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Abstract  

This paper presents the processing steps for producing thin planar and tubular oxygen separa-

tion membranes by thermoplastic forming of Ba0.5Sr0.5Co0.8Fe0.2O3�� (BSCF) with polystyrene 

(PS) and stearic acid (SA) as binder. The influence of powder content on the shape stability of 

thin membranes (tubular and planar structures) during the thermoplastic processing route was 

investigated. The effect of powder content on mixing torque and the rheological behavior 

were investigated. The effect of the powder content could be analytically described using the 

model proposed by Frankel and Acrivos. The deformation of free standing green bodies was 

investigated using disks. The result showed that increasing the powder content is remarkably 

effective to minimize the deformation of the membrane during the thermal debinding step. By 

using a high powder content (60 vol. %) and a multicomponent binder system composed of 

PS, SA and paraffin wax (PW), it was possible to achieve disks and thin wall tubular struc-

tures without deformation after sintering. Using capillary rheometer an unexpected decrease 

in the total extrusion pressure was measured for the feedstock containing PW. The change in 

apparent activation energy between 800-1000°C was not related to the membrane proper-

ties. 

 

Keywords: thermoplastic forming, BSCF, shape stability, binder system, oxygen permeation 

flux 

 

 

 

 

 

1. Introduction   

Mixed ionic–electronic conducting (MIEC) perovskite-based materials are being used 

in a wide range of applications for instance as membranes in oxygen separation systems, as 

electrolyte materials in solid oxide fuel cells and as membrane reactor for the partial oxidation 

of methane to syngas [1, 2]. Material properties required for such applications should have a 
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high oxygen permeability as well as sufficient chemical and thermal stability at defined oper-

ating conditions. 

 Among MIEC oxides, Ba0.5Sr0.5Co0.8Fe0.2O3-� (BSCF) has been shown to be one of the 

most promising materials with a high oxygen permeation flux and phase as well as chemical 

stability at high enough temperatures [3-9]. 

Depending on wall thickness, oxygen permeation through a MIEC membrane is con-

trolled either by surface reaction kinetics or bulk diffusion across the membrane. For mem-

branes with a significant lager thickness in relation to their characteristic thickness 

(L>>Lc), bulk diffusion is rate controlling and the oxygen permeation flux is inversely pro-

portional to the membrane thickness. Decreasing the membrane thickness in this regime will 

increase the oxygen permeation flux. For L<< Lc however, surface reactions become the rate-

controlling step. The oxygen flux in this case does not depend on wall thickness and remains 

constant also when further reducing the membrane thickness [10] .  

The design of a successful air separation unit highly depends on choosing a membrane 

geometry, which allows to obtain the highest membrane surface area. Tubular, hollow fibers, 

and multi-channel monoliths configurations are thereby superior to planar designs[11]. Never-

theless, planar membranes are the most widely membrane configuration used to investigate 

the performance of MIEC materials at the laboratory scale, but sealing at high temperature 

and the small surface area are important handicaps for oxygen permeability measurements. 

Hollow fibers have much larger membrane surface area, but poor mechanical stability is a se-

rious limiting factor. Sealing of multichannel monoliths with small channels is also proble-

matic. The most advantageous geometry have designs based on tubular configurations, which 

simplify sealing at high temperature by keeping the two sealing ends in the cold zone, and al-

so is expected to show the desired mechanical stability.   

A detailed discussion on the conceptual design for full-scale air separation units showed 
that  tubes are better suited than hollow fibers or flat plate multi-channel monoliths [11, 12]. 

Thermoplastic forming is the method of choice to produce thin-walled tubes with dif-

ferent diameters [13] . Extrusion,  injection molding as well as warm pressing are the most 

common thermoplastic forming techniques [14, 15]. Clemens and Graule [16] used thermop-

lastic extrusion to prepare thin-walled zirconia tubes of 5 mm in diameter and 200 μm wall 

thickness. Trunec [13] used thermoplastic extrusion for the preparation of dense thin-walled 

tubes of roughly 10 mm in diameter with a wall thickness of around 300 μm. Recently, ther-
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moplastic extrusion has been applied mainly by two groups to produce tubular membranes us-

ing perovskite materials [17-19]. 

