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Porous stainless steel hollow fibers have been prepared via the dry–wet spinning process, based on phase
inversion of a particle loaded polymer solution, followed by sintering. The morphology of the green fibers
combines sponge like structures and macro voids, and is related to the dynamics of the phase inversion
process. The morphology can be tuned by changing the spinning conditions and the composition of the
spinning mixture. In analogy to their ceramic counterparts the morphology of the stainless steel fibers
is preserved during sintering, apart from shrinkage due to densification. At a length scale comparable
ollow fiber
orous metallic membrane
tainless steel
hase inversion
orous metal

to the diameter of the steel particles the microstructure and related pore size distribution are more
strongly affected by the sintering temperature, as compared to their ceramic counterparts. Sintering the
stainless hollow fibers at temperatures > 1100 ◦C results in a sharp decrease in nitrogen permeance and
an increase in bending strength, due to densification. The strength (∼1 GPa) and nitrogen permeance
(0.1 mmol m−2 Pa−1 s−1 at 21 ◦C) of stainless steel fibers sintered at 1050–1100 ◦C are superior as com-

unte
ne (s
pared to their ceramic co
them suitable as membra

. Introduction

The combination of high chemical, thermal and mechanical
tability of ceramic and metal (inorganic) membranes offers an
nteresting alternative for separation processes where organic
olymer membranes suffer from limited stability. Their resistance
gainst high pressures, high temperatures, and corrosive envi-
onments allow ceramic membranes to be used in a variety of
pplications. Major drawbacks of ceramic membranes include their
rittleness. In contrast, metal membranes have a high mechanical
trength, offer good thermal shock resistance, and allow for welding
r brazing. Other distinct properties of metal membranes are their
lectrical and thermal conductivities. Porous metal is often used
s membranes support [1] for different top layers; including nickel
2], palladium [3–5], zeolites [6], and sol–gel derived metal oxides
SiO2, TiO2, and ZrO2) [7]. Corresponding applications include car-
on dioxide separations, water gas shift reactions, and reforming
eactions [8–11].

The geometry of porous stainless steel membranes is gener-

lly tubular or flat. In this paper we describe the preparation and
haracterization of porous stainless steel hollow fibers (outer diam-
ters between 1.2 and 1.5 mm) prepared via the dry–wet spinning
rocess, based on the principle of phase inversion [12].

∗ Corresponding author. Tel.: +31 53 489 2914; fax: +31 53 489 4611.
E-mail address: m.w.j.luiten@utwente.nl (M.W.J. Luiten-Olieman).
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rparts. The excellent properties of the stainless steel hollow fibers make
upports) for applications involving harsh environments.

© 2011 Elsevier B.V. All rights reserved.

Fig. 1 depicts a schematic representation of a dry–wet spinning
set-up. The spinning mixture contains a polymer, a solvent, and a
stainless steel powder. The mixture is pressed through a spinneret
and subsequently immersed in a coagulation bath containing a
non-solvent. During spinning, exchange of solvent and non-solvent
leads to thermodynamic instability of the spinning mixture and
induces phase separation into a polymer lean phase and polymer
rich phase. The polymer rich phase solidifies, concurrently entrap-
ping the stainless steel particles. After dry–wet spinning the fibers
are given a heat treatment to remove the polymer and sinter the
metallic particles together.

The aim of our study is to develop a porous stainless steel hol-
low fiber with an outer surface that is sufficiently smooth (without
macro voids) for applying thin and defect free selective top layers.

2. Experimental

2.1. Materials

Stainless steel powder (316L) with particle size of 4.17 �m (D50
by the manufacturer) was purchased from Epson Atmix Corpora-
tion (Japan). Polyethersulfone (PES, Ultrason, 6020P) was used as

polymer and N-methylpyrrolidone (NMP, 99.5 wt%, Aldrich) as sol-
vent. Polyvinylpyrrolidone (PVP K95, Aldrich) was used as viscosity
enhancer and de-ionized water as non-solvent. The stainless steel
powder and PES were dried before use; all other chemicals were
used without further treatment.

dx.doi.org/10.1016/j.memsci.2011.01.004
http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:m.w.j.luiten@utwente.nl
dx.doi.org/10.1016/j.memsci.2011.01.004
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Table 1
Composition of spinning mixtures of the performed experiments.

