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Abstract: Membrane separation processes have a wide application in liquid and gas purification industries. They enjoy 
advantages such as convenient processibility, easy and lower production and operational costs. Thermally induced 
phase separation (TIPS) process, due to its wide advantages, has won special attention in recent decades. In this 
process, a homogenous solution of polymer-diluent at a temperature above the polymer melting point is formed and the 
solution is then cast in the favorite shape. In order to create a porous structure, the diluent is extracted. In this work, 
microporous LLDPE membrane is fabricated and full factorial experimental design is used to evaluate the individual as 
well as mutual impacts of polymer concentration, membrane thickness and cooling bath temperature on the porosity and 
mechanical strength of the membrane. The results obtained from the analysis of variance of membrane porosity and 
mechanical strength, showed that the impact of cooling bath temperature is much more important than polymer 
concentration and membrane thickness. Higher cooling bath temperature, lower polymer concentration and membrane 
thickness result in higher porosity. 

Keywords: Thermally induced phase separation (TIPD), Design of experiments (DOE), Linear low density 
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1. INTRODUCTION 

The application of Membrane Separation 

Technology (MST) has grown significantly in recent 

years. Membranes are mainly utilized in microfiltration 

(MF), ultrafiltration (UF), reverse osmosis (RO) and gas 

separation. The most important part of each application 

is the membrane itself. Before any action, a membrane 

of appropriate material and structure needs to be 

selected for separation. In microfiltration and 

ultrafiltration, the porosity as well as the pore size 

determine the membrane performance. Porosity is a 

main feature of the membrane even in gas separation 

processes in which a dense and non-porous selective 

layer in the outer surface overlies the porous 

supporting layer [1-4]. Mechanical strength is another 

important response to characterize the membrane 

structure.  

There are several methods to fabricate porous 

membrane. Depending on the type of polymer, the 

required porosity, mechanical strength and the 

availability of fabrication technology a proper method 

can be selected. Fabrication methods include thermal  
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sintering, track etching, stretching and phase 

separation [5]. However, phase separation is a 

conventional process in the fabrication of polymeric 

membranes in which a homogenous solution of 

polymer, diluent and any other additives is converted 

into the lean and rich phases of the polymer. The 

polymer-rich phase forms the polymeric matrix of the 

membrane where polymer-lean phase forms the 

membrane pores.  

In the thermally induced phase separation, 

depending on the condition and mixture composition, a 

homogenous solution is formed and by altering 

temperature, phase separation occurs. Given the 

conditions of formation of homogenous solution, this 

method is carried out in the form of vapor induced 

phase separation, non-solvent induced phase 

separation and thermally induced phase separation [2, 

6, 7].  

Since this research is done based on the thermally 

induced phase separation; a homogenous polymer-

diluent solution in a temperature above the polymer’s 

melting point is formed. Then, the temperature is 

decreased for the system to be destabilized and phase 

separation would occur. The most important advantage 

of TIPS method is the lifting of restrictions to the 

selection of the proper solvent for polymer [8-10].  
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Depending on the percentage of polymer in the 

blend, TIPS can proceed via two-phase separation 

mechanisms, liquid-liquid or solid-liquid phase 

separations. In liquid-liquid phase separation, when the 

temperature declines, two phases including polymer-

lean and polymer-rich phases are formed and by 

solidifying the rich phase, the main structure of the 

membrane takes shape. In solid-liquid phase 

separation, a non-homogenous solution is born out of 

polymer crystals to give solid and liquid phases. The 

final structure of membrane heavily depends on the 

polymer properties and crystallization conditions.  

TIPS method makes it possible to fabricate 

membrane using semi-crystalline and thermoplastic 

polymers such as polyolefines, copolymers and 

polymer blends.  

In order to modify the structural and operational 

properties of membrane, various membranes using 

polystyrene [11], polysulfon [12], cellulose acetate [13-

14], polypropylene [15-18, 19-24], polyvinylidene 

fluoride (PVDF) [25-27], high density polyethylene [28, 

29], polymer blends [25-27] have been fabricated by 

TIPS method.  

Various parameters such as thermodynamic factors, 

crystallization kinetics, diluent specifications e.g. 

crystallization temperature, mobility and molecular 

weight [26-32], solution viscosity [3], molecular weight 

distribution, polymer hydrophilicity [37] or 

hydrophobicity [38], cooling conditions [39, 40] and the 

existence of nucleation agents [41] have been studied 

in order to find out the structural specifications of the 

membrane.  

