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ABSTRACT

316L based stainless steel hollow fiber membranes (HFs) are used as an alternative for polymer and ceramic based
membranes. Areas where 316L hollow fiber membranes used are applications such as supports or particle filters
of gas and liquid separations in chemical and waste treatment industries. Among various methods, dry-wet
spinning technique was selected as the production method of hollow fiber membranes since it is the most popular
one. The aim of the study is to produce hollow fiber membranes in different powder particle sizes (coarse, fine,
and their mixture), and to examine their structure and also their properties such as chemical compositions, pore
amount, average pore size, and pore distribution. 3-point bending tests were also used to determine their
mechanical properties. HFs produced from fine particles show higher densification than coarse particle size
samples. In terms of pore structure, mixed particle size yields lower porosity and pore size than the finest particle
size. On the other hand, the finest particle size yields the highest bending strength and bending deflection.
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Partikiil Boyutunun Argon Atmosferi Altinda Sinterlenen 316L Ici
Bos Fiber Membranlarm Yapisina ve Ozelliklerine Tane Etkisi

OzET

316L paslanmaz celikler igi bos fiber membranlar, polimer ve seramik esasli membranlara alternatif olarak
kullanilmaktadir. 316L i¢i bos fiber membranlarin kullanim alanlar1 kimya ve atik aritma endiistrilerinde gaz ve
sivi ayrigtirmalart ig¢in destek ve partikiil filtreleri gibi uygulamalardir. Birgcok metod arasinda, tiretim teknigi
olarak en popiiler olan kuru-islak egirme teknigi se¢ilmistir. Calismanin amaci farkli toz partikiil boyutlarinda
(kaba, ince ve bunlarin karigimi) i¢i bos fiber membranlarin iiretilmesi ve bunlarin yapilart ve kimyasal
kompozisyon, gézenek miktari, ortalama gézenek boyutu ve gozenek dagilimlarini incelemektir. Ayni zamanda,
mekanik o6zellikleri belirlemek amaciyla 3-nokta egme testleri uygulanmistir. Ince partikiillerden iiretilen
numuneler kaba partikiil boyutlu numunelerden daha yiiksek yogunlagsma gostermektedir. Gozenek yapisina
bakildiginda, karigim partikiil boyutu ince partikiil boyutuna kiyasla daha diisiik gdzeneklilik ve gozenek boyutu
sunmaktadir. Ote yandan, en kiiciik partikiil boyutu en yiiksek mukavemet ve egilme miktar: sunmaktadur.
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. INTRODUCTION

Membrane technologies and membrane materials are mainly used in applications such as gas separation
and water treatment. Membranes can be produced from several materials classes such as ceramics,
polymers and nowadays metals [1]. Hollow fiber (HF) membranes are used because they have improved
surface area/volume, lower capital costs, lowest sealing perimeter, and capability of backwashing [2].
They are used in gas separations, water treatments, and in the medical areas for blood filtration [3].

Ceramic based hollow fiber membranes have drawbacks of high brittleness and low strength for
industrial applications [4-6]. In order to eliminate these problems, metallic materials have been used for
HF membranes today, which could provide toughness and high mechanical strength [7]. Also, metals
have well-known resistance to chemical oxidation, thermal cleaning treatments, providing reusability
properties [8]. For the past ten years, there are a few reports about the production of metal based hollow
fiber membranes, and the focus is on 316L stainless steels due to their good strength-ductility
combination. Luiten-Olieman et.al. studied one of the first reports on porous stainless steel HF
membranes in 2011 [9]. HF membranes were produced by dry-wet spinning technique, which creates
finger-like voids and sponge-like regions. Pore sizes in the finger-like voids can be large up to >200
micron, and sponge-like regions contain pores in the range of 3— 5 micron and sometimes submicron
[2]. These pores are suitable as support materials but not as membranes. As a solution, Diego R.
Schmeda-Lopez et. al. used stainless steel matrix carbon containing HF's, where the binder is pyrolized
in the stainless steel matrix, which fills the gaps between the SS particles and reduces the pore size [10].

