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A B S T R A C T   

The brittleness of perovskite hollow fiber membrane limits its large-scale application. A high mechanical strength 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ nineteen-channel hollow fiber has been successfully prepared by a combined phase 
inversion and one-step thermal processing sintering technique. The crystalline structure, morphology, me-
chanical strength, oxygen permeation fluxes, transportation behavior and catalytic membrane reactor perfor-
mance of the nineteen-channel hollow fiber were investigated systematically. The hollow fiber membrane of this 
configuration brings high mechanical strength (50.4 � 1.3 N in 50 mm) reaching about 60 times that of the re-
ported perovskite single-channel hollow fiber membranes and increased oxygen permeation(7.05 mL min-1cm-2 

at 900 �C). Multiple types of oxygen transport paths were demonstrated and proved to have different contri-
butions to the oxygen permeation flux. This new configuration will be easily exploited to build oxygen separator 
or membrane reactor, showing a prospect of commercialization.   

1. Introduction 

The environmental issues caused by greenhouse gas (carbon diox-
ide), toxic gas (NOx, SOx, etc) and particulate matters (PM10 and PM2.5) 
generated in the combustion process have persisted for decades. Oxy- 
fuel combustion is considered as one of the most effective routes to 
solve these problems. In the oxy-fuel combustion process, the use oxy-
gen/carbon dioxide mixture instead of oxygen/nitrogen could facilitate 
the carbon dioxide capture, eliminate the toxic gas emission, reduce the 
generation of dust, while increase the flame temperature and improve 
the combustion efficiency [1–3]. In this technique, the production of 
pure oxygen is regarded as a key procedure. Mixed ionic-electronic 
conducting (MIEC) membranes, especially perovskite membranes are 
promising candidate for producing pure oxygen from different types of 
mixture gas (such as air, oxygen/carbon dioxide etc.) [4]. It has been 
demonstrated that the oxygen generated by perovskite membrane would 
save the energy costs of oxygen production by at least 35% compared 
with the currently matured oxygen separation technologies (such as 
cryogenic distillation) [5]. The economics of oxygen separation tech-
nique based on the MIEC membranes in the oxy-fuel combustion largely 

depends on the oxygen flux of the membranes. 
Great efforts have been done to develop new materials with high 

oxygen permeability, such as Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), 
BaZrxCoyFezO3� δ, Ba0.6Sr0.4Fe0.8Mg0.15Zr0.05O3� δ, BaBi0.05Sc0.1-

Co0.85O3-δ and Ba0.5Sr0.5Co0.8Cu0.2O3� δ [6–10] or with high carbon di-
oxide stability, such as Ce0.9Gd0.1O2-δ-Ba0.5Sr0.5Co0.8Fe0.2O3-δ, 
Sm0.3Sr0.7Cu0.2Fe0.8O3-δ-Ce0.8Sm0.2O2-δ, Pr0.1Gd0.1Ce0.8O2-δ-CoFe2O4 
and (Pr0.9La0.1)(2.0)(Ni0.74Cu0.21Ga0.05)O4þδCl0.1 [11–14]. In particular, 
oxyfluorites such as Ba0.5Sr0.5Co0.8Fe0.2O3-δF0.1, SrCo0.9Nb0.1O3-δF0.1 
shows a comparative oxygen flux at low temperature for example 600 �C 
and exceeded the commercial target (1.0 mL min-1⋅cm-2) [15]. Never-
theless, most of the MIEC membranes need to work at a temperature 
higher than 900 �C to reach the target. In addition to materials design, 
another route to enhance the oxygen permeation flux, according to 
Wagner Equation for MIEC materials [4], is to decrease membrane 
thickness. 

JO2 ¼
RTσion

16F2L
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(Eq.1) 
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Where R is the gas constant which is 8.314 (J K� 1 mol� 1); T is the 
temperature (K);σion is the conductivity of oxygen ions; F is the Faraday 
constant which is 9.64x105 (C mol� 1); L(cm) is the thickness of the 
membrane, PI

O2
; PII

O2 
is the oxygen partial pressure of the feed side and 

permeate side. Reaction which consume oxygen can be carried out at the 
permeate side of the membrane to build a membrane reactor. Reaction 
on the permeate side can reduce the oxygen partial pressure, promoting 
the oxygen permeation of the membrane [16–18]. 

