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a  b  s  t  r  a  c  t

A  versatile  method  is  presented  for  the  preparation  of  porous  inorganic  hollow  fibers  with  small  tunable
radial  dimensions,  down  to ∼250  �m  outer  diameter.  The  approach  allows  fabrication  of  thin hollow
fibers  of various  materials,  as is demonstrated  for  alumina,  nickel,  silicon  carbide,  stainless  steel,  and  yttria
stabilized zirconia.  The  preparation  method  is  based  on  dry-wet  spinning  of  a particle-loaded  polymer
solution  followed  by  thermal  treatment.  Exceptionally  small  radial  dimensions  have been  achieved  by
surface energy  driven  viscous  flow  of  the  green  fiber,  resulting  in  a reduction  of  macro-void  volume. It
is shown  that  the  extent  of viscous  deformation  is  directly  related  to  the  rheology  of the  particle-loaded
ollow fiber
norganic membrane
hase separation
orous inorganic

green  fiber  above  the  glass  transition  temperature  of the  polymer.  A particle  specific  limited  concentration
range  can  be  identified  in  which  viscous  deformation  is  possible.  Above  a critical  particle  volume  fraction
the  viscosity  of the  particle–polymer  material  increases  sharply  and  the time  scale  of  viscous  deformation
becomes  too  long.  Below  a  minimum  concentration  of particles  it is  not  possible  to  sinter  the  particles
together.  For  small  particles  of  alumina,  silicon  carbide,  and  yttria  stabilized  zirconia  the  concentration
range  allowing  viscous  deformation  is  very  narrow  as  compared  to that  of  larger  metal  particles.
. Introduction

The hollow fiber membrane geometry allows for a very high
urface-area-to-volume ratio, up to ∼104 m−1. Organic hollow
bers with small radial dimensions are generally made via the dry-
et spinning process. In the dry-wet spinning process a polymer

olution containing particles is used, yielding a polymer hollow
ber in which inorganic particles are entrapped. In the subsequent
hermal treatment the polymer is burned out and the inorganic par-
icles are sintered together. This mature manufacturing technique
llows for relatively inexpensive production of large quantities
f inorganic membranes, for use in varies industrial and medi-
al applications [1–3]. For inorganic membranes no commercially
pplied manufacturing process exists. In various studies in scien-

ific literature a combination is proposed of the dry-wet spinning
rocess with a thermal treatment; a non-exhaustive list includes
1–16]. Many of these studies aim at improved mechanical strength

∗ Corresponding author. Tel.: +31 53 489 6283; fax: +31 53 489 4611.
E-mail address: m.w.j.luiten@utwente.nl (M.W.J. Luiten-Olieman).
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of the final fiber, for example by reducing the amount of macro-
voids of the cross-sectional fiber morphology [4,12].  Another
objective can be to avoid the presence of unwanted chemical ele-
ments, introduced in the spinning process, in the final fiber [15].

In all of these studies the porous hollow fibers have a diameter
>0.7 mm,  which is large as compared to their organic counterparts,
that are usually in the range of 50–400 �m outer diameter [1].  In
our previous work we have already shown that the diameter of
stainless steel hollow fibers can readily be tuned to smaller values,
down to ∼250 �m [18]. The strategy to achieve such small stainless
steel fibers is depicted in Fig. 1 and comprises four different steps.

Step I is the dry-wet spinning process. Here a particle loaded
polymer solution is pressed through a spinneret and coagulated
in a non-solvent bath. Exchange of non-solvent and solvent leads
to thermodynamic instability of the spinning mixture and induces
phase separation into a polymer lean and a polymer rich phase.
The polymer rich phase solidifies, concurrently entrapping the inor-
ganic particles. The morphology of the fiber (prior to heat treatment

referred to as ‘green fiber’) generally exhibits a porous sponge-
like structure containing macrovoids. The amount and size of the
macrovoids can, for instance, be influenced by varying the viscos-
ity of the spinning mixture, by adding non-solvent to the spinning

dx.doi.org/10.1016/j.memsci.2012.03.030
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.2012.03.030
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perature (20 ± 1 ◦C) experiments were carried out with a Brookfield
viscometer (DV-II+ Pro, LV4-64), experiments above the Tg of
the polymer, in the range 250–300 ◦C, were carried out with a
plate–plate rheometer (Anton Paar Physica MCR  501). For the

Table 1
Spinning conditions.

