of the reaction between the alkaline earth metal
ions and CO2.15,16 For example, Gopalan and Virkar17 dis-
covered that SrCeO3 and BaCeO3 were thermodynamically
unstable with respect to the formation of carbonates in the
presence of CO2. Hyun Ryu and Haile18 reported that
BaCe0.9Gd0.1O3 and BaCe0.9Nd0.1O3 gradually gained weight
above 600�C according to thermal gravimetric analysis
(TGA) and differential thermal analysis (DTA) curves col-
lected under flowing CO2, which could be explained by the
reaction between CO2 and the membrane material. More-
over, Zuo et al.19 found that the H2 permeation flux through
the Ni-BaCe0.8Y0.2O3 (BCY20) cermet membrane sharply
decreased when a feed gas with 30% CO2 was used. The H2

permeation flux decreased by approximately 53% during the
first hour and by approximately 91% after 7 h of operation.
In addition, the Y-doped barium cerate BaCe0.9Y0.1O2.95

(BCY10) decomposed into BaCO3 and CeO2 at 850–1000�C
under a CO2 atmosphere.20 Furthermore, Tu et al.21 reported
that even Zr-doped Ba (Zr0.5Ce0.3Y0.2) O2.9 and Ba
(Zr0.4Ce0.4Y0.2) O2.9 decomposed to BaCO3 and
Zr0.82xCexY0.2O2 above 550�C under a CO2 atmosphere.
The weight of Sm1Zr-codoped BaCe0.852xZrxSm0.15O32d

(BCZS) (0 < x < 0.2) was also reported to increase continu-
ously from 500 to 900�C under pure CO2 because of the for-
mation of carbonates.22 These results indicated that the
perovskite-type membranes with low Zr-doping or without
Zr-doping had poor CO2 stability due to the formation of
carbonates. A summary of the properties of the above
perovskite-type membranes is shown in Table 1.

Recently, lanthanum tungstate has received significant
attention regarding its use as a new type of mixed proton-

electron conducting material.23–25 Escol�astico et al.26 found
that the H2 permeation flux through a La5.5WO11.252d mem-
brane only changed slightly over 72 h when using a mixture
of 15% CO2 in Ar as a sweep gas at 800�C. Due to the alka-
line earth metal-free material of lanthanum tungstate, it
should be stable in CO2-containing atmospheres. Recently,
Mo-substituted lanthanum tungstate membranes were stud-
ied,27–29 and were found to exhibit high mixed proton-
electron conductivities. Therefore, in this article, Mo-
substituted lanthanum tungstate La5.5W0.6Mo0.4O11.252d

(LWM04) was developed as a mixed proton-electron con-
ducting membrane material. A membrane with a U-shaped
hollow-fiber configuration was adopted because the U-
shaped geometry offers several advantages.30,31 First, the
wall thickness of hollow-fiber membranes is thin, resulting
in a relatively high H2 permeation flux. Second, the U-
shaped hollow-fiber membrane is easily sealed at high tem-
peratures. Finally, the U-shaped hollow-fiber membranes can
withstand variable temperature ranges due to its shrinkable
and expandable properties. The chemical stability of U-
shaped LWM04 hollow-fiber membranes for H2 permeation
in the presence of CO2 was systematically investigated.

Experimental

First, La5.5W0.6Mo0.4O11.252d (LWM04) powder was syn-
thesized using solid-state reactions. The appropriate stoichio-
metric proportions of La2O3 (99.9%), WO3 (99.0%), and
MoO3 (99.5%) were weighed and the mixed oxides were
ball milled in acetone for 10 h after they were combined to
obtain a homogeneous precursor. Next, the precursor was
dried and ground. Finally, the powders were calcined at 900�C

Table 1. Properties of the Membranes Based on Perovskite-Type Mixed Proton-Electron Compounds

Membrane Material T (�C)
Membrane
Geometry

Thickness
(mm) Feed Gas

JH2
(mL/min
cm2)