Thermoplastic processing requires a feedstock composed of the ceramic powder, a 

binder and a plasticizer. The organic components give the desired flow properties during mix-

ing and shaping, which is typically done at a temperature between 60 and 200°C depending 

on the organics used. The next step is the shaping process. The binder has an important role in 

thermoplastic shaping as a temporary phase which gives flowability and plasticity to the 

feedstock during the shaping process. Before sintering, the binder has to be removed through 

thermal or solvent-thermal debinding.  

For thermoplastic ceramic processing, different polymeric binder systems are discussed 

in the literature [20]. The application of thermoplastic process for the manufacture of MIEC 

ceramic membranes requires the development of a suitable feedstock composition. In this 

study, thermoplastic forming of BSCF membrane with feedstock based on polystyrene (PS), 

stearic acid (SA) and paraffin wax (PW) was investigated. The effect of the feedstock compo-

sition and process parameters on the evolution of torque during high shear mixing, the shape 

stability during debinding as well as on densification during sintering was investigated.  

2. Experimental procedure 

2.1 Powder and binder characterization 

Commercially available Ba0.5Sr0.5Co0.8Fe0.2O3-� (BSCF) powder (Treibacher, Austria), 

with a median particle size of 3.8 μm and a specific surface area of 1.55 m2/g was used. Po-

lystyrene (type 648, Dow Company, Switzerland) and paraffin wax (76231 Fluka AG, Swit-

zerland) were used as binder, with additions of stearic acid as a surfactant (Fluka AG, Swit-

zerland; Table 1). Thermogravimetric analysis (TGA) (TGA/SDTA851e, Mettler-Toledo, 

Switzerland) from 30 to 600°C was carried out to investigate the thermal debinding characte-

ristics of binders (heating rate: 15°C/min, air atmosphere with a flow rate of 50 cm3/min).  

Prior to compounding, the BSCF powder was pre-coated with stearic acid. The stearic 

acid was chosen to achieve better interaction between the hydrophobic binder and the hydro-

philic surface of the ceramic particle, the coating procedure is described in more detail else-

where [21]. The particle size distribution of the powders was measured with a laser diffraction 

analyzer (LS230, Beckman-Coulter, USA) in a toluene suspension. The specific surface area 

(SSA) of the powders was determined from a five-point N2 adsorption isotherm obtained from 
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BET measurements (Beckman-Coulter SA3100, Beckman-Coulter, USA). The densities of 

the powders were measured by He-pycnometer (Micromeritics, AccuPyc 1330, USA). 

 

2.2 Feedstock preparation 

The feedstocks (Table 2) were prepared with different BSCF powder contents in a high 

shear mixer (HAAKE PolyLab Mixer, Rheomix 600, Thermo Scientific, Germany) equipped 

with a pair of roller blades. The torque was recorded as a function of mixing time. The mixing 

was carried out in a two-step sequence in order to improve homogeneity and reduce particle 

agglomeration [21]. In the first step, the mixing was performed at 180°C with 10 rpm for 30 

min. In a second step, mixing was continued at 160°C with 10 rpm for 150 min until the tor-

que stabilized, which is an indication for a homogeneous feedstock mixture. The homogeneity 

of each feedstock was determined through density measurements of three aliquots of the same 

feedstock using He-pycnometer (Micromeritics, AccuPyc 1330, USA). The rheology of the 

feedstocks was analyzed with a twin-bore capillary rheometer (RH7-2, Malvern, Germany).  

The total extrusion pressure was measured using a long capillary (L/D = 16). The die entry 

pressure drop was measured with a short die length of 0.26 mm of the same diameter, follow-

ing the Cogswell theory [22].  Feedstock 5 was only used to compare rheological properties of 

the feedstock. A detailed sketch of both capillary dies is shown in Figure 1.   

Table 2 

Figure 1 

2.3 Membrane Preparation 

Planar membranes were prepared by warm pressing [23]. The feedstocks were loaded 

into a steel die with heating mantle and uniaxially pressed at 30 KN and 165oC for 30 min to 

form disk-shaped membranes, approximately 28 mm in diameter. Tubular membranes were 

extruded through a 10 mm diameter and 1 mm wall thickness die using a capillary rheometer 

(RH7-2, Malvern, Germany). The velocity of the piston and temperature were constant during 

the extrusion (Vpiston = 4.0 mm/min, T = 180°C). As expected, the change in the composition 

of feedstock 6 resulted in a much lower viscosity. Therefore, it was not possible to extrude 

feedstock 6 under the same conditions. The velocity of the piston and temperature were 

changed to Vpiston = 50 mm/min and T = 140°C.   

