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A B S T R A C T

Ceramic-based oxygen permeation membranes (OPM) are considered to be promising for the separation of
oxygen from air. However, state-of-art membrane designs are unable to deliver satisfactory performances in
terms of permeation flux, mechanical/chemical stability and membrane surface area. In this study, a new bio-
inspired design has been successfully introduced in the micro-monolithic membranes made of
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) for oxygen separation. By carefully controlling the process parameters of the
fabrication and utilizing the hydraulic pressure of internal coagulant, the geometry of channels in the micro-
monolith has been converted from a circular shape to a triangle shape with rounded corners. This new bio-
inspired, ‘orange-like’ architecture not only reduces the effective oxygen diffusional length down to approxi-
mately 50 μm, but also significantly increases the ratio of active region among the overall circumference up to
90%. This new bio-inspired micro-monolithic design displays an excellent oxygen permeation flux of 1.87ml
min−1cm−2 at 950 °C, which is superior to the most reported values from LSCF material systems. In addition,
such a design illustrates an excellent mechanical robustness that has long been a bottleneck for LSCF membranes.
This work demonstrates a promising solution to tackle the long-existing trade-off between oxygen permeation
performance and mechanical reliability.

1. Introduction

Air separation is an important separation process to produce pure
oxygen or oxygen-enriched air which could be subsequently applied for
a wide range of applications such as medical device, rocket propellant,
oxy-fuel combustion and chemical synthesis [1–4]. The conventional
approach for air separation is cryogenic distillation, which is well-ma-
tured and has been almost exclusively used for decades. However, this
process is very costly due to the extremely low temperature require-
ment. On the other hand, several non-cryogenic processes have been
explored in the past decades, among which dense ceramic oxygen
permeable membranes (OPM) is one of the most promising alternatives.
In principle, this chemical potential gradient-driven membrane process
is energy efficient, despite requiring external heat to provide adequate
operating temperatures (typically above 800 °C) to facilitate ionic
conduction. In addition, infinite selectivity can be theoretically realized
since a defect-free, dense ceramic OPM is solely permeable towards
oxygen [1,5].

So far, there has been a significant progress in OPM materials for
spontaneous oxygen permeation, which can be classified into two main

categories depending on whether a separate electronic mediator is
needed to preserve electroneutrality, namely single-phase membranes
that exhibit mixed ionic/electronic conductivity (MIEC), and dual-
phase composite membranes with percolating phases as both ionic and
electronic conductors. The development of new OPM materials has
received significant attention to fulfil several general criteria, including
high oxygen permeation flux, good stability under different gaseous
environments, proper mechanical strength and cost-effectiveness,
which have been covered by some comprehensive reviews [6–9].
However, to compete with current cryogenic process, the geometry and
morphology of the ceramic OPM need to be further designed and op-
timized.

Planar/disk-type is a geometry that receives probably the most at-
tention mainly due to the mature manufacturing process, such as tape-
casting. Air products has constructed a demonstration module based on
tape-casted planar OPM, with a production rate of 5 tons/day [10,11].
However, like other ceramic devices, high-temperature sealing re-
mained as one of the key engineering difficulties. Additionally, the
external mechanical support, on which the thin OPM is typically de-
posited, could show different thermal expansion behaviour as the OPM
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and lead to the accumulation of stresses, consequently resulting in de-
lamination and catastrophic structural failure. On the contrary, tubular
and the subsequently evolved micro-tubular (hollow fiber) design show
the most important advantage of simplified sealing. It is also suggested
to be the optimal design based on the calculation of a full-scale module
[12]. Nevertheless, there is a long-existing trade-off between oxygen
permeation flux and mechanical reliability associated with this design.
According to the Wagner equation, OPM should be thin enough to
minimize diffusional resistance and subsequently maximize permeation
flux. Different from planar OPMs which is typically external-supported,
the separation layer in the self-supporting tubular OPM also needs to
provide mechanical robustness. Therefore, the reduction in thickness
would inevitably jeopardize the mechanical strength. A new design
featuring a good balance between high performance and good me-
chanical reliability is, therefore, in great need.