Sintering step on green hollow fibers has crucial importance since all organic additives and binders
should be removed in a controlled way [11]. Hydrogen, nitrogen or argon atmospheres are used to
protect SS hollow fibers during the sintering process [9,12]. The sintering atmosphere affects
mechanical properties and corrosion behaviours of HF membranes [13,14]. Also, high sintering
temperature (higher than 1150 °C) is preferred to achieve higher sintered density. Reducing the surface
oxides results in increase corrosion resistance and ductility [14]. On the other hand, oxygen, carbon,
nitrogen and iron contamination determine the corrosion behaviour [15]. Sintering of SS in nitrogen
atmospheres results in precipitation of chromium nitride, and it results in advanced mechanical
properties yet degradation of corrosion resistance [13,14]. Therefore, argon atmosphere is commonly
preffered as an economical inert atmosphere [15].

Moreover, there are new studies about particle size importance in hollow fiber membranes [16]. It can
be seen that small particle sizes are better in HFs. It affects extrusion performance of the mixture directly.
Particle size also affects green strength, thus enhancing densification and properties of the sintered
products [17]. Therefore, 316L parts with high densities present improved mechanical properties [18].

In the present study, porous 316L HF membranes have been prepared using the dry—wet spinning
technique, based on phase inversion and sintering technique. The aim of the study is to produce hollow
fiber membranes in different powder particle sizes under Argon sintering atmosphere, and to examine
their detailed morphological and structural properties. It was aimed to investigate the particle size effect
using very fine particles, coarser particles and the mixture of these two. These materials are that may be
of interest for industries such as environment, chemistry and waste disposal.

. MATERIALS AND METHOD

A. MATERIALS AND CHEMICALS

3um (fine) and 20-53um (coarse) 316L stainless steel powders (obtained by Sigma Aldrich and
Hoganas-AB, respectively) are used in this study. Also, polymethylmethacrylate (PMMA), N-Methyl-
2-pyrrolidone (NMP), and polyvinylpyrrolidone (PVP), obtained by Sigma Aldrich, are used as
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polymeric binder, solvent and viscosity adjusting materials, respectively. The chemicals are not pre-
treated.

B. SOLUTION PREPARATION PROCEDURE

The solution preparation step starts with the mixing of PMMA and NMP for 12 hours. Then, 316L
stainless steel powders are added to the solution slowly and are mixed for 3 hours. Finally, PVP is added
and all of them are mixed for 30 mins. This suspension is then placed in a vessel and then vacuum is
degassed. After degassing, the spinning suspension pressure is increased with the help of the syringe
pump and extrusion is performed with the help of the spinnerret. The amounts of components in the
solution are given in Table 1.

Table 1. Mass values of the components in the solution

Components 316L NMP PMMA PVP

Suspension composition
(grams) 42 g 1449 429 0.2¢g

Three different particle size distributions were used as coarse, fine and their mixture (bimodal
distribution). The representative codings are shown in Table 2.

Table 2. Sample coding and particle sizes

Sample Codes Particle size
(microns)
C-SS 100% coarse 316L powder
F-SS 100% fine 316L powder
M-SS mixed (75% fine+25% coarse) 316L powder

C. PRODUCTION PROCEDURE

Hollow fiber membranes are produced by the dry-wet spinning process. Membrane production setup
consists of solutions, syringe pumps, nozzle, internal coagulant and coagulation bath. The solution and
the internal coagulant are simultaneously pumped towards the nozzle. They flow through the coagulation
bath after passing through the air gap at definite distances. The extrusion step should be performed
carefully in order to obtain homogeneous and continuous hollow fibers. The HF samples were kept in
pure water in a bath for 1 day to remove from solvent and additives, and solidification is provided. Then,
they are taken from the bath to dry for 1 more day and kept on a paper. Finally, the green samples
become ready for the sintering stage.