2.4 Debinding and sintering 
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The elimination of the organic polymers was performed by thermal debinding. A slow 

heating program was applied up to 600°C in air. The debinding schedule was devised from 

thermogravimetric analysis of the feedstocks. Binder removal for feedstock 6 was performed 

by a wicking debinding process followed by a thermal treatment. The wicking debinding was 

carried out at 150°C and 4 h holding time. This additional step of debinding was performed in 

order to remove PW. Planar and tubular membranes were sintered at 1000°C for 2 h in air, us-

ing a heating rate of 1°C /min. The densities of the sintered samples were measured by the 

Archimedes method. The cross-section of the sintered tubular membranes was examined by 

scanning electron microscopy (SEM, Tescan TS51368M). 

Electron backscatter diffraction (EBSD) was used to analyze the microstructure of the 

sintered membranes. The sintered samples were polished to achieve a smooth strain-free sur-

face. All EBSD data were collected using a Philips® FEI XL30 SFEG Sirion SEM equipped 

with an EDAX® (TSL) OIM system. The best results were obtained with an accelerating vol-

tage of 15 kV and a probe current of 20 nA, a sample tilt 70° and a working distance of 

15mm. To reduce the measuring time, the step size (=the resolution) and analyzed area were 

adjusted to average grain size.  An area of 120 μm x 120 μm was mapped with a step size of 

0.25 μm/step. 

2.5 Permeation measurements 

The permeation experiments set-up was described previously [17, 23]. The sintered disc 

membranes (23 mm in diameter and 0.6 mm in thickness) were clamped between two alumina 

tubes and sealed using gold rings and paste. The surface of the samples was polished manual-

ly before permeation measurement. air (350 Nml/min) was fed into the lower compartment, 

and argon (99.998%) (100 Nml/min) was used as sweep gas in the upper one. The outlet gas 

composition was analyzed with a gas chromatograph (GC) (Varian Inc.) equipped with a mo-

lecular sieve, 5 Å capillary columns and a Thermal Conductivity Detector (TCD) detector. 

The outlet flux was measured using a digital flow-meter (Varian Inc.). The amount of N2 in 

the outlet gas was systematically measured in order to detect eventual leakage. This amount 

always remained small below 2%. The sample was first heated up to 1000°C to soften the 

gold rings and ensure a good seal. The temperature was then decreased step-wise, with per-

meation measurements made every 25 ºC. The flux was measured after equilibration of the 

sample. Flux measurements were repeated up to 7 times for each condition to check the re-

producibility. 
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3 Results and Discussion 

3.1 Experimental results for feedstock 1-4 

3.1.1 Powder and binder characteristics  

The properties of the uncoated and coated BSCF powders are presented in Table 3. The 

data clearly show the steric stabilization effect of stearic acid. 

Table 3 

The agglomeration factor, Fag in Table 3, indicating the state of agglomeration of the 

powder, was calculated from the results of BET and particle size distribution analysis using 

the following equation: 

 

where, d50, � and SBET are median particle size, powder density  and specific surface area, re-

spectively. As shown in Table 3, Fag decreases by a factor of 2, and as expected SA works as 

a steric stabilization agent.  

The thermal decomposition behavior of polymeric binders was investigated by TG 

analysis (Fig. S1, supporting figures). Stearic acid (SA) and paraffin wax (PW) show a rapid 

thermal decomposition. It can be seen from Figure S1 that SA and PW decompose at lower 

temperatures than PS. The mass loss starts at around 190°C and is completed by 450°C. In 

contrast, the mass loss of the PS begins at about 290 °C and no trace of the polymer can be 

determined after 500 °C.  

3.1.2 Feedstock preparation 

Figure 2 shows the evolution of the torque during mixing of the feedstocks for different 

powder contents. In all feedstocks, an increase of the torque after around 5 min corresponds to 

the filling of the powder inside the mixing chamber. The final steady state torque value, which 

is proportional to the viscosity of the feedstock [24], increases with increasing powder con-

tent. 

Figure 2 

The evolution of the torque with mixing time is distinctively different between mixtures 

with low and high powder content. The torque, for each of the feedstocks 1 and 2, decreases 

monotonously to the final steady state value. For feedstocks 3 and 4, however, the viscosity 

��� � � �
��	 
 � 
 �
��

�
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goes through a minimum before increasing to the final steady state value. The final increase 

of the torque could be explained by breaking down the agglomerates to smaller particles [25]. 