CO2

Stability Reference

SrCe0.95Eu0.05O32d 850 Disk 1.72 100%H2 0.0043 – 9
BaCe0.9Mn0.1O32d 900 Disk 1.64 H2/N2 0.015 – 10
BaCe0.95Nd0.05O32d 925 Disk 0.7 Wet 80%H2/He 0.026 – 11
SrCe0.95Tb0.05O32d 900 Disk 1.0 80%H2/He 0.026 – 12
SrCe0.95Yb0.05O32a 950 Hollow-fiber <250 lm 35.9%H2/Ar 0.20 – 13
Ni-BaCe0.95Tb0.05O32d 850 Disk 90 lm 50%H2/N2 0.914 – 14
BaCe0.9Gd0.1O3 >600 – – – – Low 18
Ni-BaCe0.8Y0.2O3 900 Disk 0.75 30%CO2/40% H2/He �0 Low 19
BaCe0.9Y0.1O2.95 850–1000 – – – – Low 20
Ba(Zr0.5Ce0.3Y0.2)O2.9 >550 – – – – Low 21
BaCe0.852xZrxSm0.15O32d

(0< x< 0.2)
5002900 – – – – Low 22

Table 2. Conditions for Preparing of U-Shaped LWM04

Hollow-Fiber Membrane Precursors

Parameter

Composition of the spinning
suspension (wt %)

LWMO powder 45.65
PESf A-300 10.66
NMP 42.63
PVP K30 1.06
Spinning temperature (�C) 25
Air gap (cm) 1
Spinning pressure (bar) 0.1
Internal coagulant rate (mL/min) 1.5
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for 10 h. Only the powder that passed through a 200-mesh
sieve was used for preparing the hollow-fiber membranes.

The U-shaped hollow-fiber membranes were prepared
using wet-spinning phase-inversion and sintering. Details
regarding the spinning setup and used procedures can be
found in our previous publication.30 Briefly, the starting sus-
pension slurry consisted of 45.65 wt % LWM04 powder,
42.63 wt % N-methyl-2-pyrrolidone (NMP) (as the solvent),
10.66 wt % poly-ethersulfone (PESf) (as the polymer
binder), and 1.06 wt % polyvinyl pyrrolidone (PVP) (as the
additive). Deionized water and tap water were used as inter-
nal and external coagulants, respectively. The parameters of
the spinning procedure are presented in Table 2. The
hollow-fiber precursors were further sintered at 1500�C for
10 h in static air to obtain the final hollow-fiber membranes.

The phase and micro structures of the LWM04 powder
and the hollow-fiber membranes were characterized using x-
ray diffraction (XRD, Bruker-D8 ADVANCE, and Cu Ka

radiation) and scanning electron microscopy (SEM, JEOL
JSM-6700F). A thermogravimetric analysis was conducted to
study the stability of the LWM04 powder under a pure CO2

atmosphere. The samples were heated under CO2 or N2

atmospheres at a rate of 5�C/min before holding at 800�C
for 30 min. The H2 permeation through the LWM04 hollow-
fiber membranes was measured at high temperatures using a
home-made apparatus, as shown in Figure 1a. The U-shaped
hollow-fiber membrane was sealed over a ceramic tube with
two channels using a commercial sealant (2767, Huitian,
Hubei, China). Figure 1b shows photos of the U-shaped hol-
low-fiber membranes. A mixture of He and H2 was fed into
the side of the shell, and the H2 partial pressure was adjusted
by changing the flow rates of He and H2. Next, Ar was fed
through the side of the core as a sweep gas. The flow rates
of these gases were controlled using mass flow controllers
(Seven Star D08-4F/ZM) and were calibrated using a soap
bubble flow meter. The sweep gas and feed gas were

Figure 1. (a) Schematic diagram of the hydrogen permeation apparatus for testing U-shaped hollow-fiber mem-
branes at high temperatures and (b) photos of the U-shaped hollow fiber membranes.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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humidified by achieved deionized water saturation at 28�C.
The components of the permeated gases were detected using
an online-coupled gas chromatograph (GC, Agilent 7890)
that was equipped with a thermal conductivity detector and a
zeolite 13X column. The GC was regularly calibrated to
ensure that the data were reliable. The leakage from the seal-
ant at high temperatures was less than 5% during all of the
measurements. The effective area of the U-shaped hollow-
fiber membrane was 1.44 cm2.

