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This paper reports the fabrication of asymmetric tubular geometry lanthanum tungstate-based membranes for
high temperature Hy separation applications. As starting materials, powders with the compositions Lagg.
yWa41y0s4.5 (y = 0.848), Lagg yW4 0545 (y = 1) and Lagg y(W1.xM0y)41y0s445 (x = 0.3, y = 1) were synthesized
by solid state reaction method. Porous, thick-wall tubes made of lanthanum tungstate-based powders with high
gas permeability (7-8 x10™'° m? at 2 bar overpressure) and homogeneous porous microstructure were made by
combining a cost-effective solid-state synthesis and thermoplastic extrusion method. Deposition of lanthanum
tungstate-based dense thin film (~20 pm) was achieved on top of porous supports through dip coating technique.
The influence of conformation routes, thermal debindering and sintering processes were investigated in detail to
achieve defect free Hy transport membranes. Asymmetric geometry membranes with ~20 pm dense layer

thickness supported on porous tubular (~ 7.5 mm diameter and ~0.8 mm thick) supports.
As aresult, a procedure for proton conducting ceramics manufacture was established which can be deployed to
fabricate high temperature catalytic membrane reactors for synthetic fuel from gas-to-liquid (GTL) processes.

1. Introduction

The development of new hydrogen permeation devices to produce
intermediate olefins/aromatics are of potential interest to the petro-
chemical industry as there is the worldwide need to find suitable alter-
natives that meet price and sustainability requirements. The use of
ceramic membrane reactors to selectively separate hydrogen from hy-
drocarbon fuels without the need of any external electric circuits
removes the thermodynamic barriers which otherwise limits the overall
yield [1-5]. A potential ceramic membrane material requires appre-
ciable mixed proton-electron conductivity, thermal and hydrothermal
stability, as well as chemical stability in reducing and water-containing
atmospheres at elevated temperatures.

Perovskite-type oxides, in particular acceptor-doped Ba(Ce,Zr)O3
and Sr(Ce,Zr)Os have been extensively investigated because of their
excellent proton-electron conductivity at high temperatures [6,7]. Un-
fortunately, these perovskite membranes are chemically unstable, easily
reacting with CO, and H,O or exhibit high grain boundary impedances
limiting the dc conductivity [8]. Outside the family of perovskites,
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materials that exhibit proton conductivities with CO; stability, such as
rare-earth ortho-niobates and ortho-tantalates, exhibit too low proton
conductivity within the range of 10-10"® S/cm, which would limit their
prospects as hydrogen separation membranes [9,10].

Rare-earth tungstates have been reported to show relatively high
mixed proton and electron conductivity [11] and also proven chemically
stable towards acidic gases, e.g., CO3 [12,13]. To further enhance the
electronic conductivity of lanthanum tungstates (LWO), molybdenum
partly substitution for tungsten is a promising material [14].

The performance and costs of these membranes are strongly depen-
dent not only on the material properties but also on the membrane ar-
chitecture and the processing technologies to shape them. In this regard,
there is a significant lack of application-oriented research on dense
ceramic membranes for Hy separation in general, and specifically on
lanthanum tungstate-based membranes. Most of the investigations have
been focused on bulk ceramic samples, however, to achieve high
hydrogen fluxes membrane structures with a thickness <30 pm is
desired. One of the most critical issues when membrane thickness is
reduced is the loss of the mechanical stability. An asymmetric
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membrane design consisting of a dense membrane layer and a porous
support must be developed, so that the final architecture provides suf-
ficient mechanical stability and durability for pm-thick membranes as
well as sufficient porosity to ensure optimal gas supply.

