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Abstract. Microfiltration polypropylene (MF-PP) membrane has been widely used in many industries due 
to their excellent combination of good separation performances and low production cost. In addition to 
membrane configuration, the structure of MF-PP membrane also plays an important role in separation 
performance. MF-PP membrane is commonly produced by thermal induced phase separation (TIPS) and 
stretching. TIPS is the simplest one where the polymer is dissolved in a solvent at a decent temperature and 
then cooled to induce phase separation which leads to the formation of microporous structure. However, this 
method is limited by the nature of PP that is difficult to dissolve in organic solvents and the solvent-
contaminated effluent produced during the fabrication process. Therefore, the stretching method is more 
favorably used. The Stretching method involves four processing stages in sequence (i.e. melt-extrusion, 
annealing, stretching, and heat setting). Polymer composition, extrusion draw ratio, as well as stretching rate 
and temperature, are important parameters that significantly affect the pore structures evolved and thus the 
properties as well as the performances of MF-PP membrane. In this paper, the recent development of MF-
PP fabrication by stretching methods as well as the parameters involved in each method will be reviewed 
and discussed comprehensively. 

1 Introduction  
Polypropylene (PP) has been utilized for polymer-based-
membrane productions due to its outstanding properties 
resulting in a perfect balance between cost and 
performances. PP is a non-toxic material with high 
thermal, mechanical, and chemical resistance. This 
semicrystalline polymer is easy to process as well. 
Publications on PP membranes began in the 1980s, 
focussing on its tremendous applications (Figure 1). For 
over than three decades, the study on PP-membranes for 
water treatment [1-3], gas separation [4-6], energy 
storage [7-10], as well as medical applications [11, 12] 
keep increasing for continuous improvements of their 
performances (permeability, selectivity, durability, etc.). 

The separation performances of a polymer membrane 
are determined by its intrinsic properties such as polymer 
crystallinity, hydrophobicity/hydrophilicity, generated 
charge, surface roughness, as well as porous structure 
across the membrane [13-16]. According to their average 
pore diameter, membranes can be classified into four 
classes: (1) conventional filtration (10–100 µm), 
microfiltration (0.1–10 µm), ultrafiltration (1–100 nm) 
and reverse osmosis (~0.1 nm) [17, 18]. Most 
commercialized PP membranes are classified as 
microfiltration (MF) membrane. The MF-PP membranes 
are commonly fabricated by TIPS (which is also known 

as solution casting method or wet method) and stretching 
(or dry method) [19-21]. 

Fig. 1. Number of Scopus indexed papers on “Polypropylene 
Membranes” in the last 20 years (query: TITLE-ABS-KEY 
”polypropylene membrane”, ”water treatment” AND 
“wastewater treatment”, “medical”, “air filtration”, “gas 
separation”, “battery”, and “oil-water separation”). 
 

The MF-PP membrane developed from the TIPS 
method was introduced by Castro in 1970s [22]. PP 
resins are dissolved in an organic solvent above its 
melting temperature to produce a homogenous PP 
solution, then driven to phase separation by quenching 
the solution. Subsequent to the solvent extraction from 
the solution, the porous structure is formed [23]. Upon 
quenching, crystal nuclei are formed immediately within 
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the polymer solution and continuously grow for a period 
of time to produce MF-PP membrane of various 
structures [24]. After the membrane structure is entirely 
formed, the remaining solvent could be removed through 
evaporation [25], leaching [26], or freeze-drying method 
[27]. Despite a simple and controllable procedure, the 
preparation of PP membranes using TIPS method is 
limited by the difficulty of dissolving PP; due to its high 
crystallinity, PP does not dissolve in most of the 
commercial organic solvents. Therefore, the simple dry 
stretching method becomes more favorable.  

Reports on MF-PP membrane fabrication by 
stretching method as well as study on various factors 
affecting the morphology and permeation of the 
fabricated MF-PP membranes are abundant and keep 
increasing in number. However, the comprehensive 
review of those reports is very limited. This article is 
intended to review the recent progress of MF-PP 
membrane fabrication by stretching method as well as 
insights on how to “tailor” the pores’ structure of the 
membranes to increase their performances  