Results and Discussion

The XRD patterns of the powder calcined at different tem-
peratures are shown in Figure 2. A single phase was not
achieved until the calcination temperature exceeded 1300�C.
At 1300�C, the solid-state reactions among the three oxides
proceeded to completion to form a complex cubic fluorite
structure, as described in the literature.29 A new La6MoO12

phase was formed when the sintering temperature was
greater than 1400�C, which may be attributed to the rela-
tively higher Mo content in LWM04.29

A thermogravimetric analysis was performed to determine
the stability of LWM04 under a CO2 atmosphere at high tem-
peratures. For comparison, BaCe0.95Tb0.05O32d (BCTb), an
alkaline earth metal-containing proton-electron conducting
material with a perovskite-type structure, was investigated
under the same conditions. Figure 3a shows the thermogravi-
metric curves of LWM04 and BCTb under pure CO2 and N2

atmospheres between room temperature and 800�C. The mass
of the LWM04 powder slightly decreased under the pure CO2

atmosphere as the temperature increased, and a similar trend
was observed for the N2 treatment. The slight weight loss
potentially resulted from dehydration and the release of oxy-
gen from the LWM04.32 By contrast, the weight of the
perovskite-type BCTb sharply increased when the temperature
exceeded 400�C under the CO2 atmosphere. The weight of
BCTb slightly decreased under the N2 atmosphere due to the
release of oxygen. After the thermogravimetric assays, the
phase structures of the samples were investigated using XRD,
as shown in Figure 3b. The phase structure of the LWM04
powder treated under the CO2 atmosphere was identical to
those of the N2-treated and fresh LWM04 powders. This
result indicated that the samples maintained their fluorite

structure and that no carbonate was formed. As shown in Fig-
ure 3b, the perovskite structure of BCTb decomposed to form
BaCO3 and CeO2 after the CO2 treatment. The increasing
BCTb weight resulted from the formation of carbonates.
These results revealed that LWM04 exhibits excellent struc-
tural stability under CO2-containing atmospheres relative to
alkaline earth metal-containing perovskite oxides.

To understand the phase structure evolution better during the
heating and cooling processes in different atmospheres, the in
situ XRD patterns of LWM04 powder under a CO2 atmosphere
at 30–1000�C are shown in Figure 4a. No carbonate peaks
appeared from 30 to 1000�C, indicating that the LWM04 pow-
der showed excellent stability under CO2. The in situ XRD pat-
terns of the LWM04 powder in air and N2 at 30–1000�C are
shown in Figures 4b, c and indicate that the phase structure of
the LWM04 powder remained unchanged during the heating
and cooling processes. Figure 5 shows the XRD patterns of the
LWM04 powders that were treated with CO2 and 8% H2/Ar at
900�C for 15 and 5 h, respectively. No phase changes were
observed in the XRD patterns obtained from the samples after
treatment, indicating the good phase and chemical stabilities of
LWM04 under CO2 and low concentrations of H2.

Figure 6 shows the SEM images of the LWM04 hollow-
fiber membranes that were sintered at 1500�C. As shown in

Figure 2. XRD patterns of the LWM04 powder calcined
at different temperatures.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 3. (a) Thermogravimetric curves of the LWM04
and BaCe0.95Tb0.05O32d powders under N2 and
CO2 atmosphere between room temperature
and 800�C and (b) XRD patterns of the sam-
ples after thermogravimetric measurement.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figures 6a, b, the cross-section of the hollow-fiber membrane
consisted of two finger-like structures near the inner and
outer surfaces and a sponge-like structure in the middle. All
cavities were closed to the surroundings (i.e., “closed poros-
ity”). These close cavities have no beneficial effect on both
of the bulk diffusion and surface exchange processes. They
only act as a support for the dense layer in the hollow fiber
membrane structure, which enhances the mechanical strength
of the hollow fiber. The wall thickness of the membrane was
approximately 200 mm. No major defects were observed in
the SEM images of the inner and outer membrane surfaces
(as shown in Figures 6c, d).

Figure 7 presents the H2 permeation flux through the
hollow-fiber membrane as a function of temperature. The H2

permeation flux increased approximately linearly as the tem-
perature increased from 700 to 975�C. The presence of
steam on the sweep and feed sides of the membrane signifi-
cantly affected the H2 permeation flux. As shown in Figure
7, when the feed side was humidified (condition 2), the H2

permeation flux reached 0.54 mL/min cm2 at 975�C, this
flux value was slightly higher than that value observed under

dry conditions (condition 1), which was due to the hydration
of the membrane. The surface reaction mechanism is shown
in Figure 8b.