At present, only a very few works elucidate the H, permeation in thin
supported membranes based on dense layers below 50 pm supported on
porous supports [15-21]. These works investigate planar asymmetric
membranes however, the tubular geometry of the reactor for synthetic
fuel from gas-to-liquid (GTL) offers more favorable conditions than
planar design: larger surface area to volume ratio, good thermal cycling
stability and the possibility for use cold seals [7]. Several works have
been reported for the production of tubular asymmetric membranes
with various manufacturing strategies such as tape casting rolled and
coating, phase inversion casting, spin-spraying and cosintering and
extrusion and dip coating [7,22-28]. From those, only a few reports deal
with the production of tubular asymmetric membranes based on the
promising lanthanum tungstate materials. However, there are no reports
dealing with the production lanthanum tungstate based membranes
utilizing tubular porous supports of similar (or close) composition as the
thin membrane material. Because of the difficulty of developing full
dense layers below 30 pm withouth large defects onto tubular porous
substrates with sufficient mechanical strenght in addition to low
permeation resistance.

Therefore, the lack of knowledge to manufacture reproducible and
defect free functional thin membranes based on full lanthanum tung-
state compositions, in special with tubular shape, by cheap and repro-
ducible and industrially scalable processing routes is crucial to achieve a
technological breakthrough in this area and the realistic application of
H, separation membranes technologies.

The present paper aims to fill out the gap of fabrication strategies of
lanthanum tungstate-based membranes with tubular geometry for
hydrogen separation applications by developing a low-cost thermo-
plastic binder system for extrusion-based conformation and strategies
for pilot scale demonstrators.

Extrusion seems to be an economically advantageous method of
manufacturing tubular membranes with elongated profile geometry.
The traditional solvent-based binder systems for extrusion of ceramic
materials contain polymers which solvate or swell in a solvent (e.g.,
water or alcohol-based systems). In case of thermoplastic [29,30] the
conformation process is based on the use of polymers (e.g., PE, PP or
EVA) which, when heated, soften, melt or become more pliable, and
harden during cooling in a reversible physical process. The main ad-
vantages of thermoplastic binder systems over solvent-based ones are:
(a) the lower abrasivity of the feedstock material and (b) the contour
accuracy of the extruded material [31,32]. Moreover, the reusability of
the extrusion paste is favored in case of thermoplastic binder systems
which is of interest due to relatively high price of lanthanum tungstate
based feedstock materials.

Deposition of dense thin film lanthanum tungstate membrane was
performed through dip coating process, a highly economical method due
to its simplicity. For this, an optimization of organic solvent system was
performed to achieve stable colloidal suspension. Full details of colloidal
suspension optimization and deposition procedure are given elsewhere
[17].

2. Experimental
2.1. Synthesis of LWO and LWOMo based powders

Lagg yW41yOs415 (y = 0.848, LWO56), LazgyW4.,yOs415 (y = 1,
LWO54) and Lagg.y(W1.xM0y)4,y0s5445 (x = 0.3, y = 1, LWOMOo) pow-
ders were synthesized by solid state reaction using oxide precursors. The

synthesis steps, similar for all the compositions, are as follows:

(1) Ball mill in ethanol media for 24 h nominal amounts of the two
starting compounds, LapOs3 (Sigma-Aldrich, 99.9%) and WO3
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(Sigma-Aldrich, 99.9%) or MoO3 when needed (Sigma-Aldrich,
99.5%). Pre-annealing step of the LayO3 powder at 600 °C for 2 h
is required.

(2) Dry the resulting powder mix at ~80 °C for 24 h and manually
break down big agglomerates in Agatha mortar.

(3) The calcination process consists of two steps and a low starting
temperature is crucial as WOj is quite volatile: (a) at 700 °C for
15hinairand (b) at 1100 °C for 15 h in air. After each calcination
step, a ball milling in ethanol for 24 h is conducted.

After the two calcination steps only a trace amounts of LayO3 are
present, which is not necessarily an issue, as the LayOs is likely to react
further during sintering process. Also, there are indications that La,O3
will perform as a deterrent to full densification, which might be bene-
ficial for producing the required highly permeable porous structures.

2.2. Thermoplastic extrusion of LWO and LWOMo porous tubular
supports

The thermoplastic compounds used for the extrusion of the porous
supports were prepared by mixing the as-synthesized powders (LWO56,
LWO54 or LWOMo) with 20 vol% carbon black as a sacrificial pore
former (Merck KGaA, Germany) and molten resin which consisted of 24
vol% copolymer ethylene-vinylacetate (EVA) (Elvax 250, Du Pont de
Nemours, Wilmington, DE), 17 vol% paraffin wax (54/56, Slovnaft,
Bratislava, Slovakia), and 9 vol% stearic acid (1.0067, Merck, Darm-
stadt, Germany).