Hollow fiber membrane configuration owing to its unique, one-step 
formed asymmetric structure; thin dense layer and hence advanced 
oxygen permeation performance are intensively studied in recent years. 
There are large amount of reports can be found in regard to single 
channel hollow fibers [19–21]. Although hollow fiber membranes have 
many advantages, their applications are sometimes limited by their 
brittleness when a force impingement or thermal shock occurred. From 
the point of engineering to overcome this disadvantage, some re-
searchers attempted to improve reliability of membrane module by 
bundling several individual single hollow fibers together [22,23]. 
Another option to improve the mechanical strength of a hollow fiber is 
to increase its cross-section area and it can be achieved by using a 
multichannel configuration [24]. This kind of design was used in 
ceramic tubular membranes for liquid filtration and was widely 
accepted for industrial application. Our group firstly reported multi-
channel hollow fibers based on perovskite oxides and designed for pure 
oxygen production. For example, a four-channel hollow fiber of 
SrCo0.8Fe0.2O3-δþ0.5%wt Nb2O5 was proved to have three to six times of 
mechanical strength and double oxygen permeation flux of single 
channel hollow fiber membrane [25]. While the mechanical strength of 
a seven-channel hollow fiber design has increased by about 50% [26]. 
Similar results were also observed by Kang Li et al in three-, four-, 
seven-channel and bio-inspired design La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) 
hollow fiber [27,28]. 

Nineteen channel monolithic membranes which diameter is several 
centimeters are wildly used in water filtration as their high flux and 
mechanical strength. In this study, we designed BSCF hollow fiber 
membranes containing nineteen channels in several millimeter diam-
eter. It was fabricated via one-step thermal processing (OSTP) approach 
that benefits from avoiding a multiple step of thermal treatments and 
interactions between perovskite oxides and non-solvent during phase 
inversion and leads to a higher oxygen flux [29]. The microstructure, 
breaking load and oxygen transport behavior of the membrane were 
investigated in detail. This paper also studied the performance of the 
nineteen-channel hollow fiber membrane for a catalytic membrane 
reactor comparing with single-channel and four-channel hollow fiber 
membrane. 

2. Experimental 

2.1. One-step thermal processing (OSTP) 

Mixture of SrCO3, BaCO3, Fe2O3 and Co2O3, with stoichiometric 
ratios, was ball-milled in ethanol for 24 h at 300 rpm and then dried at 
65 �C for 24 h, ground and sieved (300 meshes). The particle size dis-
tribution D50 of the sieved mixture is lower than 10 μm which was 
analyzed by laser particle size analyzer (particle size distribution Mas-
tersizer 3000, British). The ball-milled mixture was mixed with polymer 
binder polyether sulfone (PES) and organic solvent 1-methyl-2-pyrroli-
dinone (NMP) in the mass ratio of 25:7:2 and then ball-milled for 
24 h at 280 rpm to obtain uniform spinning suspensions. Note that the 
suspension has a high viscosity and ball-milled in a gentle rotation 
speed, the second ball mill has little effect on the particle size. A 
specially designed nineteen-channel spinneret with orifice diameter of 
7.70 mm, diameter of channel is 0.60 mm was used to obtain the 
nineteen-channel hollow fiber precursors. The internal and external 
coagulants were the saturated mixed raw chemicals aqueous solution. 

The suspensions were pumped through the nineteen-channel spinneret. 
After phase inversion process (in external coagulant for 72 h),the hollow 
fiber precursors were dried and sintered at 1090 �C in static air for 5 h 
with heating and cooling rate of 2 �C min-1. After this single heating 
treatment, the gas-tight BSCF hollow fibers were fabricated. The single- 
channel and four-channel hollow fibers for comparative experiments of 
membrane reactor were prepared by the same method with different 
spinnerets. The detail of the spinneret can be found in literature [25,30]. 

