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Abstract

BaCeq95Tbp0503_o (BCTD) perovskite hollow fibre membranes were fabricated by spinning the slurry mixture containing 66.67 wt% BCTb powder,
6.67 wt% polyethersulphone (PESf) and 26.67 wt% N-methyl-2-pyrrolidone (NMP) followed by sintering at elevated temperatures. The influence
of sintering temperature on the membrane properties was investigated in terms of crystal phase, morphology, porosity and mechanical strength.
In order to obtain gas-tight hollow fibres with sufficient mechanical strength, the sintering temperature should be controlled between 1350 and
1450 °C. Hydrogen permeation through the BCTb hollow fibre membranes was carried out between 700 and 1000 °C using 50% H,—He mixture as

feed on the shell side and N, as sweep gas in the fibre lumen. The measured hydrogen permeation flux through the BCTb hollow fibre membranes

reached up to 0.422 pmol cm~2 s~! at 1000 °C when the flow rates of the H,—He feed and the nitrogen sweep were 40 mL min~' and 30 mL min~

respectively.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Dense mixed proton and electronic conducting ceramic mem-
branes, mostly based on the SrCeO3, BaCeO3, SrZrO3; and
BaZrO3 perovskite oxides in a general formula of ABOs3, have
attracted considerable interest over the past few decades for
their potential applications in hydrogen pumps (separators), fuel
cells, gas sensors and catalytic membrane reactors.!™ Owing
to many advantages such as thermal stability, chemical resis-
tance to corrosive environments, good mechanical strength and
high hydrogen permeation flux, Pd-based membranes have been
extensively studied for H, production/separation and for dehy-
drogenation/hydrogenation reactions. However, the Pd-based
membranes exhibit disadvantages of high Pd cost and low
stability when they are in contact with CO or H,S.> Com-
pared with the hydrogen permeable Pd-based membranes, the
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conventional proton conducting oxide membranes being inves-
tigated generally possess much lower hydrogen permeation
fluxes, i.e., ~0.02mL (STP) cm 2 min~! at ~900°C under
H,/He gradients.® This may be partially attributed to the inherent
low protonic and/or electronic conductivity of the oxide. Among
the proton conducting oxides, the BaCeOs3-based perovskite
exhibits the highest conductivity with increasing contribution of
oxygen ionic conduction as temperature increases.’ In order to
improve the conducting properties of the membrane, doping with
trivalent rare earth elements at the B-site is an important strategy.
The doping cation plays an important role in the conductivity
of the resultant perovskite oxides.® For example, the Tb-doped
SrCe03-based perovskite possess higher protonic conductivity
but significantly lower electronic conductivity because Tb cation
has higher ionization potential (39.8 eV) than other trivalent
cations such as Yb (25.0eV) and Tm (23.7 ¢V).”"!! On the other
hand, in most previous studies the proton conducting membranes
were made in the small disk form with large thicknesses (for
example, 1 cm diameter and 1 mm thickness) because they are
easily fabricated using conventional methods. An effective way
to promote the hydrogen permeation flux is to reduce the mem-
brane thickness, which can be achieved by using the composite
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membrane structure where the dense thin proton conducting
ceramic film is supported on a porous substrate. For instance,
when the membrane thickness was decreased to micrometer
level, the hydrogen flux up to 0.1mL (STP)cm~>min~! at
900 °C under H,/He gradients was observed.!> 15 However,
the composite membrane normally suffers from the problems
of such as preparation complexity and difficulty of use. The
multi-step preparation of the composite membranes is a time-
consuming process, making them very costly. Moreover, in the
membrane sintering process, the support or the dense layer tends
to crack or to peel off due to the mismatch of thermal expansion
between the two different materials employed. In the practi-
cal applications, cracks of the composite membrane are usually
inevitable in high temperature environments unless the mem-
branes are made from the same or similar materials.

Over the past ten years, the ceramic membranes with hol-
low fibre geometry have been developed via a combined phase
inversion and sintering technique.!®~?! Compared to other con-
figurations like tubular or disk-shaped membranes, the hollow
fibres exhibit many advantages such as facile high-temperature
sealing, thin effective membrane thickness due to the asymmet-
ric structure, and, more importantly, larger membrane area per
unit packing volume. Therefore, a high hydrogen production
rate can be achieved by using a hollow fibre membrane module
having large specific membrane areas, even if the permeabil-
ity of the individual membrane may be low. Moreover, since
the dense separation film and the porous support are made in
one-step from the same ceramic material, cracks or peeling off
between the two structural layers can be avoided. These appre-
ciable advantages make the proton conducting membranes more
appropriate in practical applications.