Approximately 50 vol% of the powders was gradually added to the
molten resin and mixed using a heated piston extruder (Loomis 232-16
DTM extruder, Germany) with spaghetti die at 140 °C (20 times).
Following their preparation, the thermoplastic compounds were
assembled as an initial monolithic feed rod for extrusion. The piston
extruder was used for continual extrusion of tubes at 120 °C through a
nozzle, with outer and inner diameters of 10 and 8 mm, respectively.
The extrusion rate and pressure were 2-3 mm/s and 70 MPa, respec-
tively. The tubes were cut into pieces of 1 m in length.

2.3. Thermal treatment of LWO and LWOMo extruded tubes and
membranes

Thermoplastic binder removal was performed in a vertical tubular
furnace with a heating rate fixed at 0.5 °C/min up to 200 °C, 0.1 °C/min
up to 550 °C and 0.5 °C/min up to presintering temperature between
1100 and 1200 °C for 2 h.

Some of the debinded tubes were functionalized with thin film of
lanthanum tungstate membrane layers with intermediate presintering
step at 1000 °C (Section 2.4).

Final sintering step of sole support tubes and lanthanum tungstate
based membranes was established through optimizing maximum tem-
peratures within the range from 1400 °C to 1500 °C and dwell times
within 3-10 h. Heating/cooling rates during sintering step were fixed to
1 °C/min.

Compressed air gas (1 L/min) was used to flush the furnace during all
the thermal treatment (debindering, presintering and sintering) cycles.

Manufacturing of relatively long tubes/membranes (up to 500 mm in
length) involves addressing the specific challenges related high tem-
perature heat treatments. In this case, to prevent defect formation due to
a non-homogeneous temperature gradient or due to non-uniform
placement in the furnace during high-temperature treatments, the
tubes were sintered vertically within a homemade alumina container
which was protecting tubes from nonuniform temperature distribution.

2.4. Deposition of thin film lanthanum tungstate membrane

The deposition of thin film dense LWO56 composition membrane
layer was performed on tubular supports with LWO56, LWO54 or
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Fig. 1. XRD patterns of the LWO56 composition solid state reaction powder treated at different temperatures.

LWOMo compositions which were previously presintered. Full details
related to colloidal suspension optimization and deposition procedure of
thin film lanthanum tungstate membrane are given elsewhere [17].

2.5. Characterization

The phase composition of the as-synthesized un-substituted/Mo-
substituted lanthanum tungstate powders and as-sintered materials was
studied by X-ray powder diffraction (XRD) using Cu Ko; radiation
(1.54056 f\, Bruker AXS D8 FOCUS diffractometer with a LynxEye PSD).
The scans were collected at room temperature in the 26 range (20-80°)
with 0.02° step. The morphologies of the as-synthesized powders and
the average particle size were estimated using scanning electron mi-
croscopy (LV-SEM, S-3400 N; Hitachi, Tokyo, Japan). Thermogravi-
metrical analysis (STA 449C; Netzsch, Selb, Germany) of the extruded
green tube was performed in air up to 1000 °C at a heating rate of 2 °C/
min. Microstructural studies of surfaces and fractural cross sections of
debinded and sintered porous tubes and full membranes were done by
scanning electron microscopy (LV-SEM, S-3400 N; Hitachi, Tokyo,
Japan). ImageJ software was used to quantify the porosity and estimate
the pore size distribution of the sintered tubes by image analysis.