Experiment Stainless steel (wt%) NMP (wt%) PES (wt%) PVP (wt%) H2O (wt%) Order in which chemicals are added

1 48 40.0 9.7 2 0 NMP/SS/PES/PVP
2 70 21.7 7.3 1 0 NMP/SS/PES/PVP
3 80 15.0 5.0 0 0 NMP/SS/PES
4 48 39.0 13.0 0 0–3.5 NMP/SS/PES/H2O
5 70 22.5 7.5 0 0–2.5 NMP/SS/PES/H2O

2
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n
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6 80 15.0 5.0
7 70 21.0 7.0
8 48 37.5 12.5
9 48 37.5 12.5

.2. Preparation of spinning mixtures

Stainless steel powder (48, 70 or 80 wt%) was added to a mix-
ure of NMP and H2O (0–3 wt%) and followed by stirring for 1 h.
ubsequently, PES was added in three steps with a time interval of
h, and stirred overnight. For rheology measurements the order in
hich the chemicals were added can be different, as is indicated in

able 1. For some experiments PVP (1–2 wt%) was be added to reg-
late the viscosity of the mixture (see Table 1) followed by stirring
vernight. Prior to spinning, the spinning mixture was degassed
y applying vacuum for 30 min and left overnight under dry air.
able 1 gives an overview of the spinning mixture compositions
sed in this study.

.3. Viscosity measurements

The rheology of the spinning mixture was measured
ith a Brookfield viscometer (DV-II+ Pro) at different speeds

0.3–100 RPM) with spindle LV4-64 at 20 ± 1 ◦C.

.4. Spinning experiments
Spinning mixtures were pressurized in a stainless steel vessel
sing nitrogen (2 bar), and consequently pressed through a spin-
eret (inner and outer diameter of 0.8 mm/2.0 mm, respectively).
e-ionized water was pumped though the bore of the spinneret

Fig. 1. Schematic representation of the dry–wet spinning set-up.
0 0–1 NMP/SS/PES/H2O
0 2.0 NMP/H2O/SS/PES
0 2.0 NMP/H2O/SS/PES
0 2.0 NMP/H2O/SS/PES

with a speed of 7 ml min−1. The coagulation bath contained tap
water and the length of the air gap was 3 cm. All spinning experi-
ments were carried out at ambient temperature (20–21 ◦C). Table 2
depicts an overview of the spinning conditions.

2.5. Drying and sintering

After spinning the fibers were first kept in a water bath for 1
day for removing traces of NMP, followed by drying and stretching
(1 cm per m) for 1 day. The removal of the polymer was per-
formed at 600 ◦C for 60 min (heating rate 5 ◦C min−1) and fibers
were sintered at 1050 ◦C, 1100 ◦C, 1150 ◦C or 1200 ◦C for 30 or
60 min (heating rate 5 ◦C min−1, cooling rate 10 ◦C min−1) in a nitro-
gen atmosphere. Unless mentioned otherwise, the sintering time
was 60 min.

2.6. Characterization

SEM images were taken of the cross-sections of fibers. The sam-
ples of the green compact were immersed into liquid nitrogen
before fracturing, to obtain a well-defined cross-section (JEOL JSM
5600 LV, at 1,5 kV).

The thermogravimetric spectra were recorded on a Netzsch STA
449 F3 under nitrogen environment at a heating rate of 5 ◦C min−1

over a range of 25–800 ◦C.
Mechanical strength (�) was measured with a 4 point bending

test (Instron 5564A). The bending strength was calculated from:

� = 16FKdo

�(d4
o − d4

i
)

(1)

In this equation F is the force at fracture, K half of the difference
between outer and inner span (= 5 mm), and di and do are the inner
and outer diameter diameters of the hollow fiber, respectively.

The pore size distribution was measured using two different
techniques: with a capillary flow porometer based on the principle
of the liquid extrusion porometry technique (Porolux 1000, IB-FT

GmbH), and with a mercury porosimetry analyzer (Poremaster PM-
33-14, Quantachrome® Instruments).

The electrical resistance of the stainless steel hollow fiber is
measured with a multimeter, Benning M1, at room temperature
over a length of 10 cm.

Table 2
Spinning conditions.