This work aims to investigate whether or not the gas tight
BaCe.95Tbg 0503—, (BCTb) perovskite hollow fibre mem-
branes can be fabricated by the phase inversion-sintering method
and to demonstrate the concept of such hollow fibre mem-
branes for Hy permeation. To realize this purpose, the work has
involved the synthesis of qualified BCTb powder as the start-
ing membrane material, formation of hollow fibre precursor,
fibre sintering at different programs and the leaking/permeation
test. A special emphasis would be placed on the influences of
sintering temperature on the hollow fibre membrane properties
in terms of crystalline structure, micro morphology, porosity
and mechanical strength. The electrical conductivity and the
hydrogen permeation performance of the resultant hollow fibre
membranes have also been investigated experimentally.

2. Experimental

2.1. Fabrication of the BCTb perovskite powder and hollow
fibre membranes

The BaCeg95Tbg 0503_« (BCTb) perovskite powder was
synthesized by a sol-gel method using ethylenediaminete-
traacetic acid (EDTA) and citric acid (CA) as complexing agents
simultaneously. Ba(NO3);, Ce(NO3)3-6H>0, Tb(NO3)3-6H, 0,
all in analytical grades, were used as the raw materials for
metal ion sources. The mole ratio of total metal ions to EDTA

to citric acid to NH4NO3 in the sol was 1:1:2:10. The pow-
der precursor obtained by the gel combustion was calcined at
1000 °C for 5 h under static air to obtain the perovskite phase.
The detailed synthesis process was described elsewhere.>? For
spinning hollow fibre membrane precursors, the calcined pow-
der was further ball-milled in the presence of alcohol for at least
10 h followed by sieving through a sifter of 200-mesh to exclude
agglomerates.

The BCTb hollow fibre membranes were prepared by
the phase inversion and sintering technique.'”'® The start-
ing suspension was composed of 66.67 wt% BCTb powder,
6.67 wt% polyethersulphone (PESf, Radel A-300, from Ameco
Performance, USA) as the polymer binder and 26.67 wt% N-
methyl-2-pyrrolidone (NMP, AR Grade, >99.8%, Kermel Chem
Inc., Tianjin, China) as the solvent. A spinneret with the orifice
diameter/inner diameter of 3.0/1.2 mm was used for spinning
hollow fibre precursors. Municipal water and deionized water
were used as the external and the internal coagulants, respec-
tively. Sintering was performed at the elevated temperatures
ranging from 1200 to 1500 °C with an interval of 50°C for
5 h under ambient non-flowing air atmosphere. The heating and
cooling rate applied during the whole sintering process was
2-4°Cmin~".

2.2. Characterization

Microstructures of the BCTb powder and hollow cracks
or peeling off fibres were observed by scanning electron
microscopy (SEM) (FEI Sirion200, Netherlands). Gold sputter
coating was performed on the samples under vacuum before the
measurements. The crystal structures of the samples were mea-
sured by an X-ray diffractometer (XRD: D8 Advance, Germany)
using Cu-Ka radiation (A=0.15404nm). A continuous scan
mode was used to collect 26 data from 20° to 80° with a 0.02
sampling pitch and a 2° min~! scan rate. X-ray tube voltage
and current were set at 40 kV and 30 mA, respectively. The gas-
tightness of the hollow fibres was measured by a gas permeation
test using N» as the test gas.>> The apparent density as well as the
porosity of the hollow fibres was measured by the Archimedes
method using DI water as medium. The density of the BCTb disk
membranes with the diameter of @25 mm, which were prepared
by statically pressing the pure BCTb powder under a pressure of
10 MPa followed by sintering at 1200-1500 °C for 5 h, was also
obtained via the Archimedes method. The porosity of the hollow
fibre membranes was calculated by the following equation:

£ = (1 _ p’“f) x 100% (1)
pd

where p;r and p4 are the density of the hollow fibre and the
disk membranes, respectively. For each type of the hollow fibre
membranes, at least three samples were taken for the measure-
ment.