2.2. Characterizations 

Thermogravimetry differential scanning calorimetry (TG-DSC, STA 
409 PC Netzsch) analysis of the ground powder of the hollow fiber 
precursor samples was performed from room temperature to 1100 �C 
with the heating rate of 10 �C min-1 in static air. The sintering behavior 
of the hollow fiber precursor was measured in the air using the appa-
ratus of dilatometer (Netzsch, Model DIL 402C, Germany). Shrinkage 
rate was defined as α¼ΔL/(ΔT*L0) (L0 is the length of original mem-
brane sample; ΔL is the change of the sample length while the change of 
temperature is ΔT). The specimen length is 4 mm. The shrinkage mea-
surement was performed in the range from room temperature to 1200 �C 
with heating rate of 5 �C min-1. Morphologies of the membrane samples 
were detected by using a scanning electron microscope (FESEM, Hitachi 
S-4800). Room temperature crystal phase structures of the membrane 
powder sample was observed by X-ray diffraction (XRD, Bruker, model 
D8 Advance) with Cu Kα radiation in the range of 20� � 2θ � 80�. The 
mechanical strength of the membrane was measured by a three-point 
bending test performed using a tensile tester (Model CMT6203, USA) 
provided with a load cell for 5 kN. The membrane samples were fixed in 
the sample holder with a spec gauge length of 50 mm. The cross head 
speed was set at 0.02 cm min-1. The broken load of the membranes was 
tested three times for each sample. The load (Fm) needed to break the 
hollow fiber was recorded for each sample. 

2.3. Oxygen permeation test rigs 

The gas tightness of the membrane was first examined at room 
temperature as described elsewhere [31]. The leakage of oxygen (ni-
trogen is the tracing gas) due to the impact sealing was less than 0.5% of 
the total oxygen permeation flux during the experiments. Oxygen 
permeation tests of the nineteen-channel BSCF membrane were per-
formed to investigate the contribution of different tiers of bores and the 
effect of operating conditions including temperature, air flow rate, and 
sweep flow rate. Oxygen permeation performances of BSCF hollow fiber 
membrane were measured by home-made high-temperature oxygen 
permeation setup, which was described elsewhere [31]. Air was fed to 
the shell side while helium was fed to the lumen side to purge permeated 
oxygen. The flow rates of feed gas and sweep gas were controlled by 
mass flow controllers (Beijing Sevenstar Electronics, model D07-19B) in 
the range of 100–600 mL min-1. Both sides of the membrane were 
maintained atmospheric pressure. Temperature of the tubular furnace 
was monitored and programmed by a programmable temperature 
controller (Model AI-708PA, Xiamen Yudian automation technology 
Co.). The constant temperature zone of the furnace is about 50 mm 
where hollow fiber membrane (15 mm in length) was placed. The 
composition of effluent streams from the sweep side was analysis by an 
online gas chromatograph (GC, Shimadzu, model GC-8A, Japan). The 
leakage of oxygen due to the impact sealing was less than 0.5% of the 
total oxygen permeation flux during the whole experiments. Assuming 
that leakage of nitrogen and oxygen through pores or cracks in accor-
dance with Knudsen diffusion, the fluxes of leaked nitrogen and oxygen 
related by JN2 : JO2 ¼ ð32=28)� 79=21¼4.02. Then, the oxygen 
permeation flux was calculated as follows: 

JO2 ðmL ⋅ min� 1 ⋅ cm� 2Þ¼ ðCO2 � CN2 = 4:02Þ � Q
�

S (Eq.2) 
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Where CO2 and CN2 are the concentration of oxygen and nitrogen 
calculated from the GC measurements, Q (mL⋅ min-1) is the flow rate of 
the permeate gas stream, and S (cm2) is simply defined as the membrane 
outer surface area. 

For demonstrating the existence of multiple types of oxygen trans-
port paths in nineteen-channel BSCF hollow fiber membranes, three tiers 
of the channels in nineteen-channel hollow fiber were plugged and 
sealed with silver paste respectively. The helium flow rate of an un-
plugged hollow fiber is 300 mL min-1. For the plugged sample with 12 
peripheral channels, 6 middle channels and 1 central channel, the he-
lium flow rate of each unplugged channel is 15.8 (i.e. 300/19) mL⋅ min- 

1. 