When the sweep side was humidified (condition 3 in Figure 7),

the H2 permeation flux reached a maximum of 1.36 mL/min cm2

at 975�C. Two reasons account for this relatively high H2 produc-

tion rate. First, the presence of steam on the sweep side resulted

in the formation of additional protons. The reaction of water with

oxygen vacancies or lattice oxygen produces two protonated oxy-

gen atoms.11 The hydrogen permeation flux of mixed proton-

electron conducting membranes can be calculated using Wagner

transport theory. If the diffusion of protons is a rate limiting step,

the Wagner equation can be written as follows

JH2
5

RT

4F2L

ðP00H2

P
0
H2

rOH•ðre
01rh•Þ

rt

dlnPH2
(1)

where JH2
is the hydrogen permeation flux, R is the ideal

gases constant, F is the Faraday constant, L is the thickness

Figure 4. In situ XRD patterns of the LWM04 powder in (a) CO2, (b) air, and (c) N2 atmospheres after changing the
temperature from 30 to 1000�C and back to 30�C. Heating rate: 12�C/min, equilibration time at each tem-
perature: 30 min for recording the XRD data.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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of the membrane, ri is the conductivity of species i, and the
subscripts OH•, e

0
, h•, and t denote the proton, electron, elec-

tron hole, and total conductivity, respectively. In addition,

P
00
H2

and P
0
H2

represent the partial pressures of hydrogen in
the feed and sweep sides, respectively.

According to the Wagner equation (Eq. 1), the proton con-
ductivity of the membrane has important effects on the
hydrogen permeation flux. When the membrane was tested
under dry conditions, molecular hydrogen reacted with lat-
tice oxygen to generate protonated lattice oxygen, and liber-
ated electrons on the membrane surface according to Eq. 211

H212Ox
o ! 2OH•

o12e
0

(2)

where, Ox
o is the lattice oxygen and OH•

o is the protonated
lattice oxygen. When steam was introduced on the mem-
brane surface, additional protons were formed as follows
according to Eq. 311

H2O1V••
o 1Ox

o ! 2OH•
o (3)

where V••
o is the oxygen vacancy. According to Eqs. 2 and 3,

the existence of steam on the membrane surface results in
increasing proton concentrations, increasing the proton con-
ductivity of the membrane. The surface reaction mechanism
is shown in Figures 8a, c.

Second, the high H2 production rate can be attributed to a
portion of the detected hydrogen on the sweep side that orig-
inates from water splitting.26 Mixed proton-electron conduct-
ing ceramic materials conduct oxygen at high temperatures.
Thus, water splitting could occur due to the diffusion of O2

from higher P
00
O2

(sweep side) to lower P
0
O2

(feed side) across

Figure 5. XRD patterns of the LWM04 powders treated
with pure CO2 and 8% H2 in Ar at 900�C for
15 and 5 h, respectively.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6. SEM micrographs of fresh LWM04 hollow-fiber membranes: (a) whole image, (b) cross-section, (c) outer
surface, and (d) inner surface.
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the O2 partial pressure gradient. However, protons diffuse in
the opposite direction, from higher P

00
H2

(feed side) to lower
P
0
H2

(sweep side). In both cases, the movement of the protons
and oxygen ions are balanced by electrons. The oxygen par-
tial pressures on the feed and sweep sides under this condi-
tion were calculated and are shown in Table 3. As shown in
Table 3, the oxygen partial pressure gradient is the highest
under these conditions. Figure 8c shows the hydrogen per-
meation mechanism under this condition. Similar results
were also reported in other studies. Cai et al.11 found that
the H2 permeation flux through the BaCe0.95Nd0.05O32d

membrane reached 0.026 mL/min cm2 when the steam con-
centration of in the feed gas was 15 vol %, which was much
higher than that under dry conditions. In addition, the total
conductivities of La2Ce2O7

33 and La282y(W12xMox)41yO541d

2y(W12xMox)41yO541d (x 5 021, y 5 0.923)29 significantly
increased when steam was added.

The H2 permeation flux reached 1.21 mL/min cm2 when
steam was added to the sweep and feed gases (condition 4).
This flux value was slightly lower than that value observed
under conditions where only the sweep gas was humidified.
In this case, the slight decrease in the H2 permeation flux
potentially resulted from the lower O2 partial pressure gradi-
ent between the two sides of the membrane. As shown in
Table 3, the O2 partial pressure gradient under condition 4

Figure 8. Surface reaction mechanism when steam is introduced on the membrane surface: (a) dry, (b) steam only
added to the feed gas, (c) steam only added to the sweep gas, and (d) steam added to the sweep gas
and the feed gas simultaneously.