Condition Value

Composition spinning mixture See Table 1
Bore liquid H2O
External coagulant H2O
Mixture extrusion pressure (bar) 2
Air gap (cm) 3
Bore liquid flow rate (ml/min) 7
Spinneret diameter (mm) OD/ID = 2.0/0.8
Temperature (◦C) 21
Relative humidity (%) 40
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Single gas permeation was measured in a pressure controlled
ead-end permeation set-up. Fibers were sealed on one end with
raldite®. The measurements were performed at room tempera-

ure and 2 bar pressure difference (Ppermeate = 1 atm). The single gas
ermeance F of nitrogen was calculated from the following equa-
ion:

= N

�p
(2)

ere N is the molar flux through the membrane and �p is the trans
embrane pressure difference.

. Results and discussion

Particle loaded spinning mixtures display a shear thinning vis-
osity that is strongly dependent on the mixtures composition.
ig. 2 shows the viscosity of particle loaded spinning mixtures as a
unction of the concentration of non-solvent, at a fixed shear rate
1.5 RPM). Addition of water before or after the addition of polymer

see Table 1) did not significantly influence the results.

In general a higher viscosity is observed for mixtures with higher
article loading, and for all spinning mixtures the viscosity ini-
ially increases with the water concentration. Above a critical water
oncentration a strong reduction in viscosity is observed, which is

Fig. 2. Viscosity of spinning mixtures with different loading of stainless steel par-
ticles as a function of water concentration steel at fixed shear rate (1.5 RPM), lines
are guides to the eye.

ig. 3. SEM images of fibers with 48–70–80 wt% of stainless steel. (a) 48 wt% green compact, (b) 48 wt% sintered 1100 ◦C, (c) 70 wt% green compact, (d) 70 wt%, sintered
100 ◦C (e) 80 wt% green compact, (f) 80 wt% sintered 1100 ◦C.
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ig. 4. SEM images of stainless steel fiber derived from 70 wt% particle loaded spinni
igher magnification, (d) sintered at 1100 ◦C, higher magnification.

ssociated with phase separation of the mixture. This de-mixing of
he mixture into two separate phases is also observed by eye. No
ffect of the extent and duration of mixing/stirring on the critical
ater concentration have been observed, suggesting that the two
hase system corresponds to thermodynamic equilibrium. For a
pinning mixture without stainless steel particles we observe phase
eparation at a water concentration comparable to that found by
au et al. [13]. At increasing particle loading the amount of water
equired to induce de-mixing distinctly reduces (4.1–2.5–1.5 wt%
ater, for 48–70–80 wt% particle loading, respectively), indicat-

ng that for the mixtures containing more particles the two-phase
egion in the phase diagram is larger.

In Fig. 3 SEM micrographs are depicted of cross sections of
orous stainless steel hollow fibers, derived from spinning mix-
ures with different loading of stainless steel particles. Fibers on
he left hand side are green compacts, fibers on the right hand side
ave been sintered at 1100 ◦C. After thermal treatment, the geom-
try of the fibers prepared with 48 wt% stainless steel (Fig. 3b) has
ignificantly changed. Probably there are insufficient particles to
reserve the structure during burnout of the polymer. The mor-
hologies of the fibers prepared of spinning mixtures containing
0 wt% and 80 wt% stainless steel are preserved upon sintering,
xcept for shrinkage (Fig. 3d and f). This behavior is analogous to
eramic hollow fibers prepared via phase inversion [14]. The ther-
al treatment of the fibers was conducted in a nitrogen atmosphere

nd oxidation problems have not been observed.
Fig. 3 shows that the loading of stainless steel particles in the

pinning mixture has an apparent influence on the morphology
f the derived hollow fiber. The cross section of a fiber prepared
rom a spinning mixture containing 48 wt% stainless steel particles
Table 1, exp. 1), depicted in Fig. 3a, reveals macro voids (finger
ike voids) originating from both the inner and outer surface of the

ber. These macro voids extend almost to the center of the fiber
ross section, where a sponge like structure can be seen.