Recently, a new miniaturized honeycomb-like design has been de-
monstrated, exhibiting superior mechanical robustness and comparable
oxygen permeation flux [13]. Such design suggests a feasible solution to
overcome the long-existing trade-off. Herein, a new bio-inspired, micro-
monolithic design has been developed, displaying an orange-shaped
architecture and very well-controlled separation layer thickness. A
phase inversion-assisted extrusion technique has been used, during
which the composition of internal coagulant was carefully adjusted to
evolve the channel geometry from circular to a teardrop shape.
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) was selected as a sample material since
the widely available literatures about LSCF hollow fiber membranes
would facilitate the comparison. The mechanical robustness and oxygen
permeation performances were systematically investigated. Ad-
ditionally, a benchmark has been proposed to estimate the equivalent
thickness and effective surface area for such multi-channel geometry.

2. Experimental

2.1. Materials

Commercially available lanthanum strontium cobalt ferrite
(La0.6Sr0.4Co0.2Fe0.8O3−δ, LSCF) powder was purchased from Fuel Cell
Materials (USA) and used as supplied. Poly (methyl methacrylate)
(Acrypet-PMMA, Mitsubishi Rayon Co. Ltd), N-Methyl-2-pyyrolidone
(HPLC grade, VWR International) and Arlacel P135 (Uniquema, UK)
were used as polymer binder, solvent and dispersant, respectively. A
mixture of deionized (DI) water and ethanol (VWR International) was
used as internal coagulant.

2.2. Fabrication of bio-inspired 6-channel LSCF micro-monolith

The 6-channel LSCF micro-monolith with an orange-like design was
fabricated via a phase inversion-assisted extrusion process, details of
which have been described elsewhere [13]. Fig. 1 depicts the schematic
diagram of how the new design was inspired and proposed. For a
conventional hollow fiber design, it has a typical annular geometry with
two concentric circles. Given the outer diameter remains unchanged,
the reduction in separation layer thickness is achieved via enlargement

of inner contour, which inevitably leads to compromising of mechanical
strength. Therefore, additional structure needs to be introduced in the
hollow lumen to function as the mechanical support. Inspired by the
shape of an orange cross-section, the eventual design is by splitting the
circular lumen into circular sectors (sextants or octants). Most im-
portantly, the arc of each sector has a degree of curvature that is close
to the outer circumference, whereas the regions in between the circular
sectors and in the middle provides the required mechanical strength.

The spinning suspension was prepared by mixing the LSCF powder,
polymer binder, solvent and additives, and then thoroughly milled for 4
days using a planetary miller to ensure proper homogeneity. A vacuum-
assisted degassing step was undertaken prior to the extrusion to elim-
inate air bubbles trapped inside. During the spinning, a mixture of
deionized (DI) water-ethanol (H2O/ethanol= 70/30 by weight) was
adopted as the internal coagulant instead of pure DI water that has been
commonly used. After the micro-monolithic precursor was straightened
and dried, a sintering step was undertaken at 1350 °C for 6 h to obtain
dense LSCF membranes.

2.3. Characterization

Field emission scanning electron microscope (FE-SEM, Gemini LEO
1525) was used to observe the morphology of 6-channel micro-mono-
lith samples. The mechanical robustness was investigated by a three-
point bending method using an Instron Testing System (Instron 5543)
with a 1 kN load cell, during which the sample holder had a span of
30mm.

The oxygen permeation flux of the sample was measured with
100mlmin−1 of argon as a sweep gas in the lumen side, while
100mlmin−1 of air is fed to the shell side at the atmospheric pressure.
The oxygen concentration in the effluent gas from the lumen side was
subsequently analysed using gas chromatography (GC, Varian 3900).
The oxygen permeation flux was then calculated using the equation
below:

=
−

J
V y

A y(100 )O
Ar O

O O
2

2

2 (1)

Where JO2 is the oxygen permeation flux (ml cm−2 min−1), VAr is the
flow rate of the argon sweep gas (ml min−1), Ao denotes the outer
surface area (cm−2), y02 is the oxygen concentration detected by the
GC.