The possible tungsten evaporation during sintering of the un-
substituted and Mo-substituted lanthanum tungsten porous support
tubes and full membranes was studied using electron probe Micro
Analyzer (JXA-8500F; JEOL, Tokyo, Japan). Microanalyses were carried
out on polished cross-sections of LWOMo and LWO56 samples sintered
at 1500 °C for 2 h. The gas permeability measurements were carried out
to quantify the gas permeability of the sintered porous support tubes
according to Darcy equation, using an in-house built system [20]. The
setup consists of a gas supply unit, a testing chamber and a unit for
measuring the flow of the gas that permeates the sample to be measured.
The sintered porous support tubes were mounted using soft rubber rings
within a tubular chamber leaving one side exposed to air at ambient
pressure and another side exposed to pressurized synthetic air. The
measurements were made with a pressure difference ranging from 0.5 to
2 bar at room temperature and with synthetic air as the permeate gas.
The uncertainty of the recorded steady state gas flux (J) and pressure at

Fig. 2. SEM micrograph of the LWO56 as-synthesized powders calcined at
1100 °C and ball milled for for 24 h in ethanol media.

the pressurized part of the chamber was of 0.001 kg m2 s and 0.1 bar,
respectively.

3. Results and discussion
3.1. Characterization of as-synthesized LWO and LWOMo powders

A conventional solid state reaction route to un-substituted and Mo-
substituted lanthanum tungsten oxide powders was developed. This is
the most widely used economic method in many industrial applications
for the synthesis of polycrystalline powders from a mixture of solid
starting materials.

The first indication of the early crystallization of the cubic phase
from the amorphous matrix is observed at 700 °C as shown in Fig. 1 for
LWO56 composition, although part of this inorganic matrix might
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Fig. 3. Green state tubes obtained from LWOMo composition thermoplastic paste: a) Photographs of the as-prepared tubes (inclusion shows fractured cross section of
the tube) and b) SEM micrograph of fracture cross section area close to the outer area. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

remain amorphous (LayO3). The patterns after calcination at low tem-
perature show a considerable peak broadening (low crystallinity). This
observation is in accordance with the results reported by Magrasé et al.
[33] and supports that lanthanum tungstate is entropy stabilized as
claimed by Yoshimura et al. [34]. The X-ray diffraction analysis of
LWO54, LWOMo powders after calcining at 1100 °C for 2 h and sintering
at 1400 °C for 5 h showed identical patterns to the LWO56 composition
(please see supplementary material). A minor amount of unreacted
LayOs is still present at all compositions studied after calcination at
1100 °C, however it reacts completely to form a single cubic phase at
1400 °C as confirmed by the X-ray diffraction pattern.

Fig. 2 shows the typical morphology of the as-synthesized powders
calcined at 1100 °C after ball-milling step. For all the compositions
studied, the as-synthesized and ball milled powders presented very fine
and well-structured particles, with characteristic sphere-type shape and
particle sizes ranging within relatively narrow ~1 pm range. It is to note
that lower La/W ratio or molybdenum substitution did not affect the
morphology and particle size distribution of the as-synthesized powders.

Achieved chemical composition and uniform particle size

distribution of raw materials indicate the ability of the established solid
state reaction method and posterior powder conditioning to produce
high quality desired composition raw powders. Following this, un-
substituted and Mo-substituted lanthanum tungstate powders were
deployed for posterior processing of high temperature proton con-
ducting membrane reactors.

3.2. Thermoplastic extrusion of green state tubes

After initial trials of inorganic phase homogenization, the procedure
based on ball milling of obtained lanthanum tungstate powders with
carbon black powders (sacrificial pore formers) for 24 h in ethanol
media and drying prior mixing with thermoplastic carriers was estab-
lished. The mixing and kneading process deployed was based on the use
of an extrusion die with multiple narrow opening which produced
continuous “spaghetti” shape rods with approximate diameter of 2 mm.
This kneading process was repeated 4 times, the minimum which was
needed to achieve highly homogeneous thermoplastic feed.

Inorganic phase homogenization step and their mixing with
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Fig. 4. Thermogravimetric curve of lanthanum tungstate based paste with paraffin wax (PW), stearic acid (SA), ethylene-vinylacetate (EVA) and carbon black (CB).
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Fig. 5. SEM micrographs of LWOMo tube after calcination and presintering step at 1150 °C: (a, b) cross-section, (c) inner and (d) outer surface.

thermoplastic carriers through deployed kneading process showed to
improve the behaviour of thermoplastic compounds under extrusion and
most importantly, enhanced the uniform distribution of inorganic pha-
ses and resulted in low tortuosity/very smoot surface finish of porous
support tubes. This was highly beneficial because allowed to perform the
deposition of thin film dense functional layer directly on presintered
porous supports, without the need of intermediate surface smoothening
layers.