The mechanical strength of the hollow fibres was measured
on a three-point bending instrument (Instron Model 5544) with a
crosshead speed of 0.5 mm min~!. The hollow fibre sample was
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fixed on the sample holder at a distance of 26 mm. The bending
strength, o, was calculated from the following equation:

_ 8FLD
T (D —d%

where F is the measured force at which the fracture takes place,
D, d and L are the outer diameter, the inner diameter and the
length (26 mm) of the hollow fibre sample, respectively. For each
hollow fibre, three samples were taken for the measurement and
the average bending strength value was taken as the mechanical
strength of the hollow fibre membrane.

The electrical conductivity of the BCTb hollow fibre mem-
branes was measured in hydrogen atmosphere at different
temperatures with an electrochemistry workstation (Zahner
IM6ex). Silver wires were attached at both ends of the sample
(5 cm length) by silver paste to serve as the current and volt-
age electrodes. For reliable contact of the lead wires, Ag paste
was applied to the sample and cured at 750 °C for 1 h in hydro-
gen atmosphere. Current—voltage characteristics were recorded
in the current range of 0—1.0 A. All the samples showed nearly
linear -V curves. The electrical resistance was obtained from
the slope of the curves by the least square method. For compar-
ison, the conductivity of the sintered disk membrane was also
measured using the four-probe D.C. method.??

@
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2.3. Hydrogen permeation measurement

The hydrogen permeation flux through the hollow fibre mem-
branes was measured using a home-made high-temperature
permeation cell that was described elsewhere.?* The hollow fibre
membrane for the permeation measurement had alength of about
30cm and was tested to be completely gas-tight at room tem-
perature in advance. A Hy—He mixture with the molar ratio of
1:1 was fed to the shell side while nitrogen as the sweep gas was
introduced in the fibre lumen to collect the permeated hydro-
gen. The flow rates of the Hy—He feed and the N, sweep gas
were controlled by mass flow controllers (D08-8B/ZM, Shanxi
Chuangwei Instrument Co. Ltd., China) which were calibrated
with a soap bubble flow meter. The effluent flow rate of the per-
meate stream was also measured by the soap bubble flow meter.
The composition of the permeated gas was analysed with a gas
chromatograph (Agilent 6890) fitted with a carbon molecular
sieve column (4m in length) using highly pure argon as the
carrier gas. The hydrogen permeation flux was calculated by:

V,
Ju, = A—%sz — VHe) 3)
m

where V, is the flow rate of the permeate stream, mol s~
YH, and yHe are the hydrogen the helium molar fraction
in permeate stream, mol%; and A,, is the effective mem-
brane area for hydrogen permeation, which was calculated by
Ay =((D — d)L)/(In(D/d)) in which L is the effective perme-
ation length of the hollow fibre membrane. In this study, the
effective permeation length L was considered to be equivalent
to the effective heating length of the furnace, i.e., 5cm. Some
helium could be detected (<0.78%) in the permeated stream
indicating a small leakage occurred in the permeation cell.

The amount of hydrogen detected from the leakage had to be
deducted so as to obtain the net permeation fluxes. It should be
noted that the membrane area beyond the central heating zone
may also exhibit some hydrogen permeation, but its contribution
towards the overall hydrogen flux should be much lower than the
central part since the hydrogen permeability usually decreases
exponentially with temperature.