2.4. Membrane reactor rigs 

In this work, air was fed on the lumen side and 5–41.7%vol methane 
balanced by helium was fed on the shell side. The effective length of the 
membrane was about 2.5 mm. 1 g 40–60 mesh Ni/Al2O3 catalyst was 
packed on the shell side. The air flow rate is kept at 80 mL min-1. The 
total feed flow rate of the mixture of methane and helium is 60 mL min-1, 
and by the ratio of methane and helium, the different methane con-
centrations are obtained. The composition of the effluent streams was 

analyzed by two online gas chromatographs (GC, Shimadzu, model GC- 
8A, Japan) equipped with a 5 Å molecule sieve column and a TDX-01 
column, respectively. The 5 Å molecule sieve column was used for the 
detection of hydrogen, oxygen, nitrogen, methane and carbon monox-
ide, and the TDX-01 column was used for the detection of hydrogen, 
methane and carbon dioxide. The oxygen permeation fluxes through the 
membrane reactor were calculated from the total oxygen element 
including oxygen and oxygen-containing compounds (carbon monoxide, 
carbon dioxide, water) in the effluent. The conversion of methane (XCH4 ) 
and selectivity of carbon monoxide (SCO) were calculated by the 
following equations: 

XCH4 ¼ðFCH4 ;in � FCH4 ;outÞ
�

FCH4 ;in (Eq.3)  

SCO ¼FCO
�
ðFCH4 ;in � FCH4 ;outÞ (Eq.4)  

Where Fi is the flow rate of species i. FH2O can be calculated according to 
the hydrogen balance. 

FCH4 ;inlet ¼FCH4 ;outlet þ
1
2
FH2O þ

1
2

FH2 (Eq.5)  

Fig. 1. (a) Configuration of nineteen-channel spinneret; (b) The image of the nineteen-channel BSCF hollow fiber precursor (left) and sintered membrane (right); (c) 
TG-DSC curve and temperature dependence of shrinkage and linear thermal expansion coefficient α of the nineteen-channel hollow fiber membrane precursor. 
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3. Results and discussion 

3.1. Sintering properties 

The geometric configurations of the nineteen-channel spinneret are 
shown in Fig. 1a. From the digital image (Fig. 1b), the outer and channel 
diameters of the nineteen-channel hollow fiber precursor and the sin-
tered hollow fiber membrane were shrunk from 6.90 and 0.65 mm to 
4.36 and 0.50 mm. The radial shrinkage of the OSTP formed nineteen- 
channel hollow fiber membrane is about 37%. 

To obtain the best sintering temperature, TG-DSC and sintering 
behavior of the membrane sample were tested. As shown in Fig. 1c, till 
520 �C, the polymer was burned and discharged heat. The weight of the 
sample decreased sharply. There is an exothermic peak in the heat flow 
curve and a small negative peak in sintering curve at 520 �C. From 520 
to 700 �C, the TG curve stays level. From 700 to 900 �C the weight loss, 
the endothermic process and the shrinkage are mainly caused by the 
decomposition of carbonate and the solid state reaction of perovskite 
oxides. At about 850–900 �C, an endothermic peak marked the end point 
of solid state reaction. When the temperature exceeds 900 �C, the weight 
keeps constant while the length reduces, this is the sintering and 
densifying process of the membrane. A sharp increase of the sintering 
rate above 1150 �C is mainly caused by the melting of ceramic materials. 
The sintering curves suggested that the sintering temperature should be 
higher than 900 �C. After repeated attempts, membrane sintered at 
1090 �C for 5 h shows a good compromise between the mechanical 
strength and dense layer thickness. The precursors were sintered at 
1090 �C to obtain the BSCF hollow fibers according to the TG-DSC and 
sintering curve. Both the precursor and the sintered membrane have 
well-formed nineteen-channel structure. 

3.2. Micro structure and phase structure 

The nineteen channels were formed in one hollow fiber integrally 
(Fig. 2a). Finger-like structure connects the channels for high efficient 
oxygen transport (Fig. 2b). The inner channel surface appears to have 
holes, but according to the cross section image, these holes are dead-end 
holes (Fig. 2c). The outmost surface of the membrane is dense with grain 

size about several microns (Fig. 2d) [32]. 
The sintered membrane has a typical BSCF perovskite oxide crys-

talline structure. We also found impure peaks that are consistent with 
the characteristic peaks of barium sulfate (Fig. 3). It has been demon-
strated the sulfur-containing binder, such as PES, has a negative effect 
on oxygen flux and stability because of the sulfate impurities [33,34]. 
However, unlike sulfur-free binders such as polyetherimide (PEI), the 
excellent rheology of spinning suspension from PES is beneficial to 
fabricate nineteen-channel hollow fiber membrane. Thereby PES is a 
good compromise for fabrication of membranes with complex geometry. 