The agglomerates are the result of the previous coating with SA. The break down in feeds-

tocks with low powder content seem not occur because there are fewer particle-agglomerate 

and agglomerate-agglomerate interactions, which may lead to the disintegration of the latter.  

It is necessary to determine the critical powder content to optimize the powder content 

of binder-powder mixture. The critical powder content is generally defined as the concentra-

tion at which the powder particles are all in direct contact with each other forming a conti-

nuous network whereas the binder fills the spaces between the particles. Powder content high-

er than critical is characterized by a strong drop in plasticity, and the forming step becomes 

difficult. The critical powder content of 65.2 vol.% was determined for BSCF feedstock pre-

pared with the PS by extrapolation of data to infinite torque = zero reciprocal torque (Fig.3) 

[22]. 

Figure 3 

The measured torque values and the extrapolated value for infinite torque of the BSCF 

feedstocks are well described by the model proposed by Frankel-Acrivos (Fig. 4) [26]. Al-

though a low viscosity of the feedstock is an advantage in the thermoplastic processing, an 

excess of binder should be avoided because it leads to deformation during debinding [27]. In 

this study, the extrusion pressure for feedstocks with a powder content > 54 vol. % resulted in 

the mechanical deformation of the tubular die. Previous thermoplastic processing experiments 

with different perovskite and ZrO2 powders have shown that typically powder content be-

tween 52 and 54 vol. % is sufficient to produce stable tubular-shapes after sintering [13, 16-

19]. For the preparation of tubular membranes using perovskite powders, the optimum powd-

er content was reported to be around 51vol.% for the extrusion of straight tubes with outer di-

ameter of 4.8–5.5 mm and thickness of 0.25–0.47 mm [19].  

  Figure 4 
 

3.1.3 Characterization of the feedstocks 

Table 4 lists the theoretical and measured densities of the feedstocks. The low deviation 

value indicates the good homogeneity of each feedstock. The measured values are consistent 

with the theoretical density calculated by the rule of mixture. 

Table 4 
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The apparent shear viscosity versus shear rate of the feedstocks with 52, 54, and 56 vol. 

% powder content at 180°C is shown in Figure 5. The temperature was adjusted to the tem-

perature used in the extrusion experiment. It can be seen that with increasing the shear rate the 

viscosity decreases, which indicates a shear thinning behavior of the feedstocks. There is not a 

significant difference in viscosity between feedstocks with 54 and 56 vol. %, nevertheless the 

small change in viscosity was enough to push the extrusion pressure above the yield stress  of 

the die.  

Figure 5 

Changes of die entry pressure (Pentrance for orifice capillary in Fig. 1) and total extrusion 

pressure (Ptotal for long capillary in Fig. 1) for feedstocks 2-4 as a function of shear rate are 

shown in Figure 6. It can be seen that both pressures increase with the shear rate and the 

powder content. This behavior, however, was expected to reflect the response to reducing the 

viscosity of the feedstock.   

Figure 6 

 
The debinding cycle has been designed using the results of the thermogravimetric mea-

surements (Fig. S2, supporting figures). It can be seen that there is a one-step mass loss in 

TGA for feedstocks 1-4. The mass loss starts at temperatures around 290°C, and the removal 

is completed at about 550°C for all feedstocks. From the TGA results, the debinding cycle 

was designed, as shown in Figure S3 (supporting figures, P1) and feedstock 2 (52 vol. % 

BSCF) was chosen for fabricating the membranes.  Because there was no major mass loss ob-

served up to 250°C; a heating rate of 1°C/min was applied up to this temperature. As can be 

seen in Figure S2 the mass loss proceeds rapidly between 300 and 400°C, which translates in-

to a rapid internal gas pressure build-up and may introduce defects into the sample. Thus a 

slow debinding rate of 0.5°C /min was applied across this temperature range to minimize de-

fect formation.   

For the final heating step up to 600°C a ramp of 1 °C/min (Fig. S3, P1) was initially 

chosen, which led however to deformation and cracking of the tubes. Extending the slower 

heating rate to 400°C gave the better results. Nevertheless, even using a slow heating rate 

(Fig. S3, P2) slight deformation for tubes could not be avoided. To get a better insight into the 

deformation mechanisms during debinding, experiments with flat disks manufactured from 

the feedstocks1-4, were performed. Crack-free green bodies were placed on a refractory sup-
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port with a span length of 20 mm in the furnace (Fig.7). The thickness and diameter of the 

disks were around 0.80 and 28 mm, respectively. 