Condition Value

Composition spinning mixture see Table 2
Bore liquid H2O
External coagulant H2O
Mixture extrusion pressure (bar) 2
Air  gap (cm) 3
Fig. 1. Schematic representation of the p

ixture, by changing the concentration inorganic particles, or by
nother selection of solvent/non-solvent/polymer combination. In
ontrast to the majority of other studies, we aim at the presence of a
elatively high amount of small macrovoids that are to be removed
n step II of the fiber preparation.

In step II the fiber is heated to a temperature above the Tg of the
morphous polymer. Here the dynamics of surface energy driven
iscous polymer flow can allow regulated reduction of macrovoid
olume, resulting in a substantial decrease in the diameter and
he final length of the fiber. The extent of viscous deformation is
trongly related to the rheology of the particle loaded polymer, and
ence to the concentration and nature of the inorganic particles.
his will be discussed in more detail in Section 3.

Step III involves the removal of the polymer consolidation of
he structure. To maintain structural integrity it is preferential that
he polymer bur-out occurs gradually. The polymer should also not
ersist to too high temperatures, in order to avoid negative effects
n sintering or a too high carbon content in the final fiber. The
e-binding process can be influenced by the selection of the poly-
er  and the atmosphere in which the de-binding occurs (oxidative,

nert, reducing).
Step IV concerns the final consolidation of the structure by sin-

ering. This step affects in particular the porosity, pore size, and
echanical properties of the final membrane. Sintering at too high

emperatures can result in almost dense materials while sintering
t a too low temperature influences the strength of the hollow fibers
egatively.

In this study we demonstrate that our strategy is not limited
o stainless steel particles, but in principle allows a generic cost
ffective fabrication method of other thin inorganic hollow fiber
embranes. In particular, the effect of the nature of the inorganic

articles on the viscous deformation particle loaded polymer hol-
ow fiber is investigated.

. Experimental

.1. Materials

Nickel (Ni, particle size of 9 �m)  and stainless steel powder
316 L, particle size of 4.1 �m)  were purchased from Epson Atmix
orporation (Japan). AKP 30 �-Al2O3 (Al2O3, particle size of 0.3 �m)
as purchased from Sumitomo Chemicals Co. LTD. (Japan), silicon

arbide (SiC, particle size between 0.5 and 0.7 �m)  from Hongwu
anometer (China), and an yttria (0.3 mol%) stabilized zirconia

YSZ, particle size of 0.02 �m)  powder from Tosoh Corporation
Japan). The mentioned particle sizes were reported by the manu-
acturers. Polyethersulfone (PES, Ultrason, 6020P, BASF, Germany)
as used as polymer and N-methylpyrrolidone (NMP, 99.5 wt%,
ldrich, The Netherlands) as solvent. De-ionized water was used
s non-solvent and polyvinylpyrrolidone (PVP K95, Aldrich, The
etherlands) as viscosity enhancer. PES, nickel, �-Al2O3, YSZ, and
tainless steel powder were dried before use; all other chemicals
ere used without further pre-treatment. A two-component epoxy

esin (Araldite®, Viba, The Netherlands) was used for potting the
bers in a module.
ation of inorganic porous hollow fibers.

2.2. Spinning process

Green fibers were prepared via dry-wet spinning process based
on the principle of phase separation of a particle loaded polymer
solution; this process was  described in detail in the previous chap-
ter. Details of the spinning conditions are mentioned in Table 1.

Spinning mixtures were prepared by adding the inorganic pow-
der (see Table 2) to NMP, followed by stirring for 30 min. To
decrease the amount of agglomerates, ultrasonic treatment was
applied for the preparation of YSZ and Al2O3 fibers for 15 min and
45 min, respectively. PES was added in three steps, each separated
by 2 h, and the mixture was then stirred for 16 h. The spinning mix-
tures were degassed by applying vacuum for 30 min and left under
dry air for 16 h. The ratio NMP/PES was kept constant (3/1) while
the concentration of inorganic powder was varied between 11 and
62 vol.% (with respect to inorganic powder + PES, not including the
solvent or PVP; this definition of the vol.% inorganic powder relates
to the composition of the green fiber and is used throughout the
remainder of this work).