Numerous studies have been conducted on the 

effect of influential parameters like polymer 

concentration and cooling bath temperature on the 

porosity and mechanical strength; however, no 

accurate study is available regarding the mutual 

impacts of these parameters and the significance of 

influential factors. The design of experiment is a branch 

of knowledge helping to measure the impact of 

influential factors (X1, X2, X3,…) on the outputs (Y1, Y2, 

Y3,…) under Yi = F(Xi) equation [42]. The objectives 

behind the design of experiments include minimizing 

the number of tests, saving time and costs, determining 

significant variables or specifying optimal conditions. 

Analysis of the results should also determine their 

reliability. For this purpose the compatibility analysis 

was applied.  

In order to determine the components of the table of 

analysis of variance, variables such as, degree of 

freedom for each factor (Df), sum of squares (S) mean 

squares (V), variance ratio (F) and contribution ratio (P) 

were calculated using minitab14 software. The 

calculated variables are shown in Table 2.  

In this article, the level of porosity and mechanical 

strength of fabricated polymeric membrane were 

measured and the impacts of parameters such as 

polymer concentration, cooling bath temperature and 

membrane thickness were analyzed. 

2. EXPERIMENTAL  

2.1. Materials  

Linear Low Density Polyethylene (LLDPE) (MFI=1) 

as polymer from Tabriz Petrochemical Company, 

mineral oil as diluent (  = 0.851 g/cm ) from Acros, and 

ethanol as extractant from Merck were purchased. All 

chemical and reagents were used with no more 

treatment, unless otherwise described.  

2.2. Membrane Fabrication 

A specific amount of polymer and mineral oil were 

mixed in the overhead mixer and the temperature was 

raised to Above the melting point of polymer (185
o
C) in 

order to have a homogenous mixture. After releasing 

the bubbles, a portion of the achieved solution is 

poured onto a flat plate glass and spread out using a 

casting knife. The glass plate containing polymeric 

solution was then immersed in a water bath for phase 

separation. After detaching from the surface of the 

plate, the membrane was put into ethanol for 6 hours 

until its diluent is fully extracted. Finally, it was held in 

the room temperature for 24 hours so that the ethanol 

would be completely removed.  

2.3. Porosity Measurement  

The fabricated membrane is weighed in a digital 

balance before being dipped into isobutanol for 24 

hours. The membrane is weighed immediately after 

being taken out of isobutanol. The porosity of the 

membrane is calculated through the following equation 

[41]: 

=
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w
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100         (1) 
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Where ww  is the mass of wet membrane in gr, wd is 

the mass of dry membrane in gr, w and  are the 

density of isobutanol and polyethylene in (gr/cm
3
), 

respectively. 

2.4. Membrane Strength 

The tensile strength of the membranes was 

measured using a SANTAM STM-5 tensile testing 

instrument for all samples according to ASTM D-638 at 

crosshead speed of 50mm/min. The thickness of flat 

membranes was measured using micrometer. Each 

sample was clamped at the both ends with an initial 

gauge length of 50 mm and width of 10 mm. Three 

trials were performed per each sample and the mean 

value was reported for all samples. 

2.5. Experimental Design 

In the design of experiments, the impact of polymer 

concentration, cooling bath temperature and 

membrane thickness on the porosity and mechanical 

strength of polyethylene membrane were evaluated. 

Table 1 lists the variables and levels. All factors were 

examined in various levels and experiments were 

conducted twice to minimize errors. A total of 24 

experiments were conducted.  

Table 1. Experimental Factors and Levels Envestigated on the Porosity and Mechanical Strength of Membrane  

Factor Parameter levels Parameter values 

A: Polymer concentration (wt %) 2 25, 30 

B: Cooling bath temperature(˚C) 3 0, 30, 60 

C: Film thickness(μm) 2 250, 500 

Table 2: Analysis of Variance for Y (Membrane Porosity) 

Impact Df S V F P 

A 1 160.17 160.17 21.84 0.001 

B 2 3005 1502 204.89 0.000 

C 1 322.67 322.67 44 0.000 

A*B 2 3.58 1.79 0.24 0.787 

A*C 1 1.5 1.5 0.2 0.659 

B*C 2 163 81.54 11.12 0.002 

A*B*C 2 2.25 1.13 0.15 0.859 

Error 23 88 7.33 ------ ------ 

Total 47 3746.33 ------ ------ ------ 

 

Table 3: Analysis of Variance for Y (Membrane Mechanical Strength) 

Impact Df S V F P 

A 1 2.535 2.535 21.73 0.001 

B 2 10.704 5.352 45.88 0.000 

C 1 1.251 1.251 10.73 0.004 

A*B 2 0.134 0.067 0.58 0.577 

A*C 1 0.002 0.002 0.02 0.888 

B*C 2 0.618 0.309 2.65 0.111 

A*B*C 2 0.015 0.007 0.06 0.939 

Error 12 1.460 0.117 ------ ------ 

Total 23 16.660 ------ ------ ------ 
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3. RESULTS AND DISCUSSION 