Hollow fiber green bodies are sintered in 100% Argon atmosphere at 1150°C temperature for 90 mins.
This complete process is called dry-wet spinning technique in the literature. Then, structural and
mechanical properties for three different particle sizes were examined separately.

D. CHARACTERIZATION STUDIES

The effects of particle sizes were characterized to reveal the structure and shape of the HFs, to obtain
chemical compositions, pore amount, average pore size and pore distributions. Scanning Electron
Microscope and EDX Analysis were used to obtain cross-section views, and to reveal membrane
morphology. X-Ray Diffraction Analysis were used to obtain the crystal phases of SS hollow fiber
membranes by Bruker D2 Phaser device. The electrical resistance of the HFs were measured with a
multimeter (Keysight, 34461A Digit Multimeter). Mercury Porosimeter Analysis were used to obtain
the pore amount and pore size distribution using a Micromeritics AutoPore IV 9500 porosimeter. Three-
point bending tests were done using Shimadzu mechanical test device. Three-point bending tests were

627



done by universal testing machine (Shimadzu, Japan). The strain rate was set to 1 mm/min and the span
was 20 mm. Bending strength values were calculated using the equation below:

8FLD
of = ror-an @

where F is the fracture force (N), L is the length, D is the outer diameter and d is the inner diameters of
the HF samples (m). Here, samples with 26 mm length, 1.70 mm as outer diameter and 1.10 mm as
inner diameter were used.

[1l. RESULTS AND DISCUSSION

A. UNSINTERED SAMPLES

Figure 1 represents the SEM images of the unsintered HF samples. Samples made of coarse particles
have inhomogeneous cross sections, and contain very large pores in the center of the HF as seen in Al-
3. Samples made of fine powders have homogeneous cross sections as similar with many literature
studies (B1-3) [10, 19, 20]. The asymmetric structures contain sponge-like regions and finger-like voids
as shown in B2 and C2.

NMUDE3 x60 1mm

NMUDB.7 x80 NMUD88 x150 500 pm NMUD83 x60

NMUD8.1 %80 1 mm NMUD7.6 x150 500 um NMUD7.9 x600 100 um

Figure 1. Three different magnificant belong to unsintered samples A1-3) C-SS, B1-3) F-SS, C1-3) M-SS.
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B. SINTERED 316L SAMPLES

B. 1. Structures of Hollow Fibers

Figure 2 shows the SEM images of cross-sections of the three different argon atmosphere sintered
samples in order to evaluate the morphology of the fibers. Both spinning and sintering processes were
performed successfully as sintered HF samples have homogenous hollow structure and shape. Sintering
was carried out in argon atmosphere. It seems that all polymeric binder has been pyrolyzed from the HF
structure successfully.

When particle sizes are compared, membrane with finest particles has higher densification in terms of
microstructure, also have a dominant finger-like structure but also some sponge-like structures. These
two structures are typical which are the required signs from hollow fibers. The finger-like structure
occurs from inner surface, the sponge-like structures are located at the outer region of the cross-section
[20]. The finger-like voids were formed due to fast exchange between solvent (NMP) and no-solvent
(water) while sponge-like structure was formed due to slow exchange during the spinning process [17].

Sponge like structures and finger like voids become dominant for the fine particle size HFs (F-SS). The
finger-like structures are observed in B1 while sponge-like structures are observed for C1. For the
samples with coarse particles A1-A2, large pores are obtained. Therefore, finger-like voids and sponge
like structures are not obtained in these samples. These results are consistent with the literature studies
which showed that smaller particles yield finger-like structures [10,20] and because of this reason, 316L
particle size around 3-10 microns is preferred [3,10,19].