3. Results and discussion
3.1. Preparation of the BCTb hollow fibre membranes

BCTb perovskite hollow fibre membranes were fabricated
by the combined phase inversion and sintering method from the
self-made powders. Normally the existence of larger irregular
particle agglomerates is one of the unfavourable factors imped-
ing the synthesis of highly qualified hollow fibre membranes.
In order to break the large agglomerates, the calcined powders
were ball-milled for 10 h followed by sieving through a sifter of
200-mesh prior to the mixing with polymeric binder solution.
In order to clarify the effects of sintering temperature on the
formation of dense perovskite membranes, all the hollow fibre
precursor samples were prepared from the same starting solu-
tion with the composition of 66.67 wt% BCTb powder, 6.67 wt%
PESf and 26.67 wt% NMP under similar spinning conditions.
Fig. 1 demonstrates the microstructures of the BCTb hollow fibre
precursor and the sintered hollow fibre membranes at different
temperatures. As can be seen, the hollow fibre precursor pos-
sesses an asymmetric structure consisting of a relatively dense
layer and a porous structure with a large number of macro voids
evidenced by observation in Fig. 1-Al. It is a very typical struc-
ture of the membranes prepared by the phase inversion method
when water is used as the external and the internal coagulants.?
Fig. 1-A2 and A3 displays the outer and inner surfaces of the
hollow fibre precursor, respectively. It can be recognized that
the small BCTb particles were well dispersed and connected to
each other by the polymer binder. Furthermore, the outer sur-
face was much smoother than the inner surface. This may be
attributed to the fact that the amount of the external coagulant
for the solvent—nonsolvent exchange was much more than the
internal coagulant, hence the precipitation rate occurring on the
outside surface was much faster than that on the inner surface.?¢
By sintering at an elevated temperature, i.e., 1250 °C, the poly-
mer binder has been burnt out, forming a fairly porous structure
in the hollow fibre, as observed in Fig. 1-B. As the sintering
temperature was increased to 1300 or 1350 °C, further parti-
cle coalescence and bonding took place leading to shrinkage
of the porous structure (Fig. 1-C and D). When the sintering
temperature reached 1400 °C, the pores on the outer surface
of the hollow fibre have almost disappeared, as can be seen in
Fig. 1-E2. This implies that the fully densified layer near the
outside surface would be achieved although the inner surface
still maintains its porous structure. Such structural difference
between the two surface layers after sintering was caused by
the different local particle loading densities which existed in the
precursor. Certainly, if sintered at sufficiently higher tempera-
tures, the membrane layers near both surfaces will be completely
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Fig. 1. SEM images of the BCTb hollow fibres (A) precursor and the membranes sintered at: (B) 1250 °C; (C) 1300 °C; (D) 1350 °C; (E) 1400 °C; (F) 1450 °C and
(G) 1500°C (1: cross-section; 2:outside surface; 3: inside surface). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 2. XRD patterns of the BCTb hollow fibre membranes sintered at: (a)
1200 °C; (b) 1300 °C; (c) 1400 °C; (d) 1500 °C (p: perovskite; V: CeO, phase).

densified. The existence of the continuous densified layer after
sintering at 1400 °C was confirmed by the gas permeation test
with gas tightness at pressures up to 7 bars at room temperature.
Further increases in the sintering temperature would promote
grain growth by deep fusion and BCTb particle bonding. For
example, after sintering at 1500 °C for 5 h, the grain size of the
BCTb ceramic has increased up to 6 pum in contrast to the 0.1 pm
of the staring particles, as is seen from Fig. 1-G3. Nevertheless,
the macro voids were still preserved within the hollow fibres.
This suggests that the general structure of the ceramic hollow
fibres was mainly formed during the spinning process and could
not be changed by the high temperature sintering. It should be
mentioned that the densification of ceramic membranes into gas-
tight structure is actually dependent not only on the sintering
temperature but also on the particle loading density in the fibre
precursors. In fact, we also have obtained the gas-tight hollow
fibre membranes at a lower sintering temperature, i.e., 1350 °C
when using a starting solution with higher powder content to
spin the hollow fibre precursors.

Fig. 2 shows the XRD patterns of the BCTb hollow fibre
membranes with different sintering temperatures. As can be
seen, the original orthorhombic perovskite phase has been pre-
served well in the sintered hollow fibres. However, several
impure diffraction peaks also occurred at (26) 33.26°, 47.7°,
56.6°,75.1° and 77.2°, respectively when the sintering temper-
ature was higher than 1300 °C. The intensity of these extra peaks
would become stronger as the sintering temperature increased.
Analysis using the MDI Jade 5.0 software indicates these impure
peaks belong to the CeO; phase (PDF reference code 34-0394).
This phenomenon can be explained by the phase separation at
higher temperatures near the melting point (1480 °C) of BaCeO3
at which BaCeOj3 will be separated into solid phase CeO, and
a liquid phase rich of BaO.?” At such a high temperature, the
liquid BaO is easily evaporated, which not only alters the ini-
tially designed material composition but also deteriorates the
mechanical strength. Looking back to the SEM image of the
cross sectional area in Fig. 1-Gl1, the overall integral structure
of the hollow fibre was also altered by such phase separating
behaviour.
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Fig. 3. Apparent density and porosity of the BCTb hollow fibres sintered at
different temperatures.