3. Results and discussion

3.1. Morphology of 6-channel LSCF micro-monolith

Fig. 2 depicts the morphology of the 6-channel LSCF micro-monolith
with a bio-inspired design, which has been successfully fabricated via a
phase inversion-assisted extrusion technique. The outer diameter of
sintered sample was (1.95 ± 0.03) mm (Fig. 2 (a)), which is well
within the accepted range for hollow fiber or micro-tubes. The theo-
retical outer surface area to volume ratio was calculated to be
1813.6 m2m−3 based on the assumption of closest hexagonal packing
(Table 1). Such ratio compares well with most reported hollow fibers
and is several folds higher than conventional flat and tubular mem-
branes. In addition, an asymmetric micro-structure composed of micro-
channels and spongy regions could be observed in Fig. 2(b) and (c),
which was introduced during the phase inversion process as a result of
interfacial instability, details of which have been discussed elsewhere
[13,14], and well-preserved during sintering. Different from conven-
tional ceramic monolith/honeycombs that have a regular channel
geometry (e.g. circular, square or hexagonal), a triangle shape with
rounded corners could be clearly observed in Fig. 2(a), which makes the
cross section alike to an orange or grapefruit. After the sintering step at
1350 °C, the outer surface of the membrane has been densified andFig. 1. Schematic diagram of the proposal of bio-inspired design.
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become defect-free (Fig. 2(d)), which could be well used for oxygen
permeation test.

In the case of fabrication process for traditional hollow fibers as
shown in Fig. 3(a), the hydraulic pressure from the internal coagulant
(or bore fluid) is important. If it is not high enough (e.g. relatively slow
extrusion rate), an irregular or deformed inner contour could be ob-
served [15]. Therefore, it is critical for the internal coagulant to provide
a hydraulic pressure that is sufficient to suppress the impact of
shrinkage during the phase inversion, so as to maintain the regularity of
the inner contour. As for the 6-channel design, 6 nozzles are arranged in
a hexagonal configuration and multiple streams of internal coagulants
were induced, as displayed in Fig. 3 (b). Therefore, in addition to
preventing the buckling of inner contour, the hydraulic pressure could
be further manipulated to modify the membrane geometry. For each
individual stream, the hydraulic pressure at certain directions were
offset by the pressure from the neighboring streams of internal coagu-
lant, leading to a non-uniform expansion of lumen and the transfor-
mation from circular to a triangular shape. It is also noteworthy that the
use of water-ethanol mixture in this work is extremely important to
slow down the precipitation of the polymer binder and to provide
sufficient time to establish the orange-shaped channel geometry.

As reported, one important feature of LSCF membranes with multi-
channel architecture is the varying thickness of the separation layer. To
estimate the effective oxygen diffusional path length for these non-
uniform structures, an assumption was made that only the region of the
sector, constrained by tangents subtending the center of the membrane
(Fig. 4 (a)), facilitated oxygen diffusion, while the contribution from the
remaining volume was negligible. The shaded area was subsequently
normalized to an annulus of equivalent area with an identical outer
radius (R) and central angle (θ). The calculated width of the annulus (d)

sector was then adopted as the effective diffusive path length, which is
summarized in Table 1 and compared to references. To validate the
calculation, oxygen permeation flux of the multi-channel samples was
compared to reported LSCF hollow fibers with a similar cross-sectional
thickness. For example, the 4-channel sample, whose equivalent
thickness was calculated to be 240 μm, was reported to have an oxygen
permeation flux of 0.51mlmin−1 cm−2 at 950 °C [13]. In comparison,
conventional LSCF hollow fibers with cross-sectional thicknesses of
220 μm and 270 μm were reported to have oxygen permeation flux of
0.54mlmin−1 cm−2 [18] and 0.4 mlmin−1 cm−2 [19], respectively. It
can be concluded that these oxygen permeation flux follows the general
trend of being reversely proportional to the separation layer thickness,
which helps to validate this method of estimating the equivalent
thickness. In addition, it can be seen from the table that the bio-inspired
design from this work provides an effective thickness of around
51.6 μm, which is markedly reduced compared to other reported values,
up to 5 folds thinner. As shown in Fig. 2 (b), the majority of the active
separation layer has a quite constant thickness, which is resulted from
the combined effects of both prolonged precipitation time by using the
H2O-ethanol mixture as a weaker coagulant, as well as the pressure
from the neighboring streams of non-solvent extruded.