2.3. Drying and thermal treatment

Directly after spinning the hollow fibers were kept in a water
bath for 24 h for completion of the phase separation process, fol-
lowed by drying and stretching (0.005 m−1) for 24 h to straighten
the fiber. The fibers (15 cm length) were placed into the channels
(4 mm)  of a multichannel ceramic, subsequently placed horizon-
tally in a furnace with a controlled atmosphere. Different types of
fibers require other thermal treatments, a detailed program of the
thermal treatment can be found in Table 3. For the Ni fiber the gas
atmosphere was changed to N2 with 4% H2 after 120 min  at 450 ◦C.

2.4. Characterization

SEM images were taken of the cross sections of the fibers (JEOL
JSM 5600LV, at 5 and 15 kV). Before fracturing, the fibers were
immersed in liquid nitrogen to obtain a well-defined cross-section.

The rheology was  measured using two techniques: room tem-
Bore liquid flow rate (ml/min) 7
Spinneret diameter (mm) OD/ID = 1.1/0.5
Temperature (◦C) 21
Relative humidity (%) 40
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Table 2
Composition of spinning mixtures of the performed experiments.

Experiment Material Concentration Particle size
(�m)

Spinning mixture

Particles in HF
(vol.%)

NMP
(wt%)

PES
(wt%)

Particle
(wt%)

PVP
(wt%)

Viscosity
(Pa s−1)

1 Al2O3 58 0.3 37.5 12.5 50.0 – 38.3
2 Al2O3 47 0.3 45.5 15.2 39.3 0.3 44.9
3 Al2O3 41 0.3 49.6 16.5 33.4 0.5 43.2
4 Al2O3 23 0.3 60.6 20.2 17.6 1.7 44.7
5  Al2O3 11 0.3 68.4 22.1 8.0 1.5 27.9
6  Ni 60 9.2 21.8 7.3 70.0 – 38.2
7  Ni 41 9.2 34.8 11.6 52.6 1.0 66.9
8 Ni 23 9.2 50.0 16.7 32.3 1.0 35.2
9 SS 62 4.1 22.5 7.5 70.0 – 51.2
10 SS  41 4.1 74.9 12.4 49.8 0.5 46.2
11  SS 23 4.1 52.5 17.5 30.0 1.0 41.9
12  YSZ 48 0.05 37.5 12.5 50 – 35.8
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13  YSZ 23 0.05 

14  SiC 23 0.5–0.7 

easurements with the plate–plate rheometer, flat samples were
repared by casting a particle loaded PES-NMP mixture on a glass
late, followed by coagulation in a water bath. Samples were dried
24 h, at 21 ◦C followed by 12 h at 60 ◦C) and uni-axially compressed
t 100 kN for 1 min  to obtain flat samples. Samples of 25 mm were
ut out using a stamping press.

Single gas permeation experiments were carried out with a pres-
ure controlled dead-end gas permeation set-up using nitrogen as
as. The feed was introduced on the inside and the permeate was
emoved from the outside of the fiber. Measurements were per-
ormed at room temperature. Fibers were potted in a module and
losed on one side with Araldite®.

The pore size distribution was measured with capillary flow
orometry, based on the principle of the liquid extrusion porometry
echnique (Porolux 1000, IB-FT GmbH.)

Light microscope images were made on a Leica M125 stereomi-
roscope (Germany).

The carbon content was measured with an Elemental Analyzer
Flash 2000 CHNS, Thermo Fischer Science Inc.).

. Results and discussion

Fig. 2 depicts sintered porous hollow fibers consisting of stain-
ess steel, Al2O3, Ni, YSZ, and SiC. On the right side a commercial
l2O3 capillary (M20, Hyflux®) is displayed for comparison. All
bers have been prepared using the same polymer, solvent, non-
olvent, and spinneret with fixed dimensions. The main differences
re the concentration and type of inorganic particles added to the
pinning solution.