3.3. Mechanical strength 

Failure in ceramic hollow fibers with high length/diameter ratio is 

Fig. 2. SEM image of the membrane; (a) the cross section of the membrane; (b) magnified image of the finger-like structure; (c) inner channel surface; (d) 
outmost surface. 

Fig. 3. XRD patterns of the sintered hollow fiber membrane, BSCF powder and 
the characteristic peaks of BaSO4. 
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largely caused by brittle fracture. Needs for smart design of highly 
loaded ceramic membranes and watchful handling of those parts are 
therefore required. Increasing the cross section area or building skeleton 
structure can prevent the brittle fracture. The brittle fracture strength is 
described by the using the breaking load (N) which is the maximum load 
that a membrane can withstand before break and can be obtained by a 
three points bending fracture test. It is easy to calculate the breaking 
load of a standard geometry, such as rod or bar with known materials 
[35]. The hollow fibers, especially multichannel hollow fibers, have 
special geometries. As a result, the breaking load should be measured. 
Table 1 listed breaking loads of hollow fibers with different geometries. 
For a single channel hollow fiber which is mostly studied in the litera-
ture, the diameter ranges from 0.8 to 1.5 mm, their breaking loads are 
about 1 N [2,7,10,25,29,34,36–48]. For four and seven channel hollow 
fiber membrane, the diameter rise to 2–3 mm, and the breaking load 
boost to about 10 N [25,26,33]. In the nineteen-channel design, the 
breaking load could be over 50 N. These results show that the breaking 
load is associated with the geometry [49]. 

3.4. Oxygen permeability of the nineteen-channel membrane 

Multiple transport routes exist in the hollow fibers with tiers of 
channels. It has been demonstrated that these multiple types of oxygen 
transport paths play a prominent role in significantly enhancing oxygen 
permeation performance. For example, in the seven-channel hollow 
fiber, there are two tiers of channels: one channel in the center and six 
channels circumferentially distributed in the periphery and created 
three transport paths [26]. They are path from outer surface to the pe-
riphery channels; path from outer surface to the center channel and path 
from periphery channels to center channel. The oxygen flux oxygen 
permeation flux contributed by the peripheral channels’ accounts for 
more than 55% which implies that the channels near the outer surface of 
fiber are dominant the permeation. In the nineteen-channel design, 
there are three tiers of channels: center (contain only one channel), 
middle (contain 6 channels) and peripheral channels (contain 12 
channels) (Fig. 4b), which could create more complex oxygen transport 
paths. When the air flow rate is 200 mL min-1, helium flow rate is 
300 mL min-1. The oxygen permeation fluxes of nineteen-channel hol-
low fiber were from 1.35 to 7.05 mL min-1⋅cm-2 in a temperature range 
from 700 to 900 �C. The values have an obvious advantage than single 
channel BSCF hollow fiber membranes which oxygen permeation fluxes 
are about 1.0–3.0 mL min-1⋅cm-2 in a temperature range from 700 to 
900 �C [19,50–53]. 

Oxygen permeation fluxes contribute by each tier of channels were 
measured separately. As we can see in Fig. 4a, the 12 peripheral chan-
nels provided the greatest contribution in oxygen permeation flux, and 
then the 6 middle channels and the one center channel contributed the 
smallest flux. For instant, at 900 �C, the peripheral (path a), middle 
(path b) and center (path c) channel(s) contribute 55.3%, 26.5% and 
5.2% oxygen flux to the total flux of the hollow fiber, respectively. The 