2 Preparation of MF-PP Membrane by 
Stretching Method  
Almost all commercial PP membranes are fabricated 
from the semicrystalline isotactic-polypropylene (i-PP) 
[28]. The i-PP has a linear chemical structure of              
[-CH2CH(CH3)-]n, where all the methyl groups (-CH3) 
lie on a single side of the carbon backbone (Fig. 2A). 
Such configuration allows the i-PP chains to arrange in 
the form of highly oriented shish-kebab lamellae (Fig. 
2B) or spherulite (Fig. 2C) and achieve a high degree of 
crystallinity. With a compact crystalline structure, 
consequently, the i-PP has an excellent resistance to 
stress, cracking, and chemical reaction.  
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Fig. 1. Chemical structure of isotactic-polypropylene (i-PP) 
(A) as well as illustrations of shish-kebab (B) and spherulitic 
arrangements (C) of the polymer [29] 

The fabrication of microporous structures within the 
polymer membrane by stretching methods was firstly 
introduced by Celanese Corporation in 1974 [30]. There 
are four consecutive stages in stretching method that 
have to be carried out to obtain a satisfactory porous 
membrane. First is creating a precursor film that contains 
the desired lamellar morphology (i.e., an oriented shish-
kebab structure); this can be achieved through melt-
extrusion. Second is annealing the precursor film at high 
temperatures to improve the crystalline structure. Third 
is cold-stretching, usually at room temperature to create 
pores by lamellae separation before hot-stretching at 
elevated temperature to enlarge the pores. The final stage 
is heat-setting the membrane to maintain dimensional 
stability and avoid shrinkage [31]. Fig. 3 displays the 

schematic process diagram of MF-PP membrane 
fabrication via stretching method.   

 

 
Fig. 2. Schematic process diagram for MF-PP membrane 
fabrication via stretching method 

2.1 Melt-extrusion 

Melt-extrusion of the polymer pellets is conducted in an 
extruder equipped with a feeding hopper, barrels, single 
or twin screw driving unit, a dying system, and other 
monitoring tools (such as temperature controller, screw 
speed controller, pressure gauge, etc). Most of the 
commercial extruders have a modular design that allows 
the interchangeable sections and process modification to 
meet particular requirements [32].  

The melt-extrusion process happens in four zones: 
(1) feed zone, (2) transition and metering zone, (3) die 
zone, and (4) downstream processing zone [33]. The 
solid polymers are first transported by a screw to the 
transition zone, where the polymers are mixed and 
melted. The molten polymers are moved to the metering 
zone where molten polymer becomes homogeneous and 
uniformly delivered through the die [34]. During the 
melt-extrusion process, the molten PP goes through 
stress-induced crystallization state (in the die), which 
promotes the formation of a crystal layer (lamellar) 
instead of the spherulite [35]. Exit from the die, the 
temperature is set high to induce the relaxation of 
polymer chains and to improve the orientation of crystal 
blocks. The schematic change in polymer structure 
during the melt-extrusion stage is shown in Fig. 4.  

 

Fig. 3. Schematic of the orientation of polymer chain during 
melt-extrusion 

The change in crystalline orientation could result 
after cooling process. By applying air cooling after the 
exit die, the PP precursor temperature decreases 
followed with the increase of applied stress in the 
polymer chains. Some amorphous chains are reorganized 
into higher chains orientation [36].  The morphology of 
lamellar as well as the crystallinity of PP precursor is not 
only depending on the extrusion conditions (such as 
temperature, molecular weight of polymer, draw ratio or 
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roll speed to die exit velocity, and the presence of 
nucleating agent), but also the initial properties of the 
resins. 

2.2 Annealing and Stretching 

After the homogeneous molten PP was molded through a 
membrane molding, the molded PP membrane is 
annealed above its glass transition temperature (Tg) or 
near its melting temperature (Tm) [37]. The polymer 
chains in amorphous region would rearrange themselves 
into a more chain folded configuration (Fig. 5). Thus, the 
defects in polymer structure can be minimized or even 
eliminated [38]. Normally, the annealing process takes 
place in a short time. The influencing parameters that 
should be considered in the annealing process are 
temperature, time, and tension of annealing [39].     

 
Fig. 4. Rearrangement of polymer chains in amorphous region 
during the annealing process 

Stretching method is conducted to form microporous 
structures in the molded PP membrane by a temperature 
controlled uniaxial deformation (Fig. 6). Most of MF-PP 
membranes are commonly stretched by a two-stage 
process. First, the pores are nucleated by cold stretching 
to deform the crystal structure and then continued by hot 
stretching to enlarge the nucleated pore [40]. The cold 
stretching ratios were generally set at 30-40% [41], 
while the hot stretching was set at 100 - 200% [42]. 
Higher stretching ratio would induce more lamellae 
structure deformation. During the cold stretching, the 
mobility of polymer chains is retarded, and therefore, 
less deformation of crystalline structure was obtained. 
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Fig. 5. Deformation of lamellar structure: (a) before and (b) 
after stretching [43]   

In hot stretching, the temperature is set between the 
Tg and Tm of PP to induce chain extension and 
orientation polymer chain followed by crystallization by 
elongation flow. The rate of elongation flow can be 
adjusted to promote a high-oriented (shish and kebab) 
crystals form spherulitic crystal form [44]. The highly-
oriented crystal structure resulted when the stretching 
flow is high enough. The hot-stretching (at high 
temperature and elongation flow) assists the 
disentanglement of polymer chain and promotes the 
formation of connecting bridge.        