The three porous stainless steel hollow fibers in Fig. 2 have
 diameter between 280 and 750 �m.  As described in our previ-
us chapter, the exceptionally small achievable radial dimensions
f these fibers (compared to others [4,5,7,12,13,15,19–25])  result
rom extensive surface energy driven viscous polymer flow at

emperatures exceeding the glass transition temperature of the
olymer (Tg = 225 ◦C). This viscous phenomenon results in removal
f macrovoids and consequent shrinkage, it is most pronounced for
ow particle loadings.

able 3
intering conditions.

HF Shrinkage De-binding polymer 

SS 300 ◦C (5 ◦C min−1) 60 min  550 ◦C (1◦ C min−1) 

Al2O3 300 ◦C (5 ◦C min−1) 60 min  1000 ◦C (2◦ C min−1) 

Ni  300 ◦C (5 ◦C min−1) 60 min  450 ◦C (3◦ C min−1) 
.53 18.83 24.63 1.7 109.0

.2 21.1 14.7 1 41.2

The Al2O3 and Ni fibers depicted in Fig. 2 display a similar broad
range of radial dimensions, indicating that surface energy driven
viscous deformation is not limited to stainless steel particle loaded
polymers, but can also be observed for ceramic particles. However,
for YSZ comparable extensive shrinkage has not been observed
at comparable particle loadings, indicating that the nature of the
particles has an effect on the viscous deformation.

A series of representative SEM images of Al2O3, Ni, SiC, YSZ, and
stainless steel hollow fibers (23 vol.%) is selected to illustrate the
changes in the morphology before and after incubation for 10 h at
300 ◦C, i.e., above the Tg of the polymer (see Fig. 3). All images on
the left depict green fibers, displaying a distinct morphology con-
taining macrovoids. The green fibers have comparable dimensions
and macrovoid volume (∼25%). The fibers on the right hand side
of Fig. 3 are obtained after incubation. Except for YSZ, the images
reveal significant changes in morphology of the fibers upon incuba-
tion; the macrovoids have disappeared and a substantial reduction
in outer diameter is observed. This indicates that for fibers, with
a particle concentration of 23 vol.%, the loading is sufficiently low
to allow the viscous deformation. In contrast, the macrovoids in
the YSZ fibers are not completely removed after incubation of 10 h,
indicating that even at low particle concentration viscous deforma-
tion is sensitive for differences in type and sizes of the particles. The
influence of the nature of the particles becomes more pronounced
at higher loadings.

Fig. 4 depicts the length of incubated fibers normalized with
respect to the original length of the green fiber (l/l0), as function
of the particle loading. The fiber length is practically more readily
accessible than the radial dimensions. The change length represents
a direct measure for the extent of shrinkage in a single dimension;
it less pronounced as compared to a change in radius that corre-
sponds to shrinkage in two dimensions. At low particle loading
(23 vol.%) the reduction in fiber length is comparable for the three
different materials; around 26%. When the particle concentration
is 41 vol.% the reduction in length of the fiber containing Al2O3 is

less pronounced, as compared to the other fibers. SEM micrograph
of an incubated Al2O3 fiber (Fig. 4, top) reveals that after incuba-
tion macrovoids are still present in the Al2O3 fiber, whereas these

Sintering Atmosphere

1 min  1100 ◦C (5 ◦C min−1) 30 min N2

1 min  1500 ◦C (5 ◦C min−1) 300 min Air
2 h 800 ◦C (5 ◦C min−1) 600 min Air, N2 > 450 ◦C
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Fig. 2. From left to right three stainless steel, two Al2O3,  three Ni hol

ave disappeared for the other materials, e.g. stainless steel (Fig. 4,
ottom).

At a particle loading of 60% the length of the two  metal con-
aining fibers reduces by approximately 20% upon incubation, and
lmost no reduction in length is observed for the Al2O3 fiber.

The shrinkage due to viscous deformation is driven by a reduc-
ion in the surface free energy associated with the macrovoids. It is
o be expected that the rate of the macrovoid decay will be influ-
nced by the size and shape of the macrovoids. The differences in
imensional changes in Fig. 4 can be qualitatively rationalized by
onsidering the characteristic time for viscous sintering at constant
emperature [17]:

c = ��

�
(1)

here � is the surface tension, � is the viscosity, and � is the charac-
eristic length. The characteristic length is associated with the size
nd shape of the macrovoids.