differences came from the differences of membrane thickness from the 
outmost surface of fibers to the inner surfaces of the channels (Fig. 4c). 
As described in the Wager Equation (Eq. (1)), at a certain condition 
(oxygen pressure gradient, temperature and bulk diffusion control), the 
oxygen flux is inverse proportion to the membrane thickness. Membrane 
thickness for center, middle and peripheral channels are 152 μm, 902 μm 
and 1847 μm, respectively (for simplicity, here the thickness is defined 
as the shortest distance between in the radial direction of surfaces). 
These cause the decay of flux from the outer channels to the inner 
channel. Therefore, increasing the number of tiers more than three can 
hardly increase the oxygen permeability. The sum of the contributions of 
the paths from the three tiers of channel is less than the total oxygen 
flux. For example, at 900 �C a 13.0% gap was still existed after consid-
ering of the paths. It might be due to the internal diffusion (peripheral to 
middle, middle to center and peripheral to center) which are driven by 
the oxygen partial pressure differences between different tiers of chan-
nels. In turn the partial pressures at each tiers of channels will deviate 
from ones in the separated measurements, and consequently affect the 
oxygen permeation rate. In this study, the inter-diffusion served to fa-
cilities the oxygen permeation. Similar results were also observed in the 
seven-channel hollow fiber [26]. 

The effects of air flow rate, helium flow rate, temperature on the 
membrane oxygen permeation flux was investigated. Fig. 5a shows ox-
ygen permeation flux as a function for air flow rate at different operation 
temperatures. The flow rate of helium at the permeate side was fixed at 
300 mL min-1. At 900 �C, the oxygen flux increases obviously when air 
flow rate increase from 100 to 300 mL min-1; the oxygen flux increased 
slightly with further increased air flow rate from 300 to 600 mL min-1. 
When the operating temperature is 800 �C or lower, the oxygen flow rate 
increases with the air flow rate at low-flow condition, but barely in-
crease when the air flow rate is higher than 300 mL min-1. 

The influence of the helium sweep flow rates at permeate side on the 
oxygen permeation flux through the membrane at different temperature 
is shown in Fig. 5b. The air flow rate is kept constant of 300 mL min-1. 
The oxygen permeation fluxes through the membrane increased with the 
increasing of the helium flow rate. At 900 �C, the oxygen permeation 
flux increases from 5.07 to 8.85 mL min-1cm-2 while the helium flow rate 
increases from 100 to 500 mL min-1. It’s noteworthy that the oxygen 
permeation flux is more sensitive to the helium flow rate. For example, 
at 900 �C, increasing air flow rate (from 100 to 500 ml min-1) contributes 
a 26.4% oxygen flux increase, while increasing helium flow rate (from 
100 to 500 ml min-1) contributes a 74.6% oxygen flux increase. This is 
because varying the helium flow rates has a greater influence on the 
oxygen partial pressure than varying the air flow rates. On the other 
hand, it was demonstrated that the oxygen permeation through a 
multichannel hollow fiber membrane is mainly controlled by the reac-
tion of the molecular oxygen with the membrane surface [31]. 
Increasing the helium flow rate is an effective way to improve the sur-
face exchange and hence increase the oxygen permeation flux. 

Table 1 
Breaking loads Fm (N) of hollow fibers with different geometries.  

Geometries Membrane materials Spana (mm) Character (mm) OD/ID Fm (N) Reference 

single-channel BaCoxFeyZrzO3-δ 100 0.88/0.53 0.81 [7] 
single-channel La0.6Sr0.4Co0.2Fe0.8O3-δ 50 1.28/1.11 0.79 [43] 
single-channel La0.6Sr0.4Co0.2Fe0.8O3-δ 50 1.40/1.18 1.21 [43] 
single-channel SrCe0.95Y0.05O2.975 50 1.31/0.86 0.76 [44] 
single-channel SrCe0.95Y0.05O2.975 50 1.25/0.97 0.5 [44] 
four-channel SrCo0.8Fe0.2O3-δ 

þ0.5%wt Nb2O5 

50 2.46/0.80 3.83 � 0.23 [25] 

single-channel Ba0.5Sr0.5Co0.8Fe0.2O3-δ 20 1.00/0.36 0.75 � 0.12 [34] 
four-channel BaCo0.7Fe0.22Nb0.08O3-δ 40 2.50/0.70 9.0 [33] 
seven-channel Ba0.5Sr0.5Co0.8Fe0.2O3-δ 30 2.40/0.60 13.5 [26] 
nineteen-channel Ba0.5Sr0.5Co0.8Fe0.2O3-δ 50 4.36/0.50 50.4 � 1.3 This work  

a The breaking load is inversely proportional to the span for the same material with same geometry. 
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3.5. Membrane reactor 

Membrane reactor unites reactions and separation process, which 
will improve the energy efficiency, simplify the technology process, and 
reduce the investment and operational costs. In this experiment, the 
controllable oxygen input reactor for partial oxidation of methane is 
performed in hollow fiber reactor. This process eliminates the explosion 
risk derived by co-feeding oxygen and reductive reactants in traditional 
reactors. The deep oxidation of the target products is avoidable and the 
selectivity is significantly improved. Oxygen is uniformly distributed 
along the hollow fiber membrane reactor’s axial direction. 