Figure 7 

 
The thermal debinding process can be split into four stages: 1) softening of the binder, 

2) melting, 3) beginning of decomposition, and 4) migration of the decomposition products. 

To analyze the deformation induced in each of the individual stages, the debinding program 

(Fig. S3, P2) was interrupted at various stages. The temperatures chosen for this purpose were 

80ºC, 100ºC, 250ºC and 600ºC. The photographs of flat membrane made from different feeds-

tocks during binder removal at different temperatures are shown in Figures 7. Visual deforma-

tion of the samples occurred in the early stages as a consequence of softening of the polymer 

binder. 

 
As shown in Figures 7, the disks preserved their shape after being heated at 80°C, a 

temperature which is above the melting temperature of SA but below the glass transition tem-

perature of the PS.  Samples heated to 100°C, i.e. around the glass transition temperature of 

the PS used, showed the first signs of deformation, which were particularly significant for the 

samples manufactured from feedstock 1 (48 vol. % powder content). Deformation became 

obvious for all samples when heated at 250°C. This temperature is below the onset tempera-

ture for the decomposition of pure PS but around the one of stearic acid (Fig. S1 and S2). 

Such a deformation behavior has been not observed for other feedstocks made from 

La0.6Ca0.4Fe0.75Co0.25O3��, La0.5Sr0.5Fe1�yTiyO3�� (y = 0, 0.2) and ZrO2 with a powder content 

around 52 vol. % [16, 19]. This could be due to the strong catalytic activity of BSCF, which 

promotes the initial decomposition of the binder (see Fig. S4 supporting figures, BSCF in 

feedstock 1 is replaced by ZrO2).  

For the sample prepared with feedstock 1 (48 vol. % powder content), the deformation 

was so high that they were discarded. Figure 7 also demonstrates the deformation of the flat 

membranes at the end of the treatment e.g. after heating to at 600ºC, using a stepwise debind-

ing program (Fig.S3, P2). It is evident that none of the membranes kept its initial shape, even 

the samples with 56 vol. % powder content. It has been reported [28-30] that for injection 

molded samples deformation at around the glass transition temperature is critical. Kipphut and 

German [28] reported that the shape loss during thermal debinding primarily occurs because 

of flow by viscous creep when the softening point is reached. High powder content minimizes 
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the deformation. The maximum powder content tested for BSCF, however, was still not suffi-

cient to eliminate the viscoelastic behavior of the plates beyond the softening point. Neverthe-

less, it was possible to achieve simple planar structures (52 vol. % BSCF) on a flat substrate 

by optimizing the debinding program. 

3.2 Optimization of feedstock 

The powder content was, therefore, raised to 60 vol. % in the subsequent experiments. 

With increasing the powder content, however, the viscosity of feedstock increases which re-

sults in an increase in the extrusion pressure. A way to lower the pressure, while maintaining 

the powder content, is to add a major binder (backbone component) and a minor lubricating 

binder. The latter lowers the friction between the feedstock and the die wall and improves the 

flowability of the feedstock. Ideal candidates are waxes, which can be eliminated in early 

stages of debinding, leaving back open pores within the composite. The created open pores 

allow a rapid elimination of backbone polymer in the subsequent debinding step without in-

troducing deformation or cracks in the sample. In addition, the feedstock based on paraffin 

wax has low viscosity and good fluidity. 

The rheological behavior of PS-PW binder system was measured at a lower temperature 

(140°C) than those of PS system, due to the low melting temperature of PW. The addition of 

PW has a major effect on the mixing behavior of the feedstocks, as shown in Figure 4. The 

torque decreases significantly and therefore a much lower extrusion pressure is observed.  

In contrast to feedstock 1-4, which show large differences between the die entry and the 

total extrusion pressure, the values for feedstocks 5 and 6 are almost the same. Whereas the 

die entry pressures between mixtures with and without PW are similar (Fig. 6 and 8), a dra-

matic reduction in the overall pressure with the addition of PW is observed. Lubrification of 

the die walls by PW, which promotes wall slipping, is most likely responsible for the lower-

ing of the pressure. It is reported that a strong wall slipping causes a pressure drop across the 

die for molten polymers [31] (decreasing the Pshear or P die land). Interestingly, feedstock 5 

shows a nonlinear behavior of the extrusion pressure with high shear rate.   