The significance of � is illustrated in Fig. 5, where the normal-
zed length of Al2O3 containing fibers (Fig. 5, left: 23 vol.%; Fig. 5,
ight: 41 vol.%.) is plotted as function of the time during incuba-
ion at a specific temperature. For all temperatures, the reduction
n length for both fibers occurs in the first hours and the extent
f shrinkage reaches an asymptotic value after a few hours. This
symptotic value corresponds to the maximum size of macrovoids
hat can be removed; the characteristic time for larger macrovoids
s too long and these larger macrovoids will persist. At higher tem-
eratures the viscosity of the particle-loaded polymer reduces and
he asymptotic value of the normalized fiber length l/l0 is lower,
ndicating that the size of the macrovoids that can disappear via
iscous deformation is larger. Comparing the different concentra-
ions of Al2O3 shows that at the same temperature a higher particle
oncentration corresponds to a higher viscosity, and hence a lower
xtent of macrovoid removal.

In Fig. 6 the relation between the dynamic viscosity and particle
oading is depicted for stainless steel and Al2O3 loaded polymers
t 270 ◦C. Below a particle concentration of ∼20 vol.% the viscos-
ty increases moderately with particle loading and no pronounced
ffect of the nature of the particles can be distinguished. Above
0 vol.% the viscosity of the polymer containing stainless steel

ncreases with an increasing slope. A very strong variation in vis-
osity with particle concentration is observed when the particle
oncentration exceeds ∼50 vol.%. For the polymer containing Al2O3

articles the viscosity changes far more abruptly; a very sharp

ncrease in viscosity is observed directly in the concentration range
0–30 vol.%. The sharp increase can be associated with a critical
article concentration ϕc, above which the viscosity changes
bers, a YSZ, a SiC hollow fiber, and an Al2O3 capillary (M 20, Hyflux).

rapidly to a very high value that does now allow viscous defor-
mation.

The value of ϕc is dependent on the size, shape, and type
of the particles and can be obtained from independent rheol-
ogy studies of the particle-loaded polymer [26], above the glass
transition temperature of the polymer. It is a direct indication
of the maximum particle loading below which extensive fiber
shrinkage can be expected. For the stainless steel and nickel
powders ϕc is relatively high. In contrast, for the Al2O3 powder
ϕc is relatively low and viscous deformation will only occur at
concentrations below ∼30 vol.%. The SEM micrographs in Fig. 3
indicate that 23 vol.% of YSZ particles already exceeds the ϕc of
this powder.

In Fig. 7 the permeability (multiplied with R and T) of a selec-
tion of Al2O3 and stainless steel fibers is presented as a function of
the average pressure, 0.5 × (pfeed + ppermeate). The fibers can with-
stand the maximum trans-membrane pressure difference allowed
by the experimental set-up (2 MPa), indicating that their mechani-
cal properties are sufficient for a variety of membrane applications.
A more detailed comparison of the mechanical properties is com-
plicated by, amongst others, differences in Weibull modulus and
ductility between the ceramics and metals fibers, and is consid-
ered beyond the scope of this study. To illustrate the mechanical
properties of the fibers, video material showing their dynamic
deformation under the influence of an applied force can be found
as Supplementary information.

For all fibers a linear relation between permeability and average
pressure is observed, representative of mass transport by com-
bined viscous flow and Knudsen diffusion. The slope of the linear
relation is associated with the viscous transport mechanism, and
the intercept with the y-axis corresponds to the Knudsen diffu-
sion coefficient. For the fibers derived from Al2O3 (41 vol.%) and
stainless steel, comparison between the two  contributions signi-
fies that at highest pressures applied in this study the contributions
of both transport mechanisms to the total permeability are of
the same order of magnitude. For the Al2O3 (33 vol.%) the viscous
transport is dominant. Adopting the rudimentary assumption of
cylindrical pores with a single pore diameter, the intercept and
slope of the lines in Fig. 7 allow to calculate the pore diameter dp

and ratio of porosity and tortuosity ε/� of the corresponding fiber,
using [27]:

RTLF = εd2
p

�32�
pav + εdp

�3

√
8RT

�M
(2)
In this equation R is the gas constant [J mol−1 K−1], T the temper-
ature [K], L is the thickness ı of the fiber wall multiplied with a
geometrical factor G to account for curvature of the fiber wall,
F the permeance [mol m−2 s−1 Pa−1], � the viscosity of the gas
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Fig. 3. SEM images of hollow fibers prepared of 23 vol.% particle loading. Left green compacts: (A) stainless steel, (C) Al2O3, (E) Ni, (G) SiC, and (I) YSZ. Right incubated at
3 ◦ (J) YSZ

[
G
r

m

00 C for 10 h, except Ni, only 1 h: (B) stainless steel, (D) Al2O3, (F) Ni, (H) SiC, and 

Pa s], and pav the average pressure [Pa]. The geometrical factor is

 = a/ln(1 + a), where a = ı/r is the ratio of ı and the inner fiber radius

 [28].
For the stainless steel fiber the linear trend between per-

eability and average pressure yields dp = 89 nm and ε/� = 0.002
.

(F = 6.1 × 10−8 and 6.1 × 10−8 mol  m−2 s−1 Pa−1, at pav = 4 bar,

T = 293 K and L = 0.07 mm for two membranes). The ratio of poros-
ity and tortuousity is unrealistically small, suggesting that the
assumption of cylindrical pores is not justified for this fiber.
Considering only the viscous flow contribution, an estimate of
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ig. 4. Normalized fiber length (l/lo) after incubation at 300 ◦C for 10 h as function
nd (B) 58 vol.% Ni.

he porosity can be obtained from the Blake–Kozeny equation
29]:

TLF = − ε3

(1 − ε)2

D2

72�
pav (3)

n which DP is the diameter of the particles. This crude approach
ields a value of ε = 0.40, which is in reasonable agreement with
ercury intrusion measurements (ε = 0.37). Elemental analysis

f the stainless steel fibers indicates that after sintering a large
mount of carbon residue (13 wt% of the initial polymer) still per-
ists in the fibers, possibly leading to a reduced pore diameter. In
ddition to a reduced pore size, the presence of too much car-
on also has negative implications on the corrosion resistance of
he fibers. During heat treatment the presence of carbon results
n the transformation of chromium oxide into chromium carbide,

ampering the formation of a passive film of chromium oxide for
orrosion protection [30]. Appropriate strategies should be devised
o achieve fibers with less carbon, sensible approaches will involve
election of a different polymer, the optimization of the polymer

Fig. 5. Normalized fiber length (l/l0) as function of time at different te
 particle concentration. SEM images of incubated hollow fibers: (A) 58 vol.% Al2O3

burn-out, and sintering strategies involving sequential combina-
tions of oxidative and inert gaseous environments.

For Ni fibers sintered at 800 ◦C no apparent relation between
permeability and average pressure has been observed and the
repeatability of the experiments is very poor; the standard devi-
ation for 5 fibers is larger than the average value (data not
shown). The SEM micrographs of the Ni fibers in Fig. 8 reveal a
densified structure. Further optimization of sintering strategies
could be devised to prepare Ni fibers with an appropriate morphol-
ogy. As the aim of this study is to demonstrate the generic nature
of our approach to attain small radial dimensions of fibers, opti-
mization of the sintering strategies is considered a topic of future
study.

For the Al2O3 (41 vol.%) applying Eq. (2) to the permeation
data in Fig. 7 results in dp = 140 nm and ε/� = 0.006 (F = 1.9 × 10−7

and 1.7 × 10−7 mol  m−2 s−1 Pa−1, at Pav = 4 bar, T = 293 K, and
L = 0.053 mm for two membranes). The value of dp is in agree-

ment with the value of the average pore diameter obtained
from capillary flow porometry experiments, dp = 120 nm.  Similar
permeation experiments for porous flat Al2O3 disks with a very
well defined structure, made by colloid filtration using the same

mperatures, for 33 vol.% Al2O3 (left) and 41 vol.% Al2O3 (right).
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Fig. 6. Dynamic viscosity (T = 270 ◦C) as function of the Al2O3 and stainless steel
particle loading.

Fig. 7. Single-gas dead-end nitrogen permeability multiplied with R and T (RTLF),
at  20 ◦C, as a function of average pressure, for Al2O3 (33 vol.%), Al2O3 (41 vol.%), and
stainless steel (50 vol.%), in duplo.