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

Figure 7. Hydrogen permeation flux through hollow-
fiber membranes as a function of temperature
for four conditions:(1) dry, (2) steam added to
the feed gas, (3) steam added to the sweep
gas, and (4) steam added to the sweep gas
and the feed gas simultaneously. Conditions:
FAr 5 100 mL/min, FH21He 5 80 mL/min, feed
composition 80% H2 in 20% He.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Table 3. Calculated Oxygen Partial Pressures for the Three Conditions in the Hydrogen Permeation Measurements.

T (�C)

Feed Side is Humidified
(Condition 2)

Sweep Side is Humidified
(Condition 3)

Both Sides are Humidified
(Condition 4)

P
0
O2

(atm)
(Feed Side)

P
0 0
O2

(atm)
(Sweep Side)

P
0
O2

(atm)
(Feed Side)

P
0 0
O2

(atm)
(Sweep Side)

P
0
O2

(atm)
(Feed Side)

P
0 0
O2

(atm)
(Sweep Side)

975 2.15 E 218 3.50 E 218 3.86 E 226 3.64 E 211 2.15 E 218 4.14 E 211
900 1.00 E 219 2.49 E 219 1.81 E 227 2.78 E 212 1.008 E 219 4.418 E 212
850 1.04 E 220 3.12 E 220 1.88 E 228 5.128 E 213 1.048 E 220 7.668 E 213
800 8.79 E 222 3.68 E 221 1.58 E 229 7.87 E 214 8.79 E 222 1.249 E 213
750 5.839 E 223 4.319 E 222 1.05 E 230 1.02 E 214 5.83 E 223 1.50 E 214
700 2.94 E 224 3.87 E 223 5.28 E 232 1.18 E 215 2.94 E 224 1.55 E 215

In these calculations, the experimental P
0
H2

value was used and it was assumed that P
0 0
H2

5 0.8 atm, PH2O(wet) 5 0.0373 atm and PH2O(dry) 5 5 3 1026 atm.

Figure 9. Dependence of the hydrogen permeation
flux on the Ar flow rates on the sweep side
at different temperatures.

Conditions: FH21He 5 80 mL/min, feed composition

80% H2 in 20% He, humidified Ar as the sweep gas.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 10. Influences of the hydrogen partial pressure
on the feed side on the hydrogen permea-
tion flux. Conditions: FAr, humidified 5 100 mL/
min, FH21He 5 80 mL/min.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 11. Hydrogen permeation flux as a function of
operation time at 900�C.

Conditions: FAr,humidified 5 100 mL/min, FH21He1CO2 5
80 mL/min. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 12. XRD patterns of LWM04 hollow-fiber mem-
branes before and after hydrogen permeation.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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was lower than the O2 partial pressure gradient under condi-
tion 3. Therefore, the amount of O2 diffusion from the
higher P

00
O2

(sweep side) to the lower P
0
O2

(feed side)
decreased. This decrease suppressed the steam decomposi-
tion on the sweep side, decreasing the detected hydrogen.
The surface reactions mechanism is shown in Figure 8d.

The dependency of the H2 permeation flux on the Ar flow
rates on the sweep side at different temperatures is shown in
Figure 9. A mixture of 80% H2 and He was used as the feed
gas, and humidified Ar was used as the sweep gas. The H2

permeation flux increased as the Ar flow rates increased on
the sweep side. When the Ar flow rate increased, the H2 par-
tial pressure on the sweep side decreased, increasing of the
driving force for H2 permeation. Additionally, because the
proton bulk diffusion and surface exchange rates improved,
the H2 permeation flux increased when the operation temper-
ature increased from 700 to 975�C.

The influence of the feed side H2 partial pressure on the
H2 permeation flux is presented in Figure 10. The different
concentrations of H2 in the feed gas were adjusted by vary-
ing the flow rate of H2 and He, and the total flow rates of
H2 and He were set to 80 mL/min. As shown in Figure 10,
as the H2 partial pressure on the feed side increased, the H2

permeation flux increased because the H2 partial pressure
gradient increased across the membrane.