Fig. 3 shows the apparent density and porosity of the BCTb
hollow fibre membranes as a function of sintering temperature
and the apparent density of the disk membrane is also presented
for comparison purposes. As is expected, the apparent density
of the BCTb disk membrane slightly increased with the sinter-
ing temperature because the densification of ceramics could be
promoted by a higher temperature. The theoretical density of the
BCTb perovskite was calculated from the XRD lattice constants
tobe 6.314¢ cm 3. Therefore, the relative density of the BCTb
disk ranged from 87.1% to 96.5% as the sintering temperature
increased from 1200 °C to 1500 °C. From the apparent density
data, the porosity of the hollow fibre membranes could be calcu-
lated as also presented in Fig. 3. As can be seen, the porosity of
the hollow fibres decreased dramatically from 36.8% at 1200 °C
to 13.6% at 1450 °C but then decreased slightly to 12.9% as the
sintering temperature was further increased to 1500 °C.

The sufficient mechanical strength of the ceramic hollow fibre
membranes is an important prerequisite for them to be assem-
bled inside membrane modules for practical applications. Fig. 4
shows the mechanical property of the BCTb hollow fibres in
terms of three-point bending strength as a function of sintering
temperature. As can be seen, the membrane sintered at tempera-
tures lower than 1200 °C was very weak with a bending strength
value about 30.3 MPa. However, when the sintering temperature
is higher than 1400 °C, the mechanical strength was increased
to 130.4 MPa, which is sufficiently robust for the fabrication
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Fig. 4. Mechanical strength of the BCTb hollow fibres as a function of sintering
temperature.
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Fig. 5. The electrical conductivity of the BCTb disk and the hollow fibre as a
function of temperature.

of fibre modules. Such improvement in mechanical strength is
achieved by the increased densification at higher sintering tem-
peratures. Fig. 4 also shows that there exists an optimum value
of the sintering temperature (1450 °C) at which the sintered hol-
low fibres have a maximum bending strength of 146 MPa. After
this optimum temperature (1450 °C), the mechanical strength of
the membrane starts to drop, for example, with a lower value of
137 Mpa at 1500 °C. This can be explained by the phase sepa-
ration of the membrane materials at high temperatures near the
melting point of 1480 °C of BaCeO3 as observed in the XRD
patterns in Fig. 2d and from the SEM image from the cross
sectional area in Fig. 1-G1.

The electrical conduction property of ceramic membranes is
another important parameter for gas permeation since the per-
meation is based on the ionic transportation in the membrane
bulk. Fig. 5 shows the temperature dependence of conductivity
of the sintered BCTb hollow fibre membranes at 1400 °C for 5 h.
For comparison purpose, the conductivity data of the BCTb disk
sintered under similar conditions (1450 °C for 10 h) were also
plotted in the figure. As can be seen, both the BCTb hollow fibre
and the disk exhibited enhanced electrical conductivity as the
measurement temperature increased. However, the conductivity
of the BCTb disk was constantly higher than that of the hollow
fibre in the entire temperature measurement range. For example,
the BCTb disk exhibited the maximum electrical conductivity of
0.02 S cm™! at 850 °C, which is almost twice the maximum con-
ductivity of the BCTb hollow fibres (~0.013 S cm™!) at the same
temperature. Such distinction might result from the difference
in the microstructures of the pressed disk and the porous hollow
fibres derived by phase inversion. As described above, there are
considerable macro voids inside the hollow fibres. Such macro
voids could impede the ionic transportation and thus suppress
the proton conduction of the hollow fibre membranes.