Fig. 8. SEM image of a Ni fiber sintered at 800 ◦C
brane Science 407– 408 (2012) 155– 163 161

Al2O3 powder [31], yield a lower value of dp = ∼90 nm and higher
value of ε/� = ∼0.1. These results indicate that the morphology
of the Al2O3 (41 vol.%) fiber is less regular than the flat disks
obtained from colloidal filtration. Compared to the 41 vol.% Al2O3
fiber, the 33 vol.% fiber has a much higher permeability (note
that the values are plotted on different y-axes). The large pore
size (dp = 260 nm)  and small value of porosity (ε/� = 0.04) are
indicative of pinholes or other defects, through which viscous
transport occurs (F = 3.0 × 10−6 and 3.1 × 10−6 mol  m−2 s−1 Pa−1,
at Pav = 4 bar and T = 293 K, and L = 0.05 mm for two  membranes).
This is also apparent from a light microscope image of the fiber
(Fig. 9A and B). The presence of significant defects is due to the low
particle concentration in the green fiber. It even becomes difficult
to obtain a sintered fiber with arbitrary length; during thermal
treatment the fibers break up into pieces of <1 cm.  (Fig. 9C and D).
Despite the unfavorable presence of defects, the Al2O3 (33 vol.%)
fibers are mechanically sufficiently strong to maintain structural
integrity up to 20 bars trans membrane pressure difference.

For thin SiC and YSZ fibers no conclusive permeance data could
be obtained. For SiC the required sintering temperature could not
be reached, in our experimental set-up, to obtain a strong fiber. For
23 vol.% YSZ fibers thermal treatment yields fibers that are broken
into pieces of ∼1 cm.  For the YSZ powder the particle loading of
23 vol.% is too low to allow adequate particle adherence during the
imposed thermal treatment.

The minimum amount of particles required for sufficient parti-
cle adherence, combined with the value of ϕc, provide boundaries
to the concentration range, allowing fabrication of hollow fibers
with very small diameter. A schematic representation is given in
Fig. 10 for stainless steel, Ni, and Al2O3, and YSZ.

For the large metal powders the concentration range allow-
ing viscous deformation is relatively large. For the small ceramic
powders the range is only small. For synthesis of high quality thin
YSZ fibers, this range will require broadening to obtain fibers with
adequate strength. The minimum required loading can possibly be
reduced by, for instance, adding sintering agents or adding parti-
cles with a broader size distribution and other particle shape. The
value of ϕc may  be increased by, for instance, selecting a different
polymer.

From Fig. 10 it can be rationalized why extensive viscous shrink-
age of inorganic hollow fibers during thermal treatment has not
been reported earlier. In most studies involving inorganic hollow
fibers, small inorganic particles are selected. For such powders the
concentration range allowing viscous deformation will be narrow

and occurs at low concentrations. Consequently, particle concen-
trations far exceeding the value of ϕc have been used, and surface
energy driven viscous removal of marcrovoids will not be signifi-
cant.

, cross section at different magnifications.
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Fig. 9. Images of Al2O3 fi

Fig. 10. Schematic qualitative representation of the loading range allowing viscous
deformation, for different inorganic powders.
ber with 33 vol.%.

4. Conclusions

Stainless steel, Ni, Al2O3, SiC, and YSZ porous hollow fibers
with regulated small radial dimensions have been prepared, by
combining the well-established dry–wet spinning method for the
fabrication of polymeric hollow fibers with a thermal treatment
program. For sufficiently low inorganic particle concentrations,
surface energy driven viscous deformation allows removal of
macrovoids, resulting in fibers with exceptionally small radial
dimensions. The viscous deformation process is only observed for
a limited range of particle loadings. The upper limit of this range
is associated with a too high viscosity of the green fiber, and can
be related to a critical particle concentration, ϕc, obtained from
rheology measurements. The lower limit is associated with an
insufficient amount of particles to allow consolidation and sub-
sequent sintering of the particles. For large metal particles, i.e.
stainless steel and nickel, the viscous deformation occurs over a

broad concentration range. In contrast, for small ceramic parti-
cles this concentration range is narrow and obtaining thin fibers
without defects is far more challenging.
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