In this experiment, as shown in Fig. 6, the performance of nineteen- 
channel hollow fiber is better than that of single-channel and four- 
channel hollow fiber membrane with the same length when the con-
centration of methane exceeded 17%. It’s mainly because the oxygen 
permeation rate of nineteen-channel hollow fiber is higher than that of 
single-channel and four-channel hollow fiber due to the more efficient 
oxygen transport path. The oxygen permeation flux of nineteen-channel 
hollow fiber at 900 �C is 7.05 mL min-1cm-2, while that of seven-channel 
hollow fiber membrane is 14.8 mL min-1cm-2. The flux of seven-channel 
membrane is higher for the reason that seven-channel hollow fiber 
membrane has higher proportion of external channel and more efficient 

Fig. 4. (a) The oxygen permeation contribution of different tiers of channels to the total oxygen permeation of membrane at elevated temperatures; (b) the Schematic 
of four oxygen transport routes in the nineteen-channel hollow fiber membranes and; (c) the schematics of the proposed oxygen permeation process of the three 
experimental samples: The channels were sealed and plugged except (i) the peripheral channels, (ii) the middle channels and (iii) the center channel. 

Fig. 5. Effect of air flow rate (a) (FHe¼300 mL min-1) and helium flow rate (b) (FAir¼300 mL min-1) on the oxygen permeation flux through the nineteen-channel 
hollow fiber membrane at different temperatures. 
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internal diffusion [26], this is in line with our discussion about channel 
contributions above. The methane conversion mechanism in the BSCF 
hollow fiber membrane packed with Ni-based catalyst is the combustion 
reforming reaction mechanism [54,55]. When the methane flow rate is 
relatively low, the permeated oxygen is firstly reacted with part of 
provided methane to form carbon dioxide and water on the surface of 
the membrane, and then the residual methane reduces carbon dioxide 
and water to carbon monoxide and hydrogen. When the methane flow 
rate became higher, the reduction step dominated. Methane mainly 
reacted with carbon dioxide and water to form syngas rather than 
directly reacted with oxygen. Therefore, the oxygen partial pressure 
near the membrane surface decrease slightly. Oxygen partial pressure 
gradient is the driving force of oxygen permeation, so the oxygen flux 
increases as a result. As presented in equation (4), the methane con-
version can be expressed as the ratio of the reacted methane to the feed 
methane. It seems to be a chemical equilibrium, the reacted methane 
increased as well as the feed methane did, but reacted methane 
increased more slowly. Therefore, the methane conversion decreased 
continuously with increasing methane flow rate, meanwhile, the in-
crease of methane-oxygen ratio leading to the increases of carbon 
monoxide selectivity. For the nineteen-channel hollow fiber membrane 
reactor, the higher oxygen permeation flux gave it a higher throughput 
of methane than single-channel and four-channel hollow fiber mem-
brane reactor. The carbon monoxide selectivity, conversion of methane, 
flow rate of hydrogen of nineteen-channel hollow fiber is higher than 
those of four-channel hollow fiber. At 41.7% methane/nitrogen feeding, 
the right most data point shown in Fig. 6a and 6b, the carbon monoxide 
selectivity and the flow rate of hydrogen of nineteen-channel hollow 
fiber is 44% and 130% higher than that of single-channel hollow fiber, 

7% and 37% higher than that of four-channel hollow fiber, respectively. 
Also shown in Fig. 6c and 6d, with the increasing methane concentra-
tion, the oxygen flow rate and hydrogen flow rate of the 
nineteen-channel membrane reactor gradually exceed that of 
single-channel and four-channel hollow fiber membrane reactor. Ac-
cording to the oxide-reduction process, the oxygen permeation mem-
brane can’t be too long otherwise the produced syngas would be totally 
oxidized to carbon dioxide and water by the superfluous oxygen. 