3.2. Hydrogen permeation

Hydrogen permeation tests were conducted on the BCTb
hollow fibre membranes sintered at 1400 °C because these hol-
low fibres had high mechanical strength, few impurity phases
and more importantly, were completely gas-tight. Fig. 6 shows
the experimental results with the hydrogen permeation fluxes

0.5 |
—— 10 mL min”
0.4 | —#—15mL min"
—&—20 mL min’

0.3 [ —@—25mL min
I ——30 mL min’

Hydrogen flux, pmol cm?s?t

650 700 750 800 850 900 950 1000 1050

Temperature, °C

Fig. 6. Hydrogen permeation fluxes through the 1400 °C-sintered BCTb hollow
fibre membrane with different N, sweep flow rates (50% Hy—He feed flow
rate =40 mL min~—").

plotted against measurement temperature where the feed flow
rate of the Hy—He mixture was fixed at 40mL min~! and
the nitrogen sweeping rate ranged from 10 to 30 mL min~".
It can be observed that the maximum H) permeation flux
through the BCTb hollow fibre membrane could reach up
to 0.422 pmolecm=2s~! (or 0.57mL (STP)cm 2min~!) at
1000°C with the N, sweep flow rate of 30mL min~!. This
flux is almost one order of magnitude higher than the literature
values reported for the similar proton conducting oxide mem-
branes. For example, the hydrogen permeation fluxes through the
BaCeo,95Ndo,05O3_56 and BaCeothn04103_328 dense ceramic
membranes were only 0.013 wmolcm™2s~! at 925°C with
membrane thickness of 0.7mm and 0.011 pmolecm™2s~! at
900 °C with a membrane thickness of 1.06 mm, respectively.
Such a drastic increase in hydrogen permeation flux can be
attributed to the improved ionic conductivity of the BCTb mem-
brane, the reduced membrane thickness with example shown in
Fig. 1-F1 (marked with red rectangle shape) of less than 100 pm
and inner porous surface to facilitate the surface reactions.
Generally, the hydrogen flux through a mixed proton—electron
conducting membrane can be expressed by the Wagner equa-
tion, which is derived on the basis of bulk diffusion as the rate
limiting step:

RT /1’/}/12 ooHy.(onh. + g¢)

= 17 din py, (4)

JH,
P, Ot

where o; is the conductivity of species i; L is the thickness of the
membrane and the subscripts OH®, h® and €’ stand for proton,
electron hole and electron, respectively. According to Eq. (4), the
hydrogen flux is inversely proportional to the membrane thick-
ness. In the phase-inversion induced hollow fibre membranes,
the effective membrane thickness for hydrogen permeation may
be actually much lower than the apparent wall thickness of the
fibre due to the asymmetric structure. Of course, the clarifica-
tion of the detailed reason or mechanism for such improvement
still needs much more work, i.e., to compare the performance
of a series of BCTD hollow fibres with different thickness and
surface morphologies, which will be reported in our future work.
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In addition, Fig. 6 also demonstrates the general trend of gas
permeation through the perovskite membranes. As is expected,
the hydrogen flux increased with increasing temperature since
both the surface reaction kinetics and the bulk ionic diffusion
could be promoted by the use of higher temperatures. For exam-
ple, the hydrogen flux rose from 0.022 to 0.422 pmol cm =2 s~!
as the temperature was increased from 700 °C to 1000 °C when
the nitrogen sweeping rate was kept 30 mL min~!. On the other
hand, the hydrogen flux increased with increasing the nitro-
gen sweep flow rate at a given permeation temperature, which
may be directly attributed to the lowering of hydrogen par-
tial pressure at the permeate side. For example, increasing the
nitrogen flow rate from 10 to 30 mL min~! boosted the hydro-
gen flux at 900 °C from 0.035 to 0.25 wmolcm™2s~!. These
trends were also repetitively observed in the operation of the
mixed conducting ceramic membrane for oxygen production or
separations.?3>*

4. Conclusions

Gas-tight BaCe.95Tbg.0s03_q (BCTb) perovskite hollow
fibre membranes have been fabricated by the combined phase
inversion and sintering technique. The starting membrane mate-
rial, the BCTb powder precursor synthesized by the sol—gel
method has to be calcined at 1000 °C to form the perovskite
structure. The sintering temperature has significant effect on the
properties of the resultant BCTb hollow fibre membranes. In
order to obtain gas-tight and robust hollow fibre membranes,
the sintering temperature should be controlled between 1350
and 1450 °C. The hydrogen permeation fluxes through the BCTb
hollow fibre membranes increase with temperature and the max-
imum fluxes can reach up to 0.422 wmolcm~2s~! at 1000°C
when the flow rates of the Hy—He mixture feed and the nitrogen
sweeping were 40 mL min~! and 30 mL min~!, respectively.
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