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Abstract−Porous stainless steel hollow fiber has been widely used due to its high mechanical strength, excellent

thermal conductivity and good sealing properties compared with other porous supports. We successfully prepared porous

stainless steel hollow fibers using polyacrylonitrile (PAN) as polymer via dry-wet spinning followed by sintering through

temperature programming method. The PAN concentration had an obvious impact on the structure and property of

porous stainless steel hollow fiber even if it would be burned off during sintering. The results showed that the morph-

ology could be tuned by adjusting the concentration of PAN. With increasing PAN concentration in casting solution

for spinning, the viscosity was increased dramatically, resulting in much compact structures with high pure water flux

(higher than 3×105 L·m−2·h−1·Pa−1). A more dense structure could be obtained by adding additive polyvinylpyrrolidone

(PVP) as viscosity enhancer.
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INTRODUCTION

Stainless steel (316L) with good corrosion resistance, mechani-

cal properties (excellent corrosion resistance, especially the pitting

corrosion resistance, and high strength under high temperature) and

low cost is widely used in the pulp and paper industry [1], chemi-

cal industry [2-4], food industry [5,6], water treatment and other

fields [7]. Stainless steel membranes have been targeted for poten-

tial applications as porous supporting, composite membranes [8-10],

fuel cell bipolar plates [1,11-13] and membrane reactors [14-16] for

separation applications. For example, palladium membranes pos-

sess the ability to separate hydrogen exclusively from other gases.

However, the use of pure palladium membranes for the hydrogen

separation is restricted due to hydrogen embrittlement, which is still

a very important and active topic in metal science. It is caused by

the transition between the α- and β-phases occurring in membranes

in contact with hydrogen at temperatures below 300 oC and pres-

sures below 2 MPa [17]. Although hydrogen embrittlement can be

reduced by alloying palladium with metals such as silver, nickel

and copper [17] in the preparation process of composite palladium-

based membranes (alloy membranes), the key to obtaining a mem-

brane with high flux is a composite-type structure composed of a

thin selective layer deposited onto a porous supports. Using com-

posite palladium-based membranes (alloy membranes) with thin top

layer instead of conventional thick walled tubes is more attractive

due to the high hydrogen permeability [18]. Therefore, porous sup-

ports with good mechanical and thermal stabilities are of great im-

portance and required to be produced easily and economically. Among

the porous supports like glass, ceramic, and other metals in porous

form, porous stainless steel might be a good choice due to its similar

thermal expansion coefficient to the palladium-based films, ease of

fabrication and processing, resistance to corrosion and crack. In addi-

tion, glass and ceramic supports tend to crack and break and are

difficult to seal with permeation cell.

Up to now, there has been little report on the preparation of porous

stainless steel hollow fiber. Luiten-Olieman et al. reported that the

morphology of porous stainless steel hollow fibers could be tuned

by controlling the stainless steel particle loading and the water con-

centration of the spinning solution [19]. And then they prepared

porous stainless steel hollow fibers with shrinkage-controlled small

radial dimensions (~250µm) by controlling shrinkage during ther-

mal treatment [20]. The polymer concentration also affected the

structure and property of porous stainless steel hollow fiber, even if

it was burned off during sintering. We used polyacrylonitrile (PAN)

as polymer to prepare casting solution for spinning. To obtain a densi-

fied microstructure, the sintering temperature was 1,300 oC, much

higher than that reported by Luiten-Olieman (1,100 oC) [19]. The

effect of PAN concentration on the morphology and property of

porous stainless steel hollow fiber was investigated by SEM, poros-

ity, pore size, pure water flux, mechanical property, etc.