3.2. Oxygen permeation through the 6-channel micro-monolithic membrane

The oxygen permeation test was conducted using an argon sweep
gas of 100mlmin−1 and Fig. 5 displays the temperature dependence of
oxygen permeation flux between 750 and 950 °C, as compared to other
sub-optimal micro-monolithic counterparts reported previously [13]. It
can be seen from the figure that the bio-inspired design from careful
manipulation of fabrication parameters shows a significantly improved

Fig. 2. SEM images of sintered LSCF micro-monolithic membrane with bio-inspired design: (a) whole view, (b) active region for oxygen permeation with a relatively
uniform thickness, (c) cross section of the wall between the shell and two bores, (d) outer surface of membranes.

Table 1
Dimensions of different micro-monolithic samples and estimations of separation layer thickness and effective volumetric surface area.

Ref. Types of
Design

Outer diameter
(mm)

Average channel
diameter (mm)

Effective separation
thickness (mm)

Volumetric surface area
(m2 m−3)

Active ratio
(%)

Effective volumetric surface
area (m2 m−3)

[13] 3-channel 2.12 0.73 0.19 1711 49.5 847
4-channel 2.41 0.81 0.24 1505 65.3 983
7-channel 2.60 0.77 0.14 1395 69.3 967

[16] 4-channel 1.90 0.58 0.16 1909 55.3 1056
[17] 7-channel 2.40 0.60 0.26 1511 67.4 1018
This work 6-channel 1.95 N/A 0.05 1814 87.7 1591
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oxygen permeation flux, up to 1.87mlmin−1 cm−2 at 950 °C, which is
more than 3 times higher compared to other micro-monolithic coun-
terparts. Such improvement is due to not only the reduced effective
thickness, but also more efficient utilization of membrane cir-
cumference as active separation region.

If the resistance from gas phase mass transfer is considered negli-
gible, there are two major steps for the oxygen transporting process
through the LSCF membrane, including the surface exchange in both
feed side (oxygen-rich) and permeate side (oxygen-lean), and the bulk
diffusion of oxygen ions through the membrane. The oxygen permea-
tion flux could be calculated based on Wagner equation [7,20]:
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Here, L denotes the membrane thickness,p’O2 and p’’O2 represent the
oxygen partial pressure at upstream and downstream side, respectively.
σamb is the ambipolar conductivity, which is a material property and
calculated based on the material's ionic conductivity (σi) and electronic
conductivity (σe), as shown in the equation below:

= ⋅
+

σ σ σ
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Lc is the critical thickness, which represents the relative importance of

Fig. 3. Schematic diagram of: (a) normal and irregular inner contour in traditional hollow fiber membrane, (b) bio-inspired 6-channel micro-monolithic membrane
with geometry control.

Fig. 4. Schematic diagrams of: (a) estimation of the effective diffusive pathway length of 6-channel micro-monolithic membrane, with the shaded sections of
equivalent area; (b) estimation of effective separation region.