When the loading of the particles is increased to 70 wt% a
ecrease in the size of the especially the larger macro voids is
bserved (Fig. 3c) (Table 1, exp. 2). This difference in morphol-
ture with 2 wt% water (a) green compact, (b) sintered at 1100 ◦C, (c) green compact,

ogy is probably related to the reduction in the amount of water
required to induce phase separation of a spinning mixture contain-
ing more stainless steel particles. It is well known that for spinning
mixtures with a composition closer to the phase boundary more
regular (sponge like) structures are obtained, with less and smaller
macro voids [15,16].

Increasing the loading to 80 wt% (Table 1, exp. 3) results in a
sponge like structure at the outer surface of the fiber. This sponge
like structure is due to the relatively long residence time of the
highly viscous spinning mixture in the air gap, and the consequently
more pronounced exposure of the fiber to water vapor [17]. The
sponge-like region inhibits growth of macro voids from the outside
of the fiber, while at the same time fast exchange of solvent, and
non-solvent from the bore liquid induces long thin macro voids
[14].

The uniform sponge like structure on the outside of the fiber
derived from the 80 wt% spinning mixture is beneficial for use as
membrane support; however, the high viscosity of the spinning
mixture complicates a controlled spinning process. By adding a
small amount of non-solvent to the spinning mixture with lower
particle loading similar fiber morphology may be achieved, while
avoiding a too high viscosity. Accordingly, further experiments
were performed with spinning mixtures containing 70 wt% stain-
less steel particles and 2 wt% water.

Fig. 4 depicts SEM images of cross sections of resulting fibers.
The left hand side image of a green compact (Fig. 4a) displays a
cross section with macro voids on the inner part of the fiber and a
denser sponge like structure at the outer surface of the fiber. The
image on the right hand side (Fig. 4b), of a fiber sintered at 1100 ◦C,
indicates that no significant changes occur in morphology during
heat treatment, except for shrinkage. SEM images with higher mag-
nification of the green compact (Fig. 4c) and of the sintered fiber

(Fig. 4d) confirm this.

Fig. 5 depicts the electrical resistance of the stainless steel hol-
low fiber as function of the sintering temperature. Initially the
electrical resistance decreases with increasing sintering temper-
ature up to 1000 ◦C, and subsequently stabilizes at a value of
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ig. 5. Electrical resistance of stainless steel hollow fibers as function of sintering
emperature (70 wt% stainless steel and 2 wt% water).

.03 � cm−1. The initial decrease of the electrical resistance is due
o burnout of the polymer, which according to TGA analysis (Fig. 6)
s almost complete at a temperature 600 ◦C, while necks between
he steel particles are starting to form. The stabilization of the elec-
rical resistance at a sintering temperature of 1000 ◦C indicates that
he neck area is sufficient to create a conductive path, and a fur-
her increase of the sintering temperature merely results in denser
lower resistance) and thinner fibers (higher resistance). Therefore,
he overall effect on electrical resistance is minor.

In contrast to the asymptotic behavior of the electric conduc-
ivity at sintering temperatures above 1000 ◦C, the mechanical
trength and gas transport properties of the porous hollow fibers
how a strong correlation with sintering temperature in the range
f 1000–1200 ◦C.

Fig. 7 shows that the bending strength of the stainless steel fibers
ncreases with sintering temperature from 450 MPa at 1050 ◦C to
500 MPa at 1200 ◦C. The bending strength is calculated from an
quation that is commonly used for ceramic fibers (Eq. (1)). It
hould be noted that this equation is not valid for a quantitative
nalysis of the bending strength of ductile materials, and the high

alues reported here should be interpreted with caution. However,
he large increase suggests significant changes in the microstruc-
ure of the fibers with sintering temperature. The ductile nature of
he fibers and the large bending strength signify that the stain-

ig. 6. TGA graph of a fiber derived from a particle loaded spinning mixture with
0 wt% of stainless steel and 2 wt% water.
Fig. 7. Bending strength and nitrogen permeance stainless steel hollow fibers as
function of sintering temperature (70 wt% stainless steel and 2 wt% water).

less steel hollow fibers have superior mechanical properties as
compared to their ceramic counterparts. For comparison, in lit-
erature a bending strength of 340 Pa and nitrogen permeance of
2 × 10−6 mol m−2 Pa−1 s−1 have been reported for Al2O3 hollow
fibers with similar dimensions [18]. For the stainless steel hol-
low fibers the nitrogen permeance is ∼10−4 mol m−2 Pa−1 s−1 and
does not change significantly with sintering temperature in the
range 1050–1100 ◦C (see Fig. 8). At these temperatures, changes
in the pore size distribution are minor and the pores remain inter-
connected. A rough estimate of the average pore size, assuming
nitrogen transport occurs predominantly by Knudsen diffusion,
yields a value in the range 1–3 �m, which is in good agreement with
the mean value of 1.4 �m obtained from capillary flow porometry
analysis.