EXPERIMENTAL AND METHODS

1.Materials and Instrumentals

Polyacrylonitrile (PAN) was purchased from Jilin Jida Polymer

Material Co., Ltd. (China). 316L stainless steel powders (400 mesh)

were purchased from Zhejiang Haining Feida Metallurgical Pow-

der Co., Ltd. (China). H2 (99.5%) and N2 (99.9%) were purchased

from Shanghai Five-Steel Gas Co., Ltd. (China). All other solvents

and reagents were analytical grade and purchased from Sinopharm

Chemical Reagent Co. Ltd. De-ionized water was used throughout

the study.
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2. Preparation of Membranes

PAN and 316L stainless steel powders (400 mesh) were dried

under vacuum at 60 oC for 48 h before use. PAN was dissolved in

1-methyl-2-pyrrolidinone at 70 oC to obtain a homogeneous solu-

tion with PAN concentration of 6, 7, 8, 9 and 10 wt%, which were

labeled as PAN6, PAN7, PAN8, PAN9 and PAN10. The concen-

tration of the 316L stainless steel powders (400 mesh) was fixed at

50wt%. The mixture was constantly stirred for 24h to obtain a casting

solution for spinning. Another group of casting solutions with 0.5

wt% additive polyvinylpyrrolidone (PVP) as viscosity enhancer

was also prepared for spinning.

Stainless steel hollow fibers were spun by dry-wet spinning method,

and the details were described elsewhere [21-23]. All spinning experi-

ments were carried out at room temperature, and an overview of

the spinning conditions are described in Table 1.

After being spun, the fabricated hollow fibers were kept in a de-

ionized water bath for 24 h to remove the residual solvents before

being dried in air at room temperature. The dried fibers were sintered

by temperature programming method (average heating rate 5 oC/min)

in a mixture gas atmosphere (75% H2+25% N2), as shown in Fig. 1.

3. Characterization

The viscosities of casting solutions with different PAN concentra-

tions were investigated by a DV-II+PRO Digital Viscometer (Brook-

field, USA) at 25 oC. The decomposition temperature of polymer

was evaluated by thermogravimetric analysis (TGA) (TA SDT-Q600,

USA). The TGA measurements were carried out under N2 atmo-

sphere at a heating rate of 5 oC/min from 0 oC to 1,000 oC. The morph-

ologies of the hollow fibers were characterized by scanning elec-

tron microscope (SEM; JSM-6360LV, Japan).

4. Fiber Density and Porosity Measurement

The fiber samples were dried under vacuum above 100 oC until

a constant weight in dry state was achieved. The density of stain-

less steel hollow fibers before and after sintering could be calcu-

lated according to the definition of density as follows:

(1)

(2)

where ρ is defined as the density (g/m3); V is the volume (m3); L, D,

d and m1 are the effective length (m), outside diameter (m), inside

diameter (m) and dry weight (g) of the stainless steel hollow fibers,

respectively.

The porosity ε (%) was defined as the volume of the pores divided

by the total volume of the fiber. It could usually be determined by

gravimetric method, based on the weight of liquid water contained

in the fiber pores, as shown in Eq. (3):

(3)

where m2 is the weight of wet fiber (g); and ρ
w
 is the water density

(0.998 g/cm3).

5. Maximum Pore Size Test

Maximum pore size D
max

 could be obtained by bubble point method.

According to Laplace’s equation, maximum pore size could be cal-

culated:

(4)

where σ is the surface tension of water (72.25×10−3 N·m−1); θ is

the contact angle of water to membrane (o); and P is the minimum

bubble point pressure (Pa).

6. Permeation Property Test

The permeation property was characterized by pure water flux

(PWF). The PWF was measured using a dead-end flowing cell con-

nected to compressed air as the feeding pressure, the detail of which

was exhibited in our earlier work [24]. The filtration experiments

were at room temperature and the hollow fiber membranes were

pre-pressed at 0.1 MPa (1.0 bar) using pure water for 1 h before

measurement, and PWF would be obtained by Eq. (5):

(5)

where PWF is the permeation flux of membrane for pure water

(L· m−2·h−1·bar−1); Q is the volume of the permeated pure water

(L); A is the effective area of the membrane (m2), calculated by the

average outside diameter of hollow fibers, as shown in Eq. (6), in

which n is the number of fibers; t is the permeation time (h); and P

is the operation pressure (=1.0 bar).
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Table 1. Spinning conditions