From the perspective of defined geometry control, the thermoplastic
extrusion of tubes in vertical direction and their subsequent cooling just
below the nozzle enabled the preparation of non-deformed tubes. The
tube ovality and axial deflection depended in the first place on correct
nozzle alignment, i.e., on the uniform wall thickness of the tube. Non-
uniform wall thickness led to the extruded tube being bent in the di-
rection of the thinner wall, either immediately after extrusion or later
during sintering. It is to note that the disadvantage of thermoplastic
extrusion in the vertical direction was that the tube became narrower
with increasing length of the extruded tube. That is, the weight of the
extruded tube loaded the plastic area of the tube just below the nozzle
and reduced the tube diameter and wall thickness. The best results were
obtained on extruding the mixture with the lowest nozzle temperature
(120 °C) and low extruder revolutions (30 min'l).

The appearance of the typical LWOMo extruded long tubes is shown
in Fig. 3a, where the long straight tubes are shown. The outer diameter
of the green state tubes was 10 mm and the inner diameter was 8 mm
(the wall thickness was 1 mm). A SEM micrograph of fractured cross-
section of the as extruded green state tube is show in Fig. 3b. The ho-
mogenous microstructure with a uniform distribution of solid phases
and thermoplastic carriers is achieved.

The limit for reducing the extruder temperature during extrusion was
the maximum admissible extruder power input to move the extruder
piston, which increased with decreasing temperature due to higher
viscosity of thermoplastic paste. It is to note that during homogenization

step, higher temperatures and, above all, faster extruder piston speed
improved the mixing process. Nevertheless, during the extrusion step
higher temperatures and faster speeds resulted in rough surface finish, a
highly detrimental feature in addition to problematic geometry control
as described previously.

3.3. Design of debindering and pre-sintering process

In this work, a thermal debindering and pre-sintering in air at at-
mospheric pressure was carried out, to remove thermoplastic binders
(PW, SA and EVA) and pore former (CB). Thermoplastic binder burnout
is one of the most critical steps in thermoplastic extrusion process since
removing the organic binders from the extruded tubes often gives rise to
defects, especially when fine ceramic powder is used in combination of
sacrificial pore formers.

The most suitable heating cycle was designed by means of ther-
mogravimetrical analysis of the thermoplastic feedstock. As shown in
Fig. 4, the decomposition of the binder occurs in two steps. The first
weight loss stage, about 25 wt% of the total loss in the temperature
range of 200-350 °C is attributed to the degradation of paraffin wax

and stearic acid in the binder system. The second stage between 350
and 550 °C is associated to the degradation of EVA and CB. The total
weight loss percent (~28 wt%) corresponds to total organic component
of the thermoplastic feedstock (~30 wt%). According to these results the
debindering heating program was designed as follows: below 200 °C, a
relatively quick heating rate of 0.5 °C/min was chosen taking into ac-
count that higher heating rates will cause cracking in the samples and
lower heating rates will unnecessarily increase the debindering time. A
slower heating rate of 0.1 °C/min was determined as the optimum rate
between 200 and 550 °C to prevent surface cracks and internal bubbles
through final debinding step. Finally, the tubes were heated at a heating
rate of 0.5 °C/min to temperatures of 1100-1200 °C (dwell 2 h) to
perform presintering step and achieve structural robustness and ease of
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Fig. 6. SEM micrographs of fracture cross sections corresponding to the microstructures of LWOMo tubes sintered at (a) 1500 °C- 3 h, (b) 1490 °C- 3 h, (c) 1480 °C- 3

h and (d) 1470 °C - 3 h.

manipulation of the tubes during functional layer deposition to form

final membrane structure.

