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Abstract—Polysulfone/Polyvinylidene fluoride blend
(PSf/IPVDF) membranes with composition
PSf/IPVDF/NMP/NH4CI (wt.%) of 8/6/84/2 supported on gauze
fabric were successfully synthesized by a phase inversion method
and immersion precipitation technique. Variations of stirring
time and cast thickness were used to obtain an asymmetric
structure with the least number of macrovoids. Increased stirring
time of the casting solution and decreased cast thickness had an
effect on the formation of a two layer, asymmetric structure
resulted in higher porosity and lower thickness of the porous
layer. Not only did it have an effect on the mechanical strength
and permeability, the variations of stirring time and cast
thickness had an influence on the thermal stability up to 470 °C,
the degradation temperature of the PSf.
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l. INTRODUCTION

Polysulfone (PSf) is a polymer that has been widely used
in the manufacture of micro-ultrafiltration membranes [1-2].
The symmetric structure of the pores, with a thick porous layer
in the cross-section structure beneath the skin, led to the high
mechanical strength of the PSf membranes [1-6]. However,
the symmetric structure of the PSf membrane also brought
negative impacts in the form of a limited range of pore sizes.
A uniform large pore size and relatively few pores in the PSf
membranes led to a low level of porosity. The existence of the
symmetric structure, as well as the limited range of pore size
and porosity, caused a high fouling potential and low
utilization periods for the PSf membranes [7-9]. This has
limited the use of the membranes in industry. In addition to
the above features of the currently commercially available PSf
membranes, a potential membrane material must have a high
thermal stability, chemical resistance to the corrosion caused
by acids, bases, and bacteria, and it must also have an
asymmetric structure formation, as well as good mechanical
strength and performance [10-13].
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Some of the methods that can be used to improve the
characteristics and performance of the PSf membranes include
physical blending [14-15], chemical grafting [16-17], and
modifying the surface [4,7,18-20]. Among the three methods,
the polymer blending is of great interest because it is the most
versatile way of achieving materials with new desirable
properties [21], it is less complicated than developing a new
polymerization process, the least expensive, convenient in
operation and uses mild conditions [22]. We have previously
reported an effort to improve the characteristics and
performance of PSf membranes through physical blending
using polyvinylidene fluoride (PVDF) and a gauze fabric as a
supporting layer [23]. The ability of PVDF to form an
asymmetric structure as well as the advantages of thermal
stability, chemical resistance to acids, bases, and oxidizing
agents and high permeability in PVDF membranes [24] makes
PVDF to be a good blending agent for PSf.

However, the high quantity of macrovoids formed in the
cross-section structure of the PSf/PVDF membranes, as we
reported in ref. [7], should get more attention. The macrovoid
occurrence in the membranes causes high permeability as well
as low mechanical strength and selectivity. One of the
solutions that can be used to overcome these problems is to
use casting conditions that are able to lead to the formation of
more dense membranes [1-2]. The stirring process of the
casting solution and the casting thickness of the membranes
are two among the many factors that affect the final
morphology of the membranes [1-2]. Based on the literature,
this research studied the influence of stirring time and casting
thickness on the structure and properties of PSf/PVDF
membrane.
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Il.  MATERIAL AND METHODS

A. Material

Polysulfone (PSf) (d=1.24 g.mL™ at 25 °C, Mw 35,000)
and polyvinylidene fluoride (PVDF) (powder, Mw 354,000)
were supplied by Sigma-Aldrich LTd., Singapore; they were
used as the main polymer materials for the PSf/PVDF
membranes. 1-Methyl-2-pyrrolidone (NMP) (>99.7%), also
purchased from Sigma-Aldrich, was used as the PSf and
PVDF polymers solvent. Ammonium chloride (NH4CI)
(powder, >99.5%) was procured from Honeywell Riedel de
Haen, Germany, and was used as the membrane pore forming
additive, while the gauze fabric (254 mesh) was supplied by
PT. Kasa Husada Wira Jatim, Indonesia and used as the
membrane support fabric. Distilled water was used as the non-
solvent for the polymer precipitation. Sulfuric acid (H2SOa)
(>98%) was purchased from Ajax Finechem, Australia) and
sodium hydroxide (NaOH) (pellet, >98%) was procured from
Sigma-Aldrich, Singapore; they were used in order to test the
membranes chemical resistance [26].

B. Instrumentation

Surface and cross-section morphology of the PSf/PVDF
membranes were observed using a scanning electron
microscope (SEM) (ZEISS EVO MA 10, ZEISS International
Ltd., Singapore). The membrane cross section was prepared
by cryo-fracture at the temperature of liquid nitrogen. The
membrane surface was coated with a thin layer of gold before
imaging. The mechanical strength of the membranes was
analyzed using a Strograph (RCT-10KN-AF, Toyo Seiki
Seisaku-sho Ltd., Japan) as a tensile tester. The water
permeation characterizations of the PSf/PVDF membranes
were carried out by a dead-end membrane reactor (self-made)
with distilled water as the feed solution. The thermal
decomposition of the membranes was analyzed using
differential scanning calorimetry-thermal gravimetric analysis
(DSC-TGA) (STA-6000, Perkin Elmer, Inc., USA).
Thermogravimetric analysis was carried out under N
atmosphere, from 0 to 890 °C with a heating rate of 10 °C
min'! [25].

C. Preparation of PSf/PVDF Asymmetric Membrane

The PSf/PVDF asymmetric dense membranes were
prepared by phase inversion, induced by immersion
precipitation; the following procedure was used. 8% (wt%)
PSf and 2% (wt%) NH4CI were dissolved in 84% (wt%) NMP.
In order to get homogeneous casting solutions, the mixture
was stirred using a magnetic stirrer at 60 °C with different
stirring times of 105, 120, and 180 minutes. 6 wt.% PVDF was
then added to the casting solution under continued stirring. To
ensure the homogeneity of the PVDF in the PSf casting
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solution, stirring was continued for 30 minutes. The
membranes were then cast using a casting knife with various
casting thicknesses 0.3, 0.7 and 0.8 mm, on a glass plate
which had been overlaid with gauze, at a temperature of 80 °C.
After 5 minutes the glass plate was immersed in water as a
non-solvent and held until the membranes detached from the
glass plates. The membranes were then washed with running
water to remove the remains of the NMP and NH4CI [26] and
dried in the open air before use.

I1l.  PREPARE YOUR PAPER BEFORE STYLING

A. PSfIPVDF Asymmetric Membranes

SEM images of the free surface and cross-section
morphologies of the PSf/PVDF blended membrane with a cast
thickness of 0.7 mm and prepared with the three stirring times
are shown in Fig. 1; the cross-sections show the asymmetric
structure that was formed in the membrane with the
appearance of a higher porosity with increasing PSf casting
solution stirring time. This indicates that the increased stirring
time of the casting solution, which in this case was only
applied to the PSf polymer, played a role in the formation of
the more porous membrane in the cross-sections of the
PSf/PVDF membranes. A longer stirring time resulted in
optimum solubility of the PSf and NH4ClI in the NMP solvent
and a more homogeneous mixture of PSf and NH.CI
molecules in the casting solution. The presence of
homogeneous NH4CI in the casting solution decreased the
distance between the polymer molecules, both of PSf and the
PVDF that was added later, which would induce the formation
of 2 (two) areas within the membrane, i.e., polymer-rich and
polymer-poor regions with smaller pore sizes. The polymers-
rich regions are called the membrane matrix, while the poorer
areas are the membrane pores. An increased quantity of
polymer-poor regions (porosity) occured as effect of an
increase in NH4Cl homogenity in the membrane casting
solution. The increase in PSf/PVDF membrane porosity led to
an increase in membrane permeability to pure water.

In general, both symmetric and asymmetric membranes
have a number of parts, which include: (a) the skin layer
(solid, minimal pores); and (b) sub skin layer (porous part).
The sub layer (porous layer) is divided into 2 parts, namely
micropore and macrovoid. The SEM images of the cross-
sections of the PSf/PVDF membranes of various thicknesses
(see Fig. 2) showed the emergence of the asymmetric structure
with maximum macrovoids and highest skin layer thickness in
the PSf/PVDF membrane porous layer with the greatest cast
thickness. This suggests that the high density of particles in
the casting solution, along with the decrease in the volume of
casting solution as a result of the application of low casting
thickness for the thin membranes, will induce the formation of
smaller pore volumes.
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Vv Signal A = SE1 File Name = stirring time of 1 hour EHT = 10.00 kV  Signal A = SE1 File Name = stirring time of 105
Mag = 30.00 K X and 45 minutes ) WD=10.5mm Mag= 350X minutes

EHT =10.00 kv  Signal A = SE1 File Name = stirring time of 2 hours ] EHT =10.00 kV  Signal A = SE1 File Name = stirring time of 2
WD = 7.5 mm Mag = 30.00 K X WD = 85 mm Mag = 350 X hours

EHT = 10.00 kV Signal A = SE1 File Name = stirring time of 3 hours X 3 Signal A = SE1 File Name = stirring time of
WD= 7.65mm Mag = 30.00 K X g ; Mag = 350 X 3 hours

(c1) (c2)

Fig. 1. SEM images of the PSf/PVDF membrane surfaces with magnification 30.00 K x with various stirring times: (al) 105 minute; (b1) 120 minute; and (c1)
180 minute: and cross-sections with magnification 350 x: (a2) 105 minute; (b2) 120 minute; and (c2) 180 minute, all with cast thickness 0.8 mm
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Signal A = SE1 File Name = thickness of 0.8 mm
Mag = 30.00 K X

(d1)

Signal A = SE1 File Name = thickness of 0.7 mm
Mag = 30.00 K X

(e1)

Signal A = SE1 File Name = thickness of 0.3 mm
Mag = 30.00 K X
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EHT =10.00 kV  Signal A = SE1 File Name = thickness of 0.8 mm
WD =10.5mm Mag= 350X

= - e
kv Signal A = SE1 File Name = thickness of 0.7 mm
Mag = 350X

EHT = 10.00 kV  Signal A = SE1 File Name = thickness of 0.3 mm
WD = 8.5 mm Mag = 350 X

(f1)

(2)

Fig. 2. SEM images of the PSf/PVDF membrane surfaces with magnification 30.00 K x with cast thicknesses: (d1) 0.8 mm; (e1) 0.7 mm; and (f1) 0.3 mm and
cross-sections with magnification 350 x: (d2) 0.8 mm; (e2) 0.7 mm; and (f2) 0.3 mm, all with 105 minutes stirring time

B. Permeability Of The PSf/PVDF Asymmetric Membranes

The pure water permeability test results for the
PSf/PVDF asymmetric membrane using the dead-end
membrane reactor showed the lowest permeability for
PSf/PVDF membrane that was prepared with a cast
thickness of 0.8 mm and stirring time of 105 minutes
compared to membranes of the same thickness that were
prepared with stirring times of 120 minutes and 180
minutes. The pure water permeability of the membrane that
was prepared with a stirring time of 105 minutes was 32078

Lm2h?, while for membranes that were prepared with
stirring times of 120 minutes and 180 minutes were 35777
and 46075 Lmh, respectively. A longer stirring time of
the PSf casting solution tended to increase the solubility of
the PSf and NH.CI particles in the solvent used. Thus, an
increase in stirring time will automatically affect the
homogeneity of the pore-forming particles (NH4Cl) in the
casting solution so that the optimum number of interactions
may occur between PSf, PVDF, and PSf-PVDF. However,
in accordance with the permeability data of the PSf/PVDF
membranes, the decrease of the membrane skin layer
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thickness as a result of the increase of the number of
membrane polymer interactions is known to have a more
significant effect on permeability than the decrease of pore
size.

In addition, permeability tests were carried out on the
PSf/IPVDF membranes that were prepared with different
cast thicknesses. The PSf/PVDF membrane that was
prepared with a stirring time of 105 minutes and cast
thickness of 0.3 mm had a permeability of 76556 Lm?h?,
while the PSf/PVDF membrane which were prepared with
stirring time of 105 minutes and cast thicknesses of 0.7 and
0.8 mm had water permeabilities of 56870 and 32078 Lm"
2nl, The cross-section morphology of the PSf/PVDF
blended membrane that was prepared with a cast thickness
of 0.3 mm and 105 min stirring time showed the existence
of the asymmetric structure with the lowest membrane skin
layer thickness and a macrovoids structure in the porous
layer of the membrane. This caused the membrane of this
type to have the highest water permeability compared with
PSf/IPVDF blended membrane prepared with the same
strirring time (105 minutes) but with higher cast
thicknesses. These conditions indicated that a decrease in
membrane thickness had a more significant effect on pure
water permeability compared with decreased pore size and
macrovoid volume reduction of the membrane induced by
an increase in interaction density levels occuring between
membrane constituent particles.

C. Thermal Stability Of The PSf/PVDF Asymmetric
Membranes

Thermogravimetric analysis results showed that the PSf
and PVDF decomposed in several steps, as shown in Figs. 3
and 4. The decomposition is indicated by the weight lose
during the temperature increase. The first and second mass
reductions, which were detected at around 100-160 °C and
220-350 °C correspond to the releasing of water vapor [26]
and 300-340 °C to the releasing of NMP that was adsorbed
on the surface and internal pore of PSf/PVDF membrane,
respectively. The third mass reduction occurred at about
450-500 °C. We suggest the third mass reduction was
caused by the decomposition of the 28 wt.% PVDF in the
films. The fourth mass reduction, at about 470-650 °C, was
caused by the decomposition of PSf. This result is
comparable with that reported in Ref [26], in which PSf
decomposed at 460 °C.

However, based on the thermogram Fig. 3 and 4 it
appears that the increased solubility of polymer and
porogenic particles in NMP solvents occurring with
increased stirring time will induce the formation of
PSf/PVDF membranes with smaller pore size and decreased
membrane thickness. The condition has induced decreased
thermal resistance of the membrane. Meanwhile, the
increasing of interaction density between membrane
constituent particles along with the decrease of membrane
casting thickness has no significant effect on the thermal
resistance of PSf/PVDF membrane. The higher particle
density levels along with the decrease in the casting
thickness cause the decrease in thermal resistance that is not
as significant as the result of increased stirring time.
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stirring time of 120 minutes
-+asa stirring time of 180 minutes
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Fig. 3. TGA thermograms of the PSf/PVVDF membranes with cast thickness
of 0.8 mm and stirring times: (a) 105 minutes; (b) 120 minutes; (c) 180
minutes.

thickness of 0.8 mm
-------- thickness of 0.7 mm
s thickness of 0.3 mm
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Fig. 4. TGA thermograms of the PSf/PVVDF membranes with 105 minutes
stirring time and cast thicknesses: (a) 0.8 mm; (b) 0.7 mm; (c) 0.3 mm

IV. CONCLUSIONS

The membrane morphology, as a result of different
stirring time and casting thickness, showed some differences
in porosity and membrane skin layer thickness; a longer
stirring time resulted in higher porosity with lower pore size
and lower skin layer thickness. Similar characteristics were
also observed along with a decrease in membrane cast
thickness. Mechanical strength and permeability test results
showed that longer stirring time and lower cast thickness
resulted in lower mechanical strength and higher pure water
permeability. Thermogravimetric analysis results revealed
differences in stirring time and casting thickness resulted in
no significant changes in the thermal stability of the
PSf/PVDF membrane.

Young’s moduli values of the PSf/PVDF membranes
prepared with stirring times of 105 minutes, 120 minutes
and 180 minutes were 1465; 1043 and 874 Nm while the
water permeabilities were 32078; 35777 and 46075 Lm2h?,
respectively. In addition, Young’s moduli values of the
membranes prepared with cast thicknesses of 0.3 mm, 0.7
mm and 0.8 mm and all with a stirring time of 105 minutes
were 668; 1037 and 1465 Nm? while the water
permeabilities were 76556; 56870 and 32078 Lm2h7,
respectively.
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