The different binders in feedstock 5 and 6 are eliminated in steps. Figure 9 shows the 

TGA and Derivative Thermogravimetric analysis (DTG) of the green bodies. Without wick-

ing, the binder begins to decompose at about 185°C and completely remove at about 550°C 

through two mass loss stages. SA and PW start to decompose at around 185°C, with a DTG 

peak at 265°C. 
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Figure 8 
 

Above 300°C, PS starts to decompose. With prior wicking, a single decomposition step 

is observed in the TGA and DTG curves, which represents the mass loss of the PS. During 

wicking debinding about, 2.66 wt. % of the primary polymer constituents are extracted. This 

indicates that about 60% of the initial PW and SA are removed. Previous results indicate that 

the extraction of around 35% PW and SA by wicking is sufficient to create the necessary po-

rosity to eliminate the remaining polymer without failure in the samples [32]. 

 The two step binder removal process, e.g. the combination of wicking ( removing PW 

and SA) and thermal debinding (removing PS), were applied to both the tubular and the pla-

nar geometries made of feedstock 6. Figure 10 shows photographs of the disk and tubes after 

different processing steps, demonstrating that the addition of PW and the increase of the 

powder content promote the shape stability after debinding and sintering processes (with 

about 97% of a theoretical sintered density). Also, the micrograph of the cross-section of a 

tube sintered at 1000 °C/2 h is shown in Figure S5 in supporting material. Figure 11 shows 

SEM images of the disk and tubular membranes sintered at 1000°C for 2h. The overall 

porosity determined by image analysis was about 11.3% and 10.8 % for the disk and tu-

bular membranes, respectively. These values are in good agreement with those reported 

for BSCF disk-shaped membrane fabricated by warm pressing (the membranes pre-

pared with feedstock 7) [23] and disk-shaped membranes prepared by uniaxial pressing 

(Treibacher, wet milled BSCF powder, sintered at 1000 �C for 12 h) [9]. 

Figure 9 
 

Figure 10 
 

Figure 11 
 

Figure 12 shows that the grain size distributions determined from the EBSD images are 

similar for planar and tubular membranes. The grain size distribution is respectively in the 

range of 0.3-12μm with a weighted average of 5μm for planar membrane and in the range of 

0.4-7μm with a weighted average of 4.28μm for tubular membrane. Figure 13 shows that the 

lattice preferred orientation for both planar and tubular samples is very weak. In earlier work 

[23], it was also shown that there was no lattice preferred orientation for the membranes pre-

pared with feedstock 7 (power content: 52 vol. %, binder system: PS-PEG).  

Figure 12 
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Figure 13 

 
3.3 Permeation measurements 

The Arrhenius plot of the oxygen permeation flux for the membranes prepared with 

feedstock 6 (power content: 60 vol. %, binder system: PS-PW) and feedstock 7 (power con-

tent: 52 vol. %, binder system: PS-PEG) in the temperature range 800-1000°C is shown in 

Figure 14. 

Between 900°C and 1000°C both samples have more or less the same permeation flux. 

Below 900°C, however, the sample prepared from feedstock 7 has considerably higher values. 

The slope in the Arrhenius plots changes at 900°C for both samples, indicating a change in 

the permeation mechanism. Below 900°C the apparent activation energy (44-46 kJ/mol) ob-

tained from the slope in the Arrhenius plot is at the upper end of published values (Table 5), 

which are associated to bulk diffusion as rate limiting step. For the BSCF membranes, litera-

ture reports that the apparent activation energy for bulk diffusion is lower than that for sur-

face-exchange kinetic. Listing previous reported apparent activation energies (Table 5) 

suggests that the activation energy depends on membrane characteristics (e.g. thickness 

and surface conditions) and measurement conditions (e.g. pO2 in the sweep gas and type 

of sweep gas).  