3.6. Packing density & other hollow fiber design strategy 

The oxygen permeation module for hollow fiber membrane is sup-
posed as a hexagon. The side length of the hexagon is defined as R (m). 
The diameter of the membrane is defined as d (m). The packing density 
of the whole module is independent of length and it is the ratio of the 
total perimeter of all the membrane and the cross section of the module. 
The packing density of the whole module can be calculated with ease: 
the packing density of the module decreased sharply with the increasing 
diameter of membrane as we can see in Fig. 7. The four- or seven- 
channel hollow fiber membrane with a diameter approximate 
2.50 mm, the packing density is proximately 1500 m2/m3.nineteen- 
channel hollow fiber membranes with a diameter 4.36 mm still have a 
relative high packing density of 800 m2/m3 as they have high enough 
strength for module build. Further increase of the diameter of membrane 
will lower the packing density, making a waste of membrane materials 
and operation space. 

To design an optimal multichannel hollow fiber for oxygen separa-
tion, there are four things need to be considered: 

First, the microstructure, one would expect a high ratio of finger like 

Fig. 6. (a) Carbon monoxide selectivity, (b) methane conversions, (c) oxygen permeation flow rate and (d) hydrogen production rate as a function of methane 
concentration (FHe þ FCH4¼60 mL min-1, FAir¼80 mL min-1, T¼900 �C, comparison of single-channel, four-channel and nineteen-channel BSCF hollow fiber). 
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pores in hollow fiber which would results in a thinner separation layer 
(dense and sponge like layer), it benefits in both surface exchange and 
bulk diffusion and hence the oxygen permeation. However, these lead to 
a very weak structure as the channels could be considered as large flaws 
and decrease the mechanical strength [56]. Second, mechanical strength 
is mostly determined by the geometry for certain materials, (diameter 
and void ratio which is cross sectional area of channels/cross sectional 
area of hollow fiber). A larger diameter and less void ratio would 
obviously benefit the mechanical strength, but on the other hand which 
is not favor the oxygen permeation flux, so we should carefully balance 
the mechanical strength against oxygen flux. Afterwards, the oxygen 
flux. As we can see in this work, the contribution of the central channel 
of the nineteen-channel hollow fiber is already less than 5.0%. It is 
unnecessary to design multichannel hollow fiber with more channels 
than 19 and create more tiers than 3. While the inner tiers might be 
unnecessary but can merge to a larger channel, this will save the 
fabrication difficulty and materials. A lager central channel can also 
provide space for catalyst loading or electrode mounting. Extending the 
application of perovskite hollow fiber to inner-reactant membrane 
reactor and fuel cell. Finally yet importantly, a higher packing density is 
preferable, nevertheless when increasing the diameter of the hollow 
fiber, the packing density is dramatically decreased. In a hexagon closet 
packing membrane module which side length is 100 mm, the packing 
density of four- or seven-channel hollow fiber membrane module is 
about 1500 m2/m3. The packing density of nineteen-channel is reduced 
to 800 m2/m3. For multichannel tubular membrane, monolithic mem-
brane it is about 140 m2/m3 [57]. 

4. Conclusions 

Inspired by the nineteen-channel ceramic membrane, a nineteen- 
channel perovskite hollow fiber membrane was designed and success-
fully prepared by a combined phase inversion and one-step thermal 
processing sintering technique. The nineteen-channel hollow fiber has 
outer and channel diameters of 4.36 and 0.50 mm, respectively. It shows 
a high mechanical strength of 50.4 � 1.3 N. Three tiers of channels (the 
peripheral, middle and center channels) creates different paths for ox-
ygen transport which play a prominent role in significantly enhancing 
oxygen permeation and catalytic membrane reactor performance for 
partial oxidation of methane over single and four-channel hollow fiber 
membranes. The peripheral and middle channels were demonstrated to 
contribute the most of the oxygen flux because of the most efficient 
oxygen transfer path (55.3% and 26.5% of total flux, respectively). The 
advantages in mechanical strength, permeation flux and packing density 
make the nineteen-channel hollow fiber membrane possess greater 
reliability, economic and scaling-up potentials. 
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