All lanthanum tungstate based compositions showed identical
behaviour under debinding and presintering steps, and as example case
microstructures of LWOMo tubes are shown in Fig. 5. Interestingly, there
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as the tubular wall thickness is about 1 mm (Fig. 5a). The cross section
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Table 1
Average grain size, mean pore size and total porosity volume for the lanthanum
tungstate based tubes sintered at 1450 °C - 10 h.

Average grain size (um) ~ Mean pore size (um)  Total porosity (vol%)
LWO56 4.1+ 0.3 10.1 24
LWO54 4.4+ 0.3 7.3 23
LWOMo 5.1 +0.2 3.9 23
respectively).

Nevertheless, the formation of longitudinal cracks on the extremes of
the long tubes with the signs of the spalling was observed, the signs of
inefficient evacuation of gaseous phases which was limited to these
areas of the tubes. Knowing that the heating profiles have a strong in-
fluence on the formation of these type of defects, the cause of these
defects was attributed to nonhomogeneous temperature distribution. To
prevent the formation of these defects during high-temperature pro-
cesses owing to a nonhomogeneous temperature field in the furnace, the
tubes were placed in alumina housing which had openings to facilitate
the evacuation of gaseous phases formed from organic binders and pore
former burnout. The shielding effect produced by the alumina housing
was sufficient to homogenize temperature distribution during applied
thermal treatments and it also avoided possible contamination of the
tubes from furnace lining.

After applying the optimized debindering and pre-sintering cycles on
long tubes (~500 mm) a defect free tubular supports were achieved,
indicating the effectiveness of developed debindering and pre-sintering
route to obtain lanthanum tungstate based supports in an acceptable
period of time.

3.4. Effect of the sintering temperature

Presintered lanthanum tungstate-based tubular supports were sub-
jected to the final thermal treatment process at temperatures ranging
from 1400 °C to 1500 °C and varying dwell times at maximum tem-
perature. To evaluate the effects of the sintering cycle trials on micro-
structural porosity and compositional changes due to possible tungsten

Open Ceramics 9 (2022) 100226

evaporation at high temperature, pellet and short (~20 mm) tubular
samples were used.

The effect of the sintering temperature on the microstructure can be
observed in Fig. 6. As a similar trend was observed for all the compo-
sitions, only those micrographs corresponding to LWOMo composition
samples are shown. As expected, the total porosity decreases from 28 to
21 vol% when the sintering temperature is increased from 1470 to
1500 °C (dwell times of 3 h). It is to note that sintering temperature
variation even in relatively narrow gap of 30 °C, led to a considerable
variation in average grain sizes. That is, the average grain size increased
from 5 pm to almost 10 pm when sintering temperature was increased
from 1470 °C to 1480 °C. Whereas, further increase in a sintering tem-
perature up to 1500 °C led to a further grain size growth, reaching values
of 30-50 pm.

Apart from considerable microstructural changes, tungsten evapo-
ration due to applied high temperature thermal treatments could lead to
undesirable compositional changes. To address this issue, pellet type
samples from thermoplastic feedstocks with varying lanthanum tung-
state composition were prepared and their chemical composition was
characterized after exposure to high temperature thermal treatments.
Microanalysis results on LWOS56 sintered pellets confirm that the La/W
ratio = 5.57 was close to nominal ratio (La/W = 5.6) even after expo-
sures to temperatures as high as 1500 °C and dwell time of 2 h (Fig. 7a).
Similarly, in case of samples with Mo-substitution, there were no signs of
tungsten evaporation and La/(W + Mo) = 5.41 with W/Mo = 2.31 were
achieved, which was very close to nominal ratio for LWOMo composi-
tion (5.4 and 2.33 respectively) as shown in Fig. 7b.