Oxygen permeation through a dense ion-conducting membrane is a complex me-

chanism consisting of several resistances in series (see Fig. S6 in supporting material). In 

literature, the oxygen exchange kinetics on each surface of the membrane at low tem-

peratures or the oxygen bulk diffusion at high temperatures have been mostly suggested 

as the rate limiting steps. Changing the operating conditions resulted in changing the 

rate limiting step from predominantly oxygen bulk diffusion to predominantly oxygen 

exchange kinetics and vice versa [33]. Gas-solid mass transfer (oxygen diffusion through 

the boundary layer adjacent to the membrane surface) as a possible rate limiting factor 

is usually neglected. Xu et al. modeled the influence of the oxygen permeation resistance 

and they conclude that it is jointly controlled by the surface exchange at the oxygen-lean 

side and the bulk diffusion [34].  

As the argon flow rate was increased from 100 Nml/min to 225 Nml/min (see Fig.14, 

for membrane prepared with feedstock 6), the oxygen permeation flux increased but the 

change in the apparent activation energy above 900°C also disappeared. The increase of 
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sweep gas flow rate results in the reduction of the boundary layer adjacent to the membrane 

surface (Rbl2 in Fig. S6 in supporting material), and also increases the driving force for oxy-

gen permeation. An apparent activation energy of 38 kJ/mol was calculated over the complete 

temperature range (800-1000°C) for the argon flow rate of 225 Nml/min (Fig. 14). This seems 

to indicate that the change in apparent activation energy at high temperatures is not related to 

the membrane properties but corresponds to transport limitations through a boundary layer 

(Rbl2).This is consistent with the low apparent activation energy values calculated above 

900°C (Fig. 14). 

 

Figure 14 

   
4. Conclusion 

Tubular and flat membranes have been prepared by a thermoplastic forming method us-

ing a commercial BSCF powder, PS thermoplastic binder and SA as a surfactant. Coating of 

the powder by SA improved the rheology of the powder-polymer blend for thermoplastic 

forming. The torque measurement in terms of powder content indicated that the torque in-

creased with increasing powder content. By steady state torque measurement of different 

feedstock the maximum theoretical powder content was calculated as 65.2 vol. %. The torque 

behavior in relation to powder content could be well described by the model of Frankel and 

Acrivos. Tubular membranes were deformed during the binder removal, even with a powder 

content of 56 vol. %. The deformation study of flat membranes revealed that powder content 

had a major effect on deformation of samples during thermal debinding, as expected it was 

observed that higher powder content resulted in lower deformation. Flat membranes without 

deformation can be produced with low powder content (52 vol. %) on a flat substrate. To pro-

duce tubular membrane, as the result, a new feedstock formulation based on a multicompo-

nent binder system consists of PS-PW and high powder content (60vol. %) has been devel-

oped. With this optimized feedstock, defect-free thin tubular structures were achieved after 

sintering. The temperature dependence of the oxygen permeation flux shows that the change 

in apparent activation energy at high temperatures could not be due to the membrane prop-

erties. 
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 Figure captions 

 
Figure 1 Sketch of the orifice (L/D=0.13) and long (L/D=16) capillaries. 
 
Figure 2 Torque measurements for different volume powder contents. 
 
Figure 3 The reciprocal torque as a function of the PS binder to BSCF powder ratio to calcu-
late the critical powder content. 
 
Figure 4 Equilibrium torque versus powder content. 
 
Figure 5 The graph of apparent shear viscosity versus shear rate for different feedstocks at 
180°C. 
 
Figure 6 The pressure versus the shear rate for the three different feedstocks. 
 
Figure 7 Photograph of flat membrane with different powder content after quenching from 
different temperatures. 
 
Figure 8 The pressure versus the shear rate for feedstock 5 and 6. 
 
Figure 9 Thermogravimetric analysis results for feedstock 6 (heating rate 15°C/min, in air). 
T5%, T50% and T90% are correspond to 5, 50 and 90% of mass loss. 
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Figure10 The photograph of the disk and tubes in the different steps. 
 
Figure 11. SEM pictures of planar (A) and tubular (B) after sintered at 1000�C for 2h. 
 
Figure 12 Grain size distribution of the membranes sintered at 1000°C/2h. The inset is EBSD 
orientation map together with the corresponding triangle color code: (A) Planar membrane 
(B) Tubular membrane. 
 
Figure 13 Pole figures for the (0 0 1), (1 1 1) and (1 1 0) axes of the planar and tubular mem-
branes. The color coding indicates the texture index. The values for the maxima remain close 
to 1.0, indicating a very weak lattice preferred orientation. 
Figure 14 Temperature dependence of oxygen permeation flux through the membrane pre-
pared with feedstock 6 (60 vol. % powder content) and 7 (52 vol. % powder content). (Air in 
the feed stream= 350 Nml/min and different argon flow rates). 
 