Condition Value

Spinning mixture vessel

temperature (oC)

50

Bore liquid De-ionized water

External coagulant De-ionized water

Mixture extrusion pressure

(bar)

Corresponding to the

mixture viscosity

Air gap (cm) 0

Bore liquid flow rate (ml/min) 9.99

Spinneret diameter (mm) Outside diameter/

Inside diameter=1.5/1.0

Room temperature (oC) 25

Relative humidity (%) 38

Fig. 1. Sintering program of green compact.
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A=4π ×n×D×L (6)

7. Mechanical Property Test

A universal testing machine (QJ210A, China) with a speed of

50 mm/min at room temperature was used to test the mechanical

property of the green compact. The distance between two clips was

25mm. The reported values were measured five times for each sam-

ple and then averaged.

After being sintered, the membrane was too brittle to be tested

by the universal testing machine. A three-point bending test with a

speed of 2 mm/min at room temperature was used to test the mechan-

ical property of these fibers. The distance between two clips was 30

mm. The reported values were measured five times for each sample

and then averaged.

RESULTS AND DISCUSSION

1. Effect of Viscosity on Spinning Process

The viscosities of casting solutions are shown in Fig. 2. With the

increasing of PAN concentration, the viscosity of casting solution

increases greatly due to the result of an increase in flow resistance

(internal friction among stainless steel powders and external fric-

tion between stainless steel powders and PAN). In particular, the

viscosity of casting solution determines the exchanging rate of solvent

and non-solvent during phase inversion, further affecting the micro-

structure and property of the fiber. Our experiment showed that hol-

low fiber could not be fabricated when the casting solution for spinning

contained 10 wt% PAN because the viscosity was too high. And the

casting solution with 8 wt% PAN (~10,000 mPa·s) was suitable

for spinning fibers with good morphologies and microstructures.

2. Decomposition Temperature of Polymer

The stainless steel hollow fiber was finally obtained after poly-

mers has been burned off by sintering. To determine the sintering tem-

perature, the thermal stability of the green compact was measured

by means of TGA and the result is shown in Fig. 3. It can be seen

that the starting point of weight loss begins at 60 oC (possibly due

to the evaporation of water) and reaches the highest slope at around

200 oC (possibly due to the decomposition of the polymer). From

the deriv. weight curve, three obvious peaks are observed at 75 oC,

214 oC and 305 oC, respectively, agreeing well with the weight loss

curve. The first small peak at 75 oC is attributed to the evaporation

of water and part of solvent. The second obvious peak at 214 oC is

related to the decomposition of PAN. And the third small peak at

305 oC corresponds to the decomposition of PVP since the decom-

position temperature of PVP with a ring structure should be slightly

higher than that of PAN with a chain structure. It can be reason-

ably deduced that the polymer begins to decomposition at 200 oC

under N2 atmosphere.

3. Morphologies

SEM is an effective way to present the morphologies of stain-

less steel hollow fiber before and after sintering. Fibers on the left

are the green compact, while fibers on the right are their sintered

counterpart at 1,300 oC. It is obvious that the PAN concentration

has a significant influence on the morphology of the derived hollow

fiber. The green compacts in Fig. 4 illustrate that near the outer and

inner walls of the green compact, finger-like structures are obtained

and at the center, there are sponge-like structures. The former can

be attributed to the rapid precipitation occurring at both inner and

outer fiber walls, while the latter sponge-like structure is ascribed

to the slow precipitation taking place at the center of the fiber. The

cross-section of hollow fiber reveals macrovoids (finger-like voids).

With the increase of PAN concentration, a decrease in the size of

macrovoids is observed mainly due to the reduction in the amount

of nonsolvent (water) required to induce phase separation of a spin-

ning mixture. It is well known that for spinning mixtures with a com-

position closer to the phase boundary, more regular structure will

be obtained (sponge-like structure) with less and smaller voids [19].