Even though no evaporation of tungsten phase was detected, further
work on sintering cycle optimization of lanthanum tungstate based
porous supports was limited to maximum temperature of 1450 °C with
varying dwell times. This was done to limit the microstructural changes
in the form of grain growth and to preserve the overall porosity of the
porous supports. Table 1 reports the average grain size, mean pore size
and total porosity estimated by image analysis from polished cross
sections of lanthanum tungstate-based tubes sintered at 1450 °C with
the dwell time of 10 h The average grain size increases with molybde-
num substitution and tungsten content, whereas the mean pore size
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Fig. 8. The measured gas permeability for the lanthanum tungstate based tubes sintered at 1450 °C - 10 h.
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Fig. 9. SEM micrographs of fracture cross sections of lanthanum tungstate-based tubes at 1450 °C - 10 h: (a) LWO56, (b) LWO54 and (c) LWOMo.

decreases. The LA/W or W/Mo ratio do not affect the total porosity
amount.

The measured gas permeabilities for these lanthanum tungstate
tubes are presented Fig. 8. The permeability decreases when decreasing
La/W ratio and increasing Mo-substitution. The reason for the higher
permeability for LWO56 is due to the increase in open porosity, bigger
mean pore sizes and better pore connectivity which may enhance the gas
transport pathway, in agreement with the results presented in the
Table 1.

SEM micrographs of fracture cross sections corresponding to LWO56,
LWO54 and LWOMo composition tubular samples sintered at 1450 °C
with 10 h of dwell time are shown in Fig. 9. Defect free and homoge-
neous lanthanum tungstate-based structures with relatively uniform
microstructural features were obtained (please see supplementary ma-
terial). In agreement with the XRD results, free of impurities or phase
segregations at the grain boundaries compositions were achieved.

It is to note, that even though the porosity was reduced to the range
of 23-24 vol%, highly permeable microstructures with low necking
were formed, suitable for deployment as structural supports of high
temperature temperature Hy separation applications. The gas perme-
ability of the produced tubular supports was in the range of 6 x 1071%
m? at 1 bar overpressure, which is aligned (or even higher) than those
reported for supports of high flux oxygen transport membranes [27].
The permeability of the asymmetric membranes was similar to previous
measurements of planar membranes with LWO56 composition [16].

To evaluate the effects of the sintering cycle on macrostructural
features of tubular supports, that is the deformations and irregularities
in geometry, longer samples with minimum length of 100 mm were
used. The subject of investigation was the largest and smallest wall
thickness, the tube sagging (i.e. deflection from the straight line at the
tube centre), the tube narrowing (i.e. the difference between the di-
ameters at the beginning and end of the tube) and the tube ovality (i.e.
the difference between the largest and the smallest diameter of the
tube).

After sintering cycle (1450 °C with 10 h), the outer diameter of
sintered tubes was reduced to 7.4-7.6 mm and obtained average wall
thickness was in the range of 0.75-0.8 mm. The observed variation was
mainly due to compositional changes resulting in the highest contrac-
tion for the LWOMo composition tubes. It is to note that in the case of
~100 mm length samples it was possible to obtain tubes with uniform
wall thickness for all compositions and the difference in the wall
thickness of sintered tubes of the same composition did not exceed 50
pm. The irregular ovality along the as extruded tube length was
responsible for the maximum deflection of 1 mm measured for these
tubes.

In case of longer tubes (>100 mm), signs of high temperature creep
could be observed due to a denser microstructure formation at the
bottom of the tube. Therefore, the further work on Hs separation
membranes was limited to samples with 100 mm in length.

Fig. 10. SEM micrograph of the pinhole type defects formed within LWO56
functional layer which was co-sintered directly on green state tubular support.
Defect formation is attributed to evacuation of gases during debindering and
calcination step.

3.5. Dip-coating of the supports and co-sintering of the asymmetric Hy
separation membranes

Co-sintering process is the preferred method for fabrication of
multilayer solid oxide structures including tubular membranes. The
reduction of the number of thermal treatment steps, which impacts
directly into the time and manufacturing cost of the membranes, is seen
as the most important criteria to consider co-sintering as suitable for
mass-scale production. Therefore, once the optimal conditions for the
sintered supports are defined, the deposition of a dense thin and defect
free layer should be addressed. The deposition procedure and consecu-
tive thermal treatment steps should be optimized having in mind that
the preservation of the porous microstructure of the support is a must for
optimal performance of asymmetric membranes.