T. Li, et al. Journal of Membrane Science 578 (2019) 203–208

206



surface exchange and bulk diffusion and is defined as =Lc
D
κ [21]. Κ

and D denote the coefficients of surface exchange and bulk diffusion,
respectively. As reported before, for LSCF material system, Κ increases
much faster than D when the temperature increases due to their varied
activation energy [22], leading to dramatically decreased critical
thickness Lc. Thus, bulk diffusion becomes the rate-limiting step and
Equation (2) could be simplified as:
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When the ratio of active circumference was estimated, an assumption
was made that the membrane was operated at high enough temperature
that the bulk diffusion becomes the rate-limiting step. According to
Equation (4), the permeation flux is linear to the reciprocal membrane
thickness L−1. Similar to the estimation of effective membrane thick-
ness, the defined active region is illustrated in Fig. 4 (b). The angle of
the total shaded area (θ) was measured using Image software prior to
the estimation. A simplified profile of flux distribution has been gen-
erated by dividing the shaded area into 8 sectors with identical angle
partition. The thickness at various spots (L1 to L5) have been measured.
According to Equation (4), the oxygen permeation flux is reversely
proportional to the thickness, so the profile of oxygen flux of the shaded
area could be generated based on the reciprocal of thickness (1/L) and a
subsequent fitting step using the Maxwell-Boltzmann function. The
estimation of the effective separation region is based on angle. The
angle of the area that contributes to 90% of the oxygen flux (θ90) is
defined as active and the calculated results have been shown in Table 1.
It can be seen that the ratios of effective area for sub-optimal micro-
monolithic designs ranged between 49.5% and 69.3%, which indicates
that approximately 30–50% of the surface area remains idle. This is
mainly due to the difference in curvature of inner lumen and outer
circumference, which leads to rapidly increasing thickness of the se-
paration layer and consequently increased bulk diffusion resistance.
While this ratio of active surface for the bio-inspired design has been
improved to almost 90%, which shows an improvement of
28.5%–81.8% when compared to other micro-monolithic designs. The
estimated active ratios have been used to further calibrate the theore-
tical surface area per volume, as shown in Table 1. It could be observed
from the table that such novel bio-inspired design provides an effective
volumetric surface area of 1591m2m−3, showing an increment up to
87.8% compared to other micro-monolithic counterparts ranged

between 847 and 1056m2m−3, which is another key feature that fa-
cilitates oxygen permeation.

3.3. Mechanical robustness of the 6-channel micro-monolithic membrane

The mechanical property was investigated using a 3-point bending
method. With a span of 30mm for the sample holder, the measured
fracture load was (9.1 ± 0.3) N, which is slightly lower than those
micro-monolithic counterparts that range between 10.4 and 15.4 N
[13], but still a few folds higher than reported values for conventional
micro-tubular counterparts.

For self-support LSCF hollow fiber membranes, there has been a
long-exiting trade-off relationship between oxygen permeation flux and
mechanical robustness. As mentioned earlier, such trade-off is resulted
from that the dense separation layer also acts as the major mechanical
support. Such trade-off could be observed from Fig. 6, which sum-
marizes the fracture load results and oxygen permeation flux (at 950 °C)
from several literatures regarding LSCF hollow fiber membranes. Al-
though the conditions for the permeation test weren't identical, it
clearly illustrates the general trendline describing such trade-off effect.
The results of the previous micro-monolithic designs [13] have also
been highlighted, which indicates an effective approach to enhance the
mechanical property while maintaining comparable oxygen permeation
flux. Further optimization in architecture reported in this work has
been highlighted in red and proven effective as its position is on the
preferable direction towards top right corner, which represents the
achievement of both decent oxygen separation performance and me-
chanical reliability.

4. Conclusions

In this study, a new bio-inspired design has been demonstrated for
high-performance LSCF oxygen permeation membranes. The geometry
of the channels was successfully manipulated via careful control of
fabrication parameters, which has been converted from the conven-
tional circular or square shape to the teardrop shape. Such modification
in channel geometry not only helped to reduce the effective oxygen
diffusive pathway length down to approximately 50 μm, but also sig-
nificantly enhanced the ratio of active circumference from 50% to al-
most 90%, resulting in high oxygen permeation performances up to
1.87mlmin−1 cm−2 at 950 °C and superior effective volumetric surface
area of 1591m2m−3. In addition, excellent mechanical robustness was
obtained, which is several folds higher than conventional hollow fiber

Fig. 5. Oxygen permeation flux of 6-channel micro-monolithic membrane and
data of multi-channel counterparts from literature [13].

Fig. 6. Comparisons of oxygen permeation flux and mechanical strength with
other references [19,23–31]. (Some fracture load not provided in the literature
but calculated using relevant data, all fracture load data was normalized into
30mm span. Most oxygen flux data were collected at 950 °C and with
100mlmin−1 of sweep gas flow rate).
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membranes. Such bio-inspired design has shown to be a promising
strategy to tackle the long-existing trade-off and achieve both decent
oxygen permeation performance and mechanical reliability via a simple
approach.
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