Another nonsolvent instead of water could be used as bore liquid

and/or external coagulant to reduce macrovoids by decreasing trans-

fer rate between nonsolvent and solvent.

Although macrovoids still can be observed after being sintered,

they are smaller and fewer in number (Fig.4b, d, f, h), which is similar

to the results of Luiten-Olieman [19] et al. for porous stainless steel

hollow fiber. A moderate shrinkage during the heat treatment was

observed. According to Luiten-Olieman and Kuiken [19,25], dur-

ing viscous sintering, the macrovoid volume in the fiber is reduced,

causing shrinkage of the fiber (Fig. 4). When the particle loading is

too high, the viscoelastic properties of the green fiber are dictated

by the particles rather than the polymer, and viscous deformation is

observed. The viscous deformation is driven by a reduction in surfaceFig. 2. Viscosity of casting solution for spinning.

Fig. 3. TGA curves of green compact with 9wt% PAN and 0.5wt%
PVP.
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free energy associated with the macrovoids, and the shape and size

of these macrovoids are expected to have an influence on the rate

of macrovoid decay.

The outside surface images of stainless steel hollow fibers before

and after sintering are shown in Fig. 5. The surface of the green com-

pact is similar to that of the conventional polymeric membrane pre-

pared via the phase-inversion technique. After thermal treatment,

the surface structure becomes coarse and porous, revealing that the

Fig. 5. SEM outside surface image of stainless steel hollow fiber
with 6-9% PAN (A): PAN6 green compact, (B): PAN6 sin-
tered 1,300 oC, (C): PAN7 green compact, (D): PAN7 sin-
tered 1,300 oC, (E): PAN8 green compact, (F): PAN8 sintered
1,300 oC, (G): PAN9 green compact, (H): PAN9 sintered
1,300 oC.

Fig. 4. SEM cross-section image of stainless steel hollow fiber with
6-9% PAN (A): PAN6 green compact, (B): PAN6 sintered
1,300 oC, (C): PAN7 green compact, (D): PAN7 sintered
1,300 oC, (E): PAN8 green compact, (F): PAN8 sintered
1,300 oC, (G): PAN9 green compact, (H): PAN9 sintered
1,300 oC.

Table 2. Density and porosity of stainless steel hollow fiber

Item

Green compact Sintered 1,300 oC

Density

(g·cm−3)

Porosity

(%)

Density

(g·cm−3)

Porosity

(%)

Bubble point

pressure (MPa)

Maximum pore

size (µm)

Main pore

size (µm)

PWF

(105 L·m−2·h−1·Pa−1)

PAN6 1.00 43 1.61 51 0.0074 39.2 21.4 26.1

PAN7 1.00 35 1.79 48 0.0078 36.9 18.6 15.3

PAN8 1.03 33 2.06 45 0.0106 27.3 16.8 9.20

PAN9 1.25 30 2.09 44 0.0108 26.7 15.3 6.54

PAN6-PVP0.5 1.02 50 1.73 48 0.0085 34.0 19.7 16.9

PAN7-PVP0.5 1.13 47 1.98 46 0.0096 30.1 17.5 8.99

PAN8-PVP0.5 1.17 45 2.17 44 0.0111 26.0 15.9 5.45

PAN9-PVP0.5 1.41 38 2.39 43 0.0117 24.6 14.1 3.16
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polymer has been burned off completely.

4.Density, Porosity, Bubble Point, Maximum Pore Size and

Pure Water Flux

To investigate the influence of PAN concentration on the struc-

ture and property of the hollow fiber before and after sintering, den-

sity, porosity, bubble point, maximum pore size and pure water flux

are tested and the results are shown in Table 2. With increasing PAN

concentration, the densities of both hollow fiber before and after

sintering increase and the porosities both decrease. After PAN is

burned off, the resulting fiber shrinks, leading to increasing density

and porosity compared with green compact. Furthermore, the maxi-

mum pore size (likely the defect pores) and main pore size (14.1-

21.4µm) decrease and the bubble point pressure increases with in-

creasing PAN concentration. The results indicate that the higher

the PAN concentration, the denser membrane is to be expected.