In this work, co-sintering process was optimized to fabricate LWO56
composition dense membranes onto LWO and LWOMo tubular supports.
The deposition of functional layer was done through dip coating of
stable LWO56 composition powder colloidal suspension, aiming to form
asymmetric membranes with fully dense ~ 20 pm thick outer layer
while preserving porous support microstructure.

Attempts to co-sinter directly functional LWO56 layers deposited on
green state LWO56, LWO54, LWOMo tubular supports resulted in leaky
membranes exhibiting transversal pores as a consequence of the defects
formed by the gases released during the debindering and calcination
step (burnout of thermoplastic binders and pore formers) (Fig. 10). Same
issue has been reported in other studies, where different composition
green state supports were coated with functional layers to form dense
asymmetric membranes [35-37].

As an alternative route, calcined LWO56, LWO54 and LWOMo
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Fig. 11. SEM micrographs showing fracture cross section of LWO56 dense membranes on top of porous support tubes: a) membrane with LWO56 support co-sintered
at 1450°C — 6h, b) membrane with LWO54 support co-sintered at 1450°C — 6h, ¢) membrane with LWOMo support co-sintered at 1450°C — 6h and d) membrane with

LWOMo support co-sintered at 1425°C — 6h. The black areas are pores.

composition tubular supports (see section 3.3) were dip coated on an
outer surface using LWO56-based colloidal suspension. The process was
repeated one more time after presintering step which was performed at
1000 °C. Finally, sintering cycle was applied following findings from
tubular porous support sintering cycle optimization.

After sintering cycles, an outer surface of the membranes showed
defect free and shiny surface finish, indicating the formation of dense
functional layer. The microstructural observation through SEM of pre-
pared membranes confirmed the formation of a dense functional layer
and preservation of permeable support microstructure. Fig. 11a shows
the fracture surface of LWO56 composition membrane the same
composition tubular support, where defect free and gas tight layer with
approximate thickness of ~20 pm was formed after sintering step of
1450 °C - 6h. Almost identical asymmetric membrane microstructural
features were obtained for LWO56 composition membrane sintered on
LWO54 composition tubular support (Fig. 11b). Whereas, in the case of
membranes with LWOMo support, the higher densification of porous
support is observed when sintering cycle with maximum temperature
1450 °C - 6h is used (Fig. 11c). In this case, the reduction of sintering
temperature to 1425 °C — 6h was sufficient to achieve dense and defect
free LWO56 composition functional layer while preserving highly
porous LWOMo support microstructure (Fig. 11d).

The previously observed tendency for a grain growth and creep at
elevated temperatures of lanthanum tungstate-based materials had a
favorable role in this case to consolidate the dense microstructure from
nearby packed particles. Meanwhile, in the case of porous supports, the
deployment of sacrificial pore former and thermoplastic feedstock
resulted in highly porous starting microstructures which were success-
fully preserved after sintering step.

The interface between the LWO56 membrane layer and porous
supports, a critical feature which dramatically reduces contact loss,
consisted of a superior adhesion for all asymmetric membranes.

How this microstructure impacts on the performance of the mem-
branes will be discussed in a later publication, however, we can antici-
pate that the performance of LWO56 tubular asymmetric membranes is
comparable to the previous work published in planar geometry asym-
metric membranes [16].

4. Conclusions

In order to establish the manufacturing route for high temperature
proton conducting ceramics to be used in catalytic membrane reactors
for synthetic fuel from gas-to-liquid (GTL) processes, a high-quality
lanthanum tungstate (LWO)-based support tubes were fabricated by a
cost-effective solid-state synthesis and thermoplastic extrusion pro-
cesses. Obtained long, porous substrates presented microstructures with
high pore-connectivity and small grain sizes (~ 4 pm), resulting in gas
permeation values as high as 6.5 x 10'°> m? at 1 bar overpressure.
Optimized deposition conditions of dense functional layers led to for-
mation of defect free and gas tight layers with approximate thickness of
20 pm.

According to the results of this work, the grain boundary mobility for
lanthanum tungstate (LWO)-based compositions increases with
increasing tungsten content and Mo substitution, whereas the mean pore
size decreases.
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