3.1. Results of Analysis of Variances (ANOVA) 

Table 2 and 3 show the data obtained from the 

analysis of variance on the porosity and mechanical 

strength of fabricated LLDPE membrane. The results 

show that all three parameters including cooling bath 

temperature, polymer concentration and membrane 

thickness are effective in membrane porosity and 

mechanical strength because their P-values are lower 

than 0.005. Comparing the variances ratios, it is 

concluded that cooling bath temperature is the most 

influential one owing to its higher F-value. The 

membrane thickness and polymer concentration, the 

interaction between the bath temperature and the 

polymer thickness come next in membrane porosity. In 

the case of mechanical strength the impact of polymer 

concentration is more important than film thickness and 

the effect of interactional parameters is negligible.  

3.2. Individual Impacts of Parameters 

The individual impacts of all three influential 

parameters in full factorial design of experiments are 

shown in Figure 1. The membrane porosity was 

selected as the response function.  

As shown in Figure 1, when polymer concentration 

and membrane thickness increase from 25 to 30% 

(w/w) and 250 to 500 m, respectively, the porosity 

decreases smoothly. However, the effect of cooling 

bath temperature on the porosity is much steeper.  

Figure 2 illustrates the individual impacts of three 

mentioned parameters on the mechanical strength of 

membrane. The trend of mechanical strength is 

inversely proportional to porosity. The individual 

impacts of these parameters on the membrane porosity 

and mechanical strength will be discussed in the 

following sections.  

3.2.1. Impact of Cooling Bath Temperature 

The results from the variance analysis of porosity 

show that the cooling bath temperature is the most 

influential parameter on the membrane porosity and 

mechanical strength. Its P-value is less than 0.005 and 

F-value is maximal.  

In the thermally induced phase separation, since the 

bath temperature makes the homogenous polymer 

system unstable, increasing the cooling rate of the 

polymer solution affects the final structure of the 

membrane. In the liquid-liquid phase separation, the 

cooler the polymer solution, the more time the polymer-

 

Figure 1: The individual impacts of polymer concentration, cooling bath temperature and polymer film thickness in full factorial 
design of experiments on membrane porosity. 
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lean phase would have to grow and the membrane 

porosity increases and mechanical strength decreases. 

In solid-liquid phase separation, with lower cooling rate 

of polymer solution, spherulites get longer time to grow 

and the voids between pores increases resulting in 

bigger porosity.  

Figure 3 shows the cross-sectional images of 

LLDPE membrane when the polymer concentration 

and membrane thickness were fixed at 25% (w/w), and 

500 m, respectively and cooling bath temperature 

varies between 0 and 60
o
C. SEM images show 

interconnected structure of pores. As shown in Figure 

3, the pore size in higher bath temperature is bigger 

than that when bath temperature is low. When the 

cooling bath temperature is fixed at 60 
o
C, due to lower 

cooling rate of polymer solution, solidification occurs 

slowly and pores get enough time to grow. The result 

would be larger pores.  

The images show quite well that the variation of 

cooling bath temperature results in bigger changes in 

the membrane porosity.  

3.2.2. Impact of Membrane Thickness 

The results obtained from Table 2 and 3 indicate 

that the membrane thickness affects the membrane 

porosity and mechanical strength. As shown in Figure 

 

Figure 2: The individual impacts of polymer concentration, cooling bath temperature and polymer film thickness in full factorial 
design of experiments on membrane mechanical strength. 

 

Figure 3: Cross-sections SEM images of LLDPE membranes fabricated with a polymer concentration of 25 wt%, film thickness 
of 500 μm in different cooling bath temperature, (a) 0 ˚C and (b) 60 ˚C. 
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1, any increase in the membrane thickness, decreases 

the membrane porosity. Figure 2 shows that increasing 

the film thickness cause to decrease the membrane 

mechanical strength. Although there are no reports 

about the impact of membrane thickness on the 

membrane structure, one can simply conclude that the 

membrane thickness affects the exit rate of diluent from 

the membrane network before solidification. 

In thicker membranes, during the phase separation 

occurring in defined time intervals, the diluent will not 

have enough time to completely exit from the 

membrane porous network and the result would be 

lower porosity. On the other hand, the existence of 

diluent in polymer matrix increases the density of 

nucleation sites, and it results, to lower porosity. Since 

the membrane thickness and cooling bath temperature 

affect each other, their mutual impacts will be 

discussed in the following paragraphs.  