The results of permeation property tested by PWF are also shown

in Table 2. With increasing PAN concentration, the PWF decreases

due to the more compact structure, but all the values are higher than

3×105 L·m−2·h−1·Pa−1.

5. Mechanical Property

To verify whether the obtained stainless steel hollow fiber has

outstanding mechanical strength, thermal shock resistance, and allows

for welding or brazing, the mechanical property is measured and

the results are shown in Table 3. With increasing PAN concentra-

tion in spinning mixture, the break strength, elongation at break and

Young’s modulus of green compact show a large increase due to

the great density, dense structure as well as tight molecule tangle.

After sintering at 1,300 oC, the flexural modulus displays an appar-

ent increase due to the densification of structure.

6. Effect of Additive

To investigate the effect of viscosity on the structure and prop-

erty of stainless steel hollow fiber, PVP was added into the casting

solution as viscosity enhancer. During the experiment, it was ob-

served that the viscosity increased when adding 0.5 wt% PVP as

viscosity enhancer. Fig. 6 shows SEM cross-section image of stain-

less steel hollow fiber with 6.0-9.0 wt% PAN and 0.5 wt% PVP. It

is notable that some macrovoids still exist in the SEM images (Fig.

4). However, a more dense structure as well as smaller voids was

observed, resulting in high density and bubble point pressure as well

as low maximum pore size and PWF (Table 2). This is probably

advantageous for preparing stainless steel hollow fiber with small

pore size because polymer will be finally burned off completely.

The outside surface SEM image of stainless steel hollow fibers con-

taining 0.5 wt% PVP (Fig. 7) is also similar to that without PVP

(Fig. 5), still advantageous for the mechanical property (Table 3).

Table 3. Mechanical properties of stainless steel hollow fiber

Item

Green compact Sintered 1,300 oC

Break strength

(MPa)

Elongation at break

(%)

Young’s modulus

(MPa)

Break strength

(MPa)

Flexural modulus

(MPa)

PAN6 2.21 4.0 38.2 3.30 1765

PAN7 2.63 6.0 43.4 3.95 2738

PAN8 3.32 7.0 66.6 5.46 3554

PAN9 3.88 11 83.4 6.69 3872

PAN6-PVP0.5 2.22 4.0 43.7 3.87 2404

PAN7-PVP0.5 2.54 5.0 57.4 4.64 2944

PAN8-PVP0.5 3.85 8.0 70.5 5.94 3753

PAN9-PVP0.5 4.22 11 90.4 7.12 3906

Fig. 6. SEM cross-section image of stainless steel hollow fiber with 6-
9% PAN and 0.5% PVP (A): PAN6-PVP0.5 green compact,
(B): PAN6-PVP0.5 sintered 1,300 oC, (C): PAN7-PVP0.5
green compact, (D): PAN7-PVP0.5 sintered 1,300 oC, (E):
PAN8-PVP0.5 green compact, (F): PAN8-PVP0.5 sintered
1,300 oC, (G): PAN9-PVP0.5 green compact, (H): PAN9-
PVP0.5 sintered 1,300 oC.
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CONCLUSIONS

Porous 316L stainless steel hollow fibers were successfully pre-

pared via dry-wet spinning and followed by sintering. All of the

stainless steel fibers had sponge-like structures after sintering, even

the green compacts with finger-like structures and some macrovoids.

The microstructure of the obtained fibers could be tuned by adjust-

ing PAN concentration. With increasing PAN concentration in the

casting solution for spinning, the viscosity was increased dramati-

cally, resulting in more compact structures but still with high pure

water permeability (higher than 3×105 L·m−2·h−1·Pa−1). The results

showed that casting solution with 8 wt% PAN (~10,000 mPa·s) was

suitable for spinning fibers with good morphologies and microstruc-

tures. A more dense structure of stainless steel hollow fiber would

be obtained by adding additive PVP.
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