Table 1 Characteristics of binders components used in this study. 

Binder Component Density 

 (g/cm3) 

Melting point 

Tm (°C) 

Glass transition temperature 

Tg (°C) 

Stearic acid 0.845 68            - 

Polystyrene 1.04 -          100 

Paraffin wax 0.91 60           - 

 

Table 2 Formulations of the different feedstocks. 

Feedstock 
Powder Content 

(vol. %) 
Composition (wt. %) 

Feedstock 1 48 
 82.32 % BSCF Powder, 16.95 % PS, 

0.73 % SA  

Feedstock 2 52 
    84.44 % BSCF Powder, 14.81 % PS, 

0.75 % SA 

Feedstock 3 54 
          85.41 % BSCF Powder, 13.83 % PS, 

0.76 % SA 

Feedstock 4 56 
          86.34 % BSCF Powder, 12.89 % PS, 

0.77 % SA 

Feedstock 

5* 
52 

86.07 % BSCF Powder, 8.21 % PS, 4.78 % 

PW, 0.93 % SA 
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Feedstock 6 60 
89.35 % BSCF Powder, 6.11 % PS, 3.56 % 

PW, 0.98 % SA 

Feedstock 

7** 
52 

84.38 % BSCF Powder, 8.21 % PS, 6.47 % 

PEG, 0.94 % SA 

        *feedstock 5 was prepared only for comparison of rheological measurements. 
     ** feedstock 7 was prepared only for comparison of oxygen  measurements. 

 

 

Table 3 Characterization of the powders.  

Powder Specific Surface 
Area 

(m2/g) 

Median Particle 
Size 
(μm) 

Pycnometer Density 
(g/cm3) 

Agglomeration 
Factor 
(Fag) 

Uncoated 1.55 ± 0.01 3.82 5.53 ± 0.00 5.45 

Coated 1.16 ± 0.03 2.80 5.25 ± 0.01 2.84 

 

 

 

 

Table 4 Theoretical and pycnometer densities of different feedstocks. 

Powder content (%) 
Density ( g/cm3) 

Theoretical  He pycnometer 

feedstock 1 3.06 3.10 ± 0.03 

feedstock 2 3.22 3.26 ± 0.02 

feedstock 3 3.31 3.32 ± 0.01 

feedstock 4 3.39 3.40 ± 0.01 

 

Table 5 The reported activation energy values for the Ba0.5Sr0.5Co0.8Fe0.2O3�� (BSCF) 

membranes. 

Thickness 

(mm) 

T-range 

(°C) 

Sweep/Feed 
gas 

Ea 

(kJ/mol) 

Limiting step Ref. 

0.8 850-

1000 

Ar/Air 35 Bulk diffusion [35] 
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0.8 700-850 Ar/Air 65 Surface-exchange [35] 

0.4* 850-950 Ar/Air 25 Bulk diffusion [36] 

0.4* 750-850 Ar/Air 44 Bulk diffusion [36] 

1-1.2 390-690 He/Air 113±11 Surface-exchange [37] 

1 800-900 Ar/Air 25-30 Bulk diffusion [9] 

1.5 775-950 He/Air 40.9 Bulk diffusion [3] 

1.5 600-775 He/Air 72.6 Surface-exchange [3] 

0.35-

0.45** 

850-950 Ar/Air 30.9 Bulk diffusion [38] 

0.35-

0.45** 

750-850 Ar/Air 52.3 Surface-exchange [38] 

0.5-3 500-700 Ar/Air 71.4±1.2 Surface-exchange [39] 

0.5-3 700-900 Ar/Air 25.8±0.95 Bulk diffusion [39] 

0.75 825-900 He/Air ~17 Bulk diffusion [40] 

 * sulfur-free BSCF capillaries 
 ** activated surfaces of sulfur-containing BSCF capillaries with PrOx 
 

Highlights 

� The shape stability of thin membranes during the thermoplastic processing 

� An increase in the powder content promotes the shape stability after debinding and 
sintering processes 

� The independence of the oxygen permeation rate from binder system and powder 
content  at high temperatures 

� No lattice preferred orientation for the tubular and planar membranes 
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Figure 11. SEM pictures of planar (A) and tubular (B) after sintered at 1000◦C for 
2h. 

(A) 

(B) 

Figure 11
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