Sintering at temperatures ≥1150 ◦C results in a sharp decrease
in gas permeance. The large variation in nitrogen permeance of
different fibers sintered in this temperature range is indicative of
a densified pore structure that is close to the percolation limit;
small changes in such a structure have a pronounced effect on the

transport resistance.

A more detailed analysis of the evolution of the pore size distri-
bution with sintering temperature, determined with the mercury
porosimetry analyzer, is depicted in Fig. 8. The fiber sintered at

Fig. 8. Pore size distribution of stainless steel hollow fibers as function of sintering
temperature (70 wt% stainless steel and 2 wt% water).
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Fig. 9. Cumulative volume of pores in stainless steel hollow fibers at

100 ◦C has a pore size distribution with pores in the ranges
.2–0.6 �m and 1–10 �m. Sintering at a temperature of 1150 ◦C
esults in a lower total volume of the pores in both ranges. A fiber
intered at 1200 ◦C contains predominantly smaller pores and pores
1 �m have disappeared. The rise in volume of the pores ∼10 nm
t 1200 ◦C indicates a complex evolution of pore size distribution
ith temperature. A more detailed analysis to reveal the underlying
henomena is beyond the scope of this study.

The total pore volumes of fibers sintered at different sintering
emperatures are shown in Fig. 9. This total volume (per gram fiber)
ecreases significantly with increasing sintering temperature due
o densification and pore shrinkage. Noteworthy is the large impact
f pores ≥1 �m on the total pore volume. For the fiber sintered at
100 ◦C these pores represent more than 50% of the total pore vol-
me. Sintering at 1150 ◦C leads to a small reduction in the fractional
olume occupied by these pores, whereas after sintering at 1200 ◦C
ores ≥1 �m do not contribute significantly to the total pore vol-
me. A SEM micrograph of a fiber sintered at 1100 ◦C (also pictured

n Fig. 9) shows that the fiber consists of connected particles with
ifferent sizes. A fiber sintered at 1150 ◦C shows a dense packing of

arger particles; the smaller particles have disappeared. Sintering
t 1200 ◦C results in a further densification of the microstructure,
n which individual particles can no longer be readily identified.

The changes in the microstructure of the stainless steel fibers
s a function of sintering temperature, and the related effects on
echanical strength and transport properties, are far more pro-

ounced as compared to ceramic hollow fibers [18]. This is for
nstance evident from the drop of more than two orders of mag-
itude in nitrogen permeance for fibers sintered in the range
150–1200 ◦C. In addition to the control of fiber morphology during
he dry–wet spinning process, for stainless steel fibers the thermal
reatment step allows for control of the fibers microstructure and
elated pore structure.
. Conclusions

Porous stainless steel hollow fibers have been prepared with
ontrolled morphology (macro voids/sponge like structure) and
ent sintering temperatures (70 wt% stainless steel and 2 wt% water).

microstructure (pore size distribution), via the dry–wet spinning
process followed by thermal treatment. The morphology of the
fibers is predominantly determined during the dry–wet spinning
process and can for instance be tuned by controlling the parti-
cle loading and the water concentration of the spinning solution.
The microstructure is strongly affected by the heat treatment
procedure. In this respect, fibers suitable for coating could be
prepared with uniform sponge-like structures at the outer sur-
face the fibers. The fibers combine a high strength, 750–1150 MPa
(sintered at 1050–1100 ◦C) with a large nitrogen permeance of
1 × 10−4 mol m−2 Pa −1 s−1 at 21 ◦C. A sharp decrease in nitrogen
permeance, and a concurrent increase in bending strength, are
observed when the fibers are sintered at temperatures >1100 ◦C.
This indicates that the microstructure can be controlled by the sin-
tering temperature to a far greater extent as compared to ceramic
hollow fibers.
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