NMUD7.8 x600 100 pm

N
N

NMUDB5 x60 1mm NMUD82 x150 500 um F.W X600 ‘prn

Figure 2. SEM images belong to sintered samples A1-3) C-SS, B1-3) F-SS, C1-3) M-SS.
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Table 3 shows the EDX analysis of the three different compositions of Ar sintered HF membranes. Both
compositions contain the major components of SS such as Fe, Cr, Ni, Mo. Table 4 shows the
densificationn behaviour of SS HF membranes by showing the densification values. As a result, mixed
particle size composition yields higher densification which can be attributed to more efficient sintering
than the other two.

Table 3. Elemental compositions (wt%) from the EDX analysis of sintered HF samples

Sample codes Elemental composition
(Wt%)
Fe Cr Ni Mo O Si N C
C-SS 36 54 2 1 7 - - -
F-SS 79 9 1 1 10 - - -
M-SS 60 24 8 2 6 - - -

Table 4. Densification of sintered hollow fiber membranes.

Sample codes Shrinkage
(%)
C-SS 49.2
F-SS 55.2
M-SS 67.4

B. 2. X-Ray Diffraction (Xrd) Analysis

XRD analysis was performed to 3161 HF samples sintered at 1150°C at argon atmosphere is shown in
Figure 3. The phases formed after the sintering process seem similar among all particle size
compositions. Also, intensities of all phases are similar. Therefore, one analysis is given corresponding
to all compositions. According to the analysis, all peaks belong to austenite phase, Cr.0s, Cr;Cs and
FeCr,04 phase of Ar sintered HF membranes. Since the chromium carbide is formed, it seems that some
binders remain in the fiber after the sintering process. Also, there is some amount of FeCr,O4 phase in
the structure which is possibly due to the coagulation process. Moreover, argon atmosphere could play
a weak role in preventing oxidation.

+Austenite
* CI’203
o Cr7C3
A FeCr204

o

o
¢
MWWMW‘J MMMM
10 20 30 40 5 60 70 8 9

2 Theta (degree)

Intensity (a.u)

Figure 3. XRD analysis of sintered 316L HF samples.
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B. 3. Electrical Resistivity Analysis

Electrical resistance of the HF samples are shown in Table 5 with the sample codes. Electrical resistance
decreases with decreasing particle size as finest and mixed particle sizes give lower values compared to
the coarse one. The finest particle size gives the lowest electrical resistivity value. The lower pore size
creates a conductive path and results in denser structure (lower resistance) is obtained.

Table 5. Electrical resistivity values of the sintered HF membranes.

Sample codes Electrical resisvity
©)
C-SS 2.85+04
F-SS 1.45+0.5
M-SS 1.70 0.8

B. 4. Mercury Porosimeter Analysis

Mercury porosimetry analyzer was used to analyse of the pore size distribution of the sintered samples,
and the results are given in Table 6. As the particles sizes are decreased in F-SS and M-SS samples, the
amount of porosity decreases from 55 to 44 and 41 % respectively which means samples with finer
particles give denser structures with lower porosity. This situation is also seen for the average pore
diameter as they are decreased from 4.60 to 1.20 microns. In the study of Allioux et al. [3], it was
shown that the pore size is smaller when a multimodal size particles are used. So, the smaller pore size
obtained for mixed particle size is similar as it is lower than the finest particle size.

Table 6. Pore analysis of sintered hollow fiber membranes.

Sample codes Porosity Average Pore Diameter
(%) (um)
C-SS 55.3 4.6
F-SS 44.7 1.4
M-SS 41.2 1.2

The pore size distribution of C-SS sample has wide range between 1-30 microns as shown in Figure 4.
M-SS has 1-10 microns pore diameter distribution containing high percentage of 1-5 microns.

631



Ar Intrusion for Cycle 1
0.1 e T T T AR T

0.05 ]
—
o
~
= o0 " : L L FefrdedricA FeireAri
£ 10° 10 10° 10? 10" 10°
c
o 02; T T T T T ]
g ° F-SS
..E 015 4
— o1 i
@
=
Z 0051 J
)
B () ——— =] 1 Loy =
= 10° 10° 10 10° 10° 10" 10°
[a]
o 0.1 - . . ; SU—
S
0.05 4
0 ROGND

10° 10° 104 10° 102 10’ 10°
Pore size Diameter (nm)

Figure 4. The pore size distribution of Arsintered 316L samples.

B. 5. Bending Tests

Table 7 shows the bending test results of Ar sintered 316L hollow fiber membranes. HFs with coarse
particles (C-SS) have lower bending strength and bending deflection. Finest particle size samples show
higher bending strength and bending deflection compared to coarse and mixed particle size samples.
Particle size has an impact on mechanical strength. The results of 316L HFs show parallel mechanical
properties when compared with the results of study of Wang et al [21], and other studies in the literature
[2, 11], because the strength increased when the particle size decreased in these studies. For example,
our bending strength values are close to the values obtained in the study of Rui et al. [11] as they obtained
228.7 MPa of strength with 70% solid loading for 316L HFs by sintering at 1100°C under hydrogen
atmosphere.

Table 7. Bending test results of sintered 316L hollow fiber membranes.

Sample codes Bending Strength  Bending Deflection
(MPa) (mm)
C-SS 26.7+2.1 1.3+0.1
F-SS 250.2 +£25.1 6.1+1.2
M-SS 212.5+29.9 6.0+0.6

SEM images belong to the fracture surfaces of the samples after bending tests are given in Figure 5. In
figures 5a and b, it is clearly seen that there occurred a flat fracture surface with many holes between
the particles. Whereas for the F-SS sample, the ductile fracture can be recognized from the deformation
as seen in Figure 5c, and micro voids are obviously seen in higher magnifications as in figure 5d. In
addition, the structure of the M-SS sample has some micro as well as macro voids leading to the
acceptable mechanical properties described earlier (Fig 5e-f).
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(f)
Figure 5. SEM images belong to the fracture surfaces after bending tests a-b) C-SS, c-d) F-SS, e-f) M-SS.

Considering the relationship of all these results with each other, it is useful to summarize the effect of
particle size on physical properties and thus on mechanical properties. The optimum desired
microstructure (finger-like structure in the inner part and sponge-like structure in the outer part) is
reached using the finest particle size, however mixed particle size yields a lower amount of porosity in
the inner surface but more heterogeneous pore size. Therefore, anyway finest particles yield a higher
strength value which is most probably due to the homogenous particle distribution in the outer surface.

V. CONCLUSIONS

316L HF samples were produced as both spinning and sintering process was performed successfully. It
has been observed that stainless steel HF samples had a homogeneous hollow structure and shape.
Following conclusions can be drawn:

1) HF produced from fine particles have higher densification when particle sizes are compared.
Also, they have dominant finger-like structure but also some sponge-like structures which are
shown in SEM figures. For the samples with coarse particles, large pores are obtained, therefore,
finger-like voids and sponge like structures are not obtained. EDS results show that the major
components of HF samples are Fe, Cr, Ni, Mo. It seems that all the polymeric binder pyrolysed
from HF structure.

2) Asaresult of XRD analysis of 316L HF membranes, all peaks belong to austenite phase, Cr;Cs,
FeCr,04, and small amount of Cr,O3 phase.
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3) The electrical resistance decreases with decreasing particle size as finest and mixed particle
sizes (denser structures) give lower values compared to coarse particle size because lower pore
size creates a conductive path.

4) As a result of mercury porosimeter analysis, when the particles sizes are decreased, the amount
of porosity decreases which means samples with finer particles give denser structures with lower
porosity. Although the pore sizes are close to each other for the finest and mixed particle size
samples, mixed particle size yields lower porosity than the finest particle size.

5) As a result of bending tests, coarse particle size samples have the lowest bending strength and
bending deflection. Also, finest particle size samples show the highest bending strength and
bending deflection.
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