The H2 permeation flux of the LWM04 hollow-fiber mem-
brane as a function of time was also investigated. As shown
in Figure 11, the H2 permeation flux was maintained at
0.87 mL/min cm2 for 60 h. A slight decrease was only
observed when a mixture of 50% H2 in He was used as the
feed gas. When 25% CO2 was introduced to the feed side,
the H2 permeation flux initially decreased to 0.50 mL/min
cm2. Next, only a slight further decrease in the H2 permea-

tion flux was observed. The following three processes may
explain the decrease in the H2 permeation flux. (1) When
CO2 is introduced to the feed side, a fraction of H2 may
react with CO2 at 975�C to form CO and H2O.34 Next, the
feed side H2 partial pressure slightly decreases, reducing the
driving force for H2 permeation and resulting in the observed
decrease in the detected H2 concentration on the sweep side.
(2) Steam may be generated on the feed side, and the feed
gas may be humidified. The operation condition is that the
sweep gas is humidified. According to Figure 7, when steam
is added on the sweep and feed sides rather than only the
sweep side, the detected hydrogen permeation flux is lower;
(3) finally, the lower H2 permeation flux potentially resulted
from the strong adsorption of CO2 on the LWM04 hollow-
fiber membrane surface, resulting in lower H2 and O2 surface
exchange rates. In addition, similar results have been
reported in other studies.35 For example, Zuo et al.35

reported that when a feed gas of wet 30% CO2 (balance
40% H2/He) was introduced into the feed side, the hydrogen
permeation flux of Ni-Ba(Zr0.4Ce0.4Y0.2)O32a decreased by
approximately 45% during the first hours of exposure. In
addition, the slight decrease of the H2 permeation flux with
time could result from the higher Mo contents in the
LWM04, which could be reduced more easily than tungsten
oxides under the same reducing atmosphere.36

Figure 12 presents the XRD patterns of the LWM04
hollow-fiber membranes before and after 120 h of H2 perme-
ation. The phase structure was maintained after 120 h of H2

permeation, demonstrating the good phase stability of the
LWM04 hollow-fiber membranes under the CO2-containing
atmosphere. The SEM morphologies of the fresh and spent
LWM04 hollow-fiber membranes were also compared, as
shown in Figure 13. The cross-section of the spent

Figure 13. Cross-section of fresh and spent LWM04 hollow-fiber membranes: (a) fresh and (b) spent.

Table 4. Comparison of Hydrogen Permeation Properties Reported in the Literatures and Those of the LWM04 on

Hollow-Fiber Membranes

Membrane Material T (�C) Feed Gas
Sweep

Gas
JH2

(mL/min cm2) CO2 Stability Durability Reference

SrCe0.95Yb0.05O32a 950 35.9% H2/Ar Air 0.20 – – 13
BaCe0.95Tb0.05O32a 1000 50% H2/He N2 0.567 – – 37
BaCe0.85Tb0.05Co0.1O32d 1000 50% H2/He N2 0.385 – – 38
BaCe0.8Y0.2O32a 1050 50% H2/He N2 0.38 – – 39
La5.5W0.6Mo0.4O11.252d 975 50% H2/He Wet Ar 0.87 High 120 h Our work
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membrane remained unchanged. In addition, the spent mem-
brane maintained its density after 120 h of H2 permeation,
indicating that the LWM04 hollow-fiber membrane exhibited
good chemical stability under the CO2-containing atmos-
phere. Finally, the hydrogen permeation properties and sta-
bility of the reported hollow-fiber membranes from the
literatures and the LWM04 hollow-fiber membrane described
in this work are compared in Table 4. The LWM04 hollow-
fiber membrane had the best CO2 stability (Table 4).

Conclusion

In this work, molybdenum-substituted lanthanum tung-
state, La5.5W0.6Mo0.4O11.252d (LWM04), U-shaped hollow-
fiber membranes were prepared using wet-spinning phase-
inversion and sintering. The hydrogen permeation flux of the
LWM04 hollow-fiber membrane was 1.36 mL/min cm2

when humidified Ar was used as the sweep gas at 975�C.
The chemical stability of the LWM04 powder under a CO2

atmosphere was studied using in situ XRD, XRD, and ther-
mogravimetry (TG) measurements. These results revealed
that the LWM04 oxides possessed excellent stability under
the CO2 atmosphere. In addition, the hydrogen permeation
flux was mostly stable during a 70 h hydrogen permeation
test when 25% CO2 was added to the feed gas, indicating
that the LWM04 hollow-fiber membrane was stable in a
CO2 containing atmosphere. According to these results, we
concluded that the LWM04 membrane shows excellent sta-
bility under CO2-containing atmospheres. Although a slight
decrease of the H2 permeation flux with time was observed,
likely due to the large Mo content in the LWM04, the
LWM04 membrane could be applied for industrial separation
of hydrogen at high temperatures.
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