3.2.3. Impact of Polymer Concentration 

In order to evaluate the impact of polymer 

concentration on the membrane structure, two polymer 

concentrations; 25 and 30 % (w/w) were selected and 

membranes were fabricated. The results in the table of 

data variance analysis of porosity show that increasing 

the polymer concentration from 25 to 30 % (w/w) 

slightly affects the membrane porosity and mechanical 

strength.  

Several published works have certified the great 

influence of polymer concentration on the membrane 

porosity. In solid-liquid phase separation, an increase 

in the polymer concentration raises the number of 

spherolites and lower porosity is achieved. In liquid-

liquid phase separation, increasing the polymer 

concentration decreases the volume fraction of 

polymer-lean phase and higher mechanical strength is 

finally achieved.  

Comparing the obtained results with the reported 

data reveals that when polymer concentration does not 

alter the mechanism of phase separation, it will have 

fewer effects than cooling bath temperature on 

membrane porosity and mechanical strength. It is the 

point which has not been explained in the previously 

published articles. 

3.3. Mutual Impacts of Influential Parameters 

Figure 4 shows the mutual impacts of influential 

parameters on membrane porosity in examined levels. 

Results are obtained using miniab14 software. In 

mutual interactions of thickness-polymer concentration 

and cooling bath temperature-polymer concentration, 

 

Figure 4: The mutual impacts of polymer concentration, cooling bath temperature and polymer film thickness in full factorial 
design of experiments on membrane porosity. 
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since the curves are quite far from each other, their 

mutual interactions are negligible. In the curve of 

polymer concentration-cooling bath temperature 

obtained at 60 ˚C, two curves get quite close to each 

other and the obtained porosity is about 60%.  

When the cooling bath temperature is fixed at 0 ˚C, 

changing the membrane thickness from 500 to 250 m 

increases the membrane porosity while increasing the 

cooling bath temperature, the impact of membrane 

thickness declines. When the cooling bath temperature 

is fixed at 60 ˚C, increasing the membrane thickness 

shows no significant impact on the membrane porosity.  

This issue could be justified by the impact of cooling 

bath temperature. The polymer solution temperature 

falls as it enters the cooling bath for phase separation, 

which would take place more easily in lower 

thicknesses due to easy heat transfer when polymer is 

getting hard. The phase separation easily takes places 

and pores get enough time to grow, and higher porosity 

is achieved.  

When the cooling bath temperature is fixed at 0 ˚C, 

due to the faster phase separation, membrane 

thickness plays the main role; however, in higher bath 

temperatures, since there is enough time for phase 

separation, even in higher membrane thicknesses, the 

diluent would have enough time to leave the membrane 

porous network and pores become larger. Therefore at 

higher bath temperatures, membranes with higher 

thicknesses show similar porosity with the membranes 

having lower thickness.  

Figure 5 shows the interaction of parameters in 

membrane mechanical strength. Since there are no 

connections between curves, it is possible to say that 

the mutual interaction between parameters on the 

mechanical strength is still negligible. However, similar 

to membrane porosity, at higher bath temperatures, 

membranes with higher thicknesses show similar 

mechanical strength with the membranes having lower 

thickness. These results confirm the important role of 

cooling bath temperature on the porosity and 

mechanical strength of membrane. 

4. CONCLUSION 

In order to fabricate membrane with defined porosity 

and mechanical strength, the impact of three influential 

parameters, namely, polymer concentration, cooling 

bath temperature and membrane thickness were 

evaluated. Polymer concentration in two levels, 20 and 

30 % (w/w), cooling bath temperature in three levels, 0, 

 

Figure 5: The mutual impacts of polymer concentration, cooling bath temperature and polymer film thickness in full factorial 
design of experiments on membrane mechanical strength. 
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30 and 60 ˚C and membrane thickness in two levels, 

250 and 500 m, were used and the impact as well as 

the order of magnitude on each parameters on the 

membrane response were determined. 

The table of analysis of variance showed that 

cooling bath temperature is instrumental and in the 

defined domains of membrane thickness and polymer 

concentration, the impact of polymer concentration and 

membrane thickness were similar. The curves show 

the individual as well as the mutual impacts of 

influential parameters. It is also shown that membrane 

porosity increases when the bath temperature 

decreases and membrane thickness increases. The 

trend of mechanical strength is inversely proportional to 

membrane porosity. Due to the mutual impact of higher 

bath temperatures and membrane thicknesses in 

membrane porosity, the obtained porosity at 60 ˚C for 

both membrane thicknesses is similar. It was revealed 

that, the impact of polymer concentration on the 

porosity remains negligible, if it cannot alter the 

mechanism of phase separation. It is also concluded 

that cooling bath temperature can hinders the impact of 

other influential parameters such as membrane 

porosity and mechanical strength.  
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