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ABSTRACT

The application of membranes in various industries is one of the most urgent needs to reduce energy 
consumption and environmental pollutants as well as low investment costs in the process of separation. In 
this investigation, the optimization of effective parameters for separation of gas mixture of CH4, CO2, O2 

and N2 is studied by modified poly(4-methyl-1-pentane) (PMP) membrane including nanoparticles (TiO2, ZnO, 
Al2O3). Design expert software was used and prevailing data on membrane modeling were categorized according 
to the process variables such as permeability, selectivity, composition and percentage of nanoparticle, and gas 
pressure difference. In order to validate the model, the results predicted by the model were compared with the 
experimental data. Good agreement was observed between the predicted and experimental data, and it was found 
that nanoparticles have a considerable effect on the results. In the case of gas permeability, the best results were 
obtained for the nanoparticles of alumina (15 wt%) at the pressure of 3 bar. However, titanium dioxide nanoparticle 
(10 wt%) at the pressure of 9 bar showed the best results for gas selectivity. The optimum point for both permeability 
and selectivity was obtained for the membrane containing 10 wt% titanium dioxide at 5 bar. Polyolefins J (2020) 
7: 13-24

Keywords: Poly(4-methyl 1-pentane), Permeability, Selectivity, Titanium dioxide, Aluminum oxide.
 

ORIGINAL PAPER

INTRODUCTION

In recent years, gas separation is progressively per-
formed by separation methods such as absorption, 
adsorption, and cryogenic distillation by novel tech-
nologies like membrane systems [1-4]. Industries con-
tinually are looking for a new method to reduce en-
vironmental pollution, reduce energy consumption and 
lower investment costs, so the approach has changed to 

use membranes in industries such as natural gas sweet-
ening [5]. Over the past decade, this technology showed 
an immense growth compared to the conventional gas 
separation processes [6]. The matter of gas separation 
has been verified in several professions and many ap-
plications [7,8]. The advantages of membrane sepa-
ration processes such as lower energy requirements, 
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compact structure, lower operating and maintenance 
cost, ease of processing and also the least impact on 
the environment cause to gain interest in various in-
dustries [9,10]. Hassanajili et al. studied the efficacy 
of metal nanoparticles on the separation of CH4 and 
CO2 pure gases for two nanocomposite membranes 
of polyesters. The net gas permeability test illustrates 
that the permeability improves along with the rising 
silica content. This might be related to the increase 
in the free volume of the polymer network caused by 
the separation of the molecular chain [11]. Also, they 
investigated the property of mixed component of PMP 
and silica particles in the separation of n-C4H10/CH4. 
Results of their research showed that pure PMP mem-
brane has different gas permeability properties com-
pared to PMP/silica compound. Adding the silica in 
the PMP polymer matrix resulted in gas permeability 
and selectivity of n-C4H10/CH4 enhancement. Selec-
tivity of n-C4H10/CH4 was 13 for the pure PMP and 
the selectivity for the PMP filled with 45 wt% silica 
increased to 26. Furthermore, the permeability of n-
C4H10 increased about 3 to 4 times compared to the 
pure PMP [12]. Abedini et al. investigated the sepa-
ration and purification of hydrogen with embedding 
MIL53 particles on PMP mixed matrix membranes 
(MMMs). Their results showed that solubility of hy-
drogen compared to CO2 decreased significantly with 
increasing the MIL53 particle in PMP matrix. Increas-
ing of feed pressure and the embedding of nanopar-
ticles increase the CO2/H2 selectivity and permeability 
of CO2 [13].

The result of functionalized NH2-MIL45 particles 
on the features of PMP in the separation of CO2/CH4 
was investigated separately in another research by 
Abedini et al. According to these results, by increasing 
particle loading in the polymer matrix, an enhance-
ment occurred in the permeability of CO2. Moreover, 
CO2/CH4 selectivity was enhanced considerably [14]. 
In fact, among the known polymers in gas separation 
processes, PMP has the superior permeability of pure 
hydrocarbons [15] and therefore PMP is introduced 
as a proper material to fabricate dense homogeneous 
membranes for gas separation. Pechaf et al [16] have 
studied the combination of polyimide and zeolite as a 
polymer membrane. For this object, they prepared a 
mixed network membrane made up of polyimide and 

20 wt% zeolite and then analyzed the permeability 
data for gases including O2, CO2, N2, and CH4. The 
permeability of N2 and O2 gases decreased, but it in-
creased for CH4 and CO2. This change in permeability 
is strongly influenced by the changes in the perme-
ability coefficient. Matteucci et al studied the perme-
ability of CH4, N2 and CO2 by adding TiO2 nanopar-
ticles to poly (1-trimethylsilyl-1-propyne) (PTMSP). 
Results showed that permeability of these gases in-
creased more than 4 times in comparison with the pure 
polymer [17]. Also, they studied the effect of TiO2 
nanoparticles on 1, 2-polybutadiene (PB) in another 
research. Obtained results showed that in a membrane 
containing 27 vol.% TiO2 nanoparticles, permeability 
coefficients of CO2, CH4, N2 ,and H2 gases increased 
3 times in comparison with the pure polymer. Further-
more, the solubility coefficient of the gases increased 
by adding the nanoparticles to the polymer, while the 
permeability coefficients decreased by addition of the 
nanoparticles [18].

Statistical modeling has been utilized as a method 
to evaluate the effect of various variables including 
adding nanoparticles zinc oxide (ZnO), aluminum 
oxide (Al2O3), titanium dioxide (TiO2) to PMP mem-
brane on both structural characteristics of the mem-
branes and performance of the polymeric membranes. 
Furthermore, a statistical method was employed in a 
previous work to research and optimize permeability 
and selectivity on the polymer membranes for the gas 
separation [19]. Experimental data for permeability 
and selectivity of different gases for several polymer 
membranes are summarized in Table1.

According to the above-mentioned parameters that 
can affect the membrane properties and the problems 
involved in high-performance membranes, the main 
objective of this study is to investigate the percentage 
of ZnO, Al2O3 and TiO2 nanoparticles added to PMP 
membrane for evaluating the effect of nanoparticle 
type and its percentage on improvement of the gas 
permeation and separation performance in the mixed 
matrix membranes. Moreover, another aim of this 
study is to use the design expert software to identify 
the influences of the experimental variables to reach 
optimal conditions for high-performance mixed ma-
trix membranes (MMMs) made from PMP membrane. 
The permeability and selectivity of CH4, N2, O2, and 



15

Alihosseini A. et al.

Polyolefins Journal, Vol. 7, No. 1 (2020)

IPPI

Table 1.  Experimental data for permeability and selectivity of different gases for several polymer membranes.
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CO2 gases have been studied in order to investigate 
the specifications in the employed PMP membrane 
by nanoparticles. These experiments were also opti-
mized and modeled for the industrial applications in 
gas separation.

EXPERIMENTAL

Methodology
PMP with low molecular weight (Sigma Aldrich) was 
used as the membrane in the background phase, while 
the nanoparticles ZnO, Al2O3, TiO2 added to PMP 
membrane as mineral modifiers were purchased from 
Aldrich Chemical Company (Milwaukee, USA). The 
average size of the used nanoparticles was 20-30 nm, 
while they have been used in various contents from 
5-15%. The permeability of pure gases including N2, 
O2, CH4, and CO2 was measured in a pure membrane 
and PMP membrane modified with the nanoparticles. 
Eq. (1) is used to calculate gas permeability:

( )1 2

qlP
P P A

=
−

				    	    (1)

where P is the gas permeability, q is the flow rate of 
permeate gas, l is the membrane thickness, P1-P2 is the 
pressure drop in the membrane, and A is the