2.3 Heat Setting 

During the heat-setting stage, some polymer chains at 
the connecting bridge are crystallized. The crystals that 
grow around the separated lamellar have a better 
dimensional stability. Therefore, the crystallinity of the 
stretched membrane increases, which lead to the increase 
of both tensile and modulus properties of the produced 
MF-PP membrane. Simultaneously, the rearrangement of 
polymer chains at a higher temperature leads to the 
reduction of membrane permeability [45]. Therefore, the 
selection of temperature and time in the heat-setting 
stage are crucial. Most of the heat-setting processes are 
conducted at 130 - 145 oC for 10 minutes or more [37].   

3 Parameters Involved in Stretching 
Method 
A number of influencing parameters in stretching 
method in which the final structure of MF-PP membrane 
might be governed have been intensively studied. The 
most important operating parameters before stretching 
are the degree of orientation and crystallinity of polymer 
chains. Chain orientation induced by flow during the 
melt-extrusion process improves the kinetics of 
crystallization.                                                              

3.1 Configuration and Molecular Weight of PP 
Resins 

Both configuration and molecular weight of PP [number-
average molecular weight (Mn), weight-average 
molecular weight (Mw) distributions, as well as the 
polydispersity index (PDI)], affect the orientation of 
polymer chains, row-nucleated lamellar morphology, 
and crystallization kinetics during the melt-extrusion 
process [46]. High-Mw polymers generate some proper 
row-nucleated lamellae since they have long thread-like 
polymer chain. Besides the characteristic of precursor 
(melt) polymer, Mw of the polymer also affects the 
residence time (or relaxation time) and the operating 
temperature of the melting process. Higher Mw and PDI 
required longer relaxation time [47].   

Somani et al. [48] studied the effect of shear rate on 
the orientation of PP crystal chains. They found at a 
certain shear rate, only molecules with chain length 
(molecular weight) above the critical value (Mc) could 
form stable oriented row-like nuclei (shish), while the 
shorter chains created lamellae over these nuclei sites. 
On the other research, Somani et al. [49] compared two 
types of i-PPs with identical number-average molecular 
weight (Mn) but different weight-average (Mw) and Z-
average (Mz) molecular weights. The i-PP with higher 
Mw showed a higher degree of crystal orientation and 
faster crystallization kinetics. The long chains preserved 
the flow-induced orientation longer than the short chains, 
and therefore dominant in forming shish lamellae. 

3.2 Operating Temperature and Draw Ratio in 
Melt-Extrusion Process 
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Temperature and draw ratio (ratio of roll speed to die 
exit velocity) in melt-extrusion process play important 
roles in the resulted precursor structure, which related to 
the mechanism of shear-stress-induced crystallization 
and row-nucleated lamellar morphology [50]. Higher 
draw ratio (DR) generates longer chain extension and 
more row-nucleated sites for crystal lamellae to grow 
[51]. At the low DR, the lamellar are not well-aligned in 
a perpendicular direction to the flow. As DR increases, 
the lamellae align themselves perpendicular to the draw 
direction. Castejon et al. [31] studied the effect of DR on 
modified PP membrane with 10%wt of CaCO3. The 
modified PP membrane showed an increase in the 
orientation of the crystalline phase with the increasing of 
DR, which produced a finer precursor film.  

The operating temperature affects the relaxation time 
of the polymer chain and crystallization rate [52]. The 
increase of melting temperature increases the viscosity 
of the polymer precursor and reduce the applied stress, 
shorten the relaxation time. The cooling stage at the right 
side of the exit die (Fig. 1) induces the significant 
change in intrinsic temperature and relaxation time of the 
polymer chain. In this condition, the crystallizations are 
induced by flow at low temperature and form a highly 
oriented lamellar structure. The shish structures are 
generated by the low Mw chains followed by the growth 
and packing of the crystal site [52]. Studies on the effect 
of operating condition during melt extrusion on the 
morphology of the membrane are listed in Table 1.  

Table 1. The effect of operating conditions in the melt-
extrusion process 

Type of PP 
(Molecular 

weight) 

Operating 
condition in 

the extrusion 
process 

Results Ref. 

Modified 
PP with 
10% 
CaCO3 

DR = 60 - 
100 
DT = 210oC 

The increase of DR 
enhanced the 
membrane porosity 
and Gurley 
permeability due to 
the contribution of 
debonding mechanism 
of filler.  

[31] 

i-PP  
Mw = 
376.000 
g/mol 
Mn = 
55.600 
g\mol 

CT = 140 and 
160 oC 
 

When the CT was 
increased from 140 to 
160, the relaxation 
time was reduced 
from 88 to 50 second. 
Higher temperature 
(close to Tm) resulted 
in a lower 
crystallization rate.  

[35] 

-i-PP  
Mw = 3.8 x 
105 g/mol  
Mw/Mn = 
4.7) 

NA = 5%wt 
of NAB-83 
DT = 220 oC 
CT = 110 - 
135 oC 

The uniform size 
distribution was 
resulted after 
stretching process 
when the CT was 126 
oC.  

[53] 

Note: CT = cooling temperature, DT = die temperature, MT = 
Melting temperature, NA = nucleating agent, Tm = melt 
temperature of polymer 

Table 2. The effects of annealing process operating condition 
on the resulted PP membrane 

Type of 
PP 

(Molecul
ar 

weight) 

Extrusion 
parameter

s 

Annealing Results Ref. 
Time Temp 

(oC) 

Homo-PP 
(Mw=754
kg/mol) 

MT=210 
oC 
DR = 125 
CT = 80 oC 

30 
min 

105 
- 
150 

The 
connection 
bridge was 
uniform up to 
145 oC. 
Above 145oC 
the lamellae 
were non-
uniform. 

[40] 

i-PP 
Mw=307.0
00; 
Mn=15.60
0 

DT = 200 
oC. 
CT = -70 
(dry-ice 
acetone 
bath 

24 h 130 
- 
155 

Temperature 
higher than 
150oC 
increased 
crystal 
dimension and 
perfection. 

[56] 

i-PP  
density: 
0.898 
g/cm3 

DT = 220 
oC 
DR = 35 

1 - 30 
min 

120 
- 
155 

Tann of 140 oC 
was 
recommended
. 
The 10 min 
annealing 
time was 
practically 
enough for the 
completion of 
secondary 
crystallization
. 

[36] 

i-PP  
Mw = 
380.000, 
Mw/Mn = 
4-5 

MT = 182 
oC 

- 160 
- 
171  

When Tann < 
Tm, the 
change in 
membrane 
thickness did 
not exceed 
30%.  

[57] 

Linear PP 
(T30S 
PP) Mw = 
68.000 

DT = 200 -
230 oC 

 

1 h 140  When stress 
acted during 
the annealing 
process, shish-
kebab crystal 
structure and 
rigid 
amorphous 
fraction were 
formed. The 
stress 
impacted the 
crystal 
structure and 
developed 
different 
structure 
during 
annealing  

[58] 

Note: CT = cooling temperature, DR = draw ratio, DT = die 
temperature, MF = melt flow-rate, MT = melting temperature, 
Tann = Annealing temperature,  
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3.3 Temperature and Time of Annealing 

The determination of annealing temperature depends on 
the initial properties of the PP (Mw, Tm, Tg, etc.) as well 
as the precursor PP produced during the melt-extrusion 
process. Most of the study reported that the increase of 
annealing temperature improved the connecting bridge 
and promoted pore distribution within the PP membrane 
until a certain temperature. Further increase of the 
annealing temperature would result in swelling which 
led to crystal imperfections due to the deterioration of 
crystal chains. During the annealing process, 
crystallization may occur at the amorphous regions along 
with secondary crystallization. The perfect lamellar 
structure during annealing stage would result in a stable 
connecting bridge [54]. The effects of annealing 
temperature and time on PP crystallization behavior are 
listed in Table 2. 

3.4 Stretching Temperature and Ratio  

The effect of stretching temperature and ratio to the 
resulted MF-PP membrane characteristics have been 
studied for a while now. Started with Nago et al. [55] 
who study the effect of stretching direction and ratio on 
MF-PP containing CaCO3 filler. Two stretching 
directions were applied, i.e. machine direction (MD) and 
transverse direction (TD). They found that stretching in 
MD was more effective for initiating the pore; while, the 
increase of stretching ratio resulted in finer PP structure. 
Tabatabaei et al. [50] reported that 30% is the optimum 
cold-stretching ratio, further increase reduced the 
membrane permeability. The cold-stretching temperature 
was found to reach its optimum permeability at 25oC. 
Caihong et al. [42] found that the best pore structure and 
stable connecting bridge of PP precursor were achieved 
when the hot-stretching ratio set at 200% with annealing 
and stretching temperature of 145 and 130oC, 
respectively. Further increase of hot-stretching ratio 
above 200% and stretching temperature above 130oC 
destructed some crystal chains at the connection bridge, 
resulting in inevitable shrinking of pore diameter and 
pore closure. 

Besides of temperature and stretching ratio, the 
deformation of crystalline morphology also depends on 
draw ratio (DR), which is defined as the ratio between 
the rates of stretching and melt. DR value gives 
influence on the elongations of the stretched PP 
membrane and the crystal morphology as well. Higher 
DR was found enhancing the orientation of the polymer 
chain and deforming the spherulite structure as well as 
developing a fiber-like structure [44]. With further 
increase of DR, a part of deformed spherulites starts to 
form shish structures.  

3.5. Heat-Setting Time and Temperature 

Up to this time, only a few literature studies on the effect 
of heat setting on MF-PP membrane structure and 
performance. Caihong et al. [45] studied the effects of 
heat-setting temperature (from 135 to 155 oC) and found 

that higher temperature impeded the shrinkage of the MF 
membrane. However, too high heat-setting temperature 
might destroy the porous structure and reduce the 
permeability of the membrane. The MF membrane heat-
set at 145oC for 10 min shown the optimum permeability 
and dimensional stability with porosity of 46.8% and 
shrinkage percentage as low as 0.2%. Further increase of 
heat-setting temperature to 150 and 155oC increased the 
Gurley value yet reduced the porosity of the membrane, 
hence, lower the permeability of the permeate through 
the PP membrane.  

4 Challenges and Closing Remarks 
Despite the fact that MF-PP membranes prepared by 
stretching method have been commercialized, and 
comprehensive knowledge on how to ‘tailor’ the pore 
structure of the membrane exists through selection of 
proper fabrication processing parameters, there is still a 
big challenge to further improve the performance of 
polymer membrane (e.g., flux, selectivity, mechanical 
strength, chemical resistance, and anti-fouling 
properties). In stretching process, the physical properties 
of the polymeric material (e.g., crystallinity, melting 
point, tensile strength, molecular configuration, etc.), as 
well as the applied processing parameters, govern the 
final porous structure and properties of the produced 
membranes. A hydrophobic nature of PP makes PP-
based membrane more susceptible to fouling. The 
utilization of calcium carbonate (CaCO3) fillers to 
created pores through the debonding of CaCO3 from the 
polymeric matrix by biaxially stretching may enhance 
the rigidity and hydrophilicity of the MF-PP membrane 
surface [59]. Yet, the final crystalline microstructure of 
the membrane would also be affected by these fillers, 
increasing the number of dependent parameters that have 
to be taken into considerations. 

To facilitate molecular transport across the 
membrane, a high mechanical strength is a must for the 
durability of the membrane. The mechanical strength of 
the semicrystalline PP is proportional to the length of the 
polymeric chain, and thus the molecular weight of the 
polymer. However, the higher Mw polymer has a higher 
glass transition temperature (Tg) which increase the 
energy (temperature process), material selection as well 
as the dimension of the extruder (residence time) 
required for the melt-extrusion process.  

Tracking the melt dynamics as well as the 
distribution of nucleation precursors of the polymer 
chains within the melt-extruder is also a challenge. 
Although has been studied for decades, the fundamental 
nature of the transient events in flow-induced 
crystallization remains concealed. Probing the events are 
formidable and challenging due to the lack of 
sophisticated instrument. Furthermore, the time for these 
precursors to appear decreases with increasing 
temperature suggesting that under intense shear, the 
nucleation of oriented crystallites is governed by a 
critical anisotropic configuration of polymer chains in 
the melt which attributed to the molecular mass 
distribution of the PP resin [60]. 
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Due to the multistage processes of extrusion, 
annealing, stretching, and heat-setting, the processing 
parameters on the previous process become additional 
variables that determine the selection of processing 
parameters of the next process. This fabrication method 
requires intensive investigations on how processing 
parameters of each stage affect the final structure as well 
as the performances of the final product. A 
comprehensive approach to study the correlations 
between applied processing parameters – structure 
properties – membrane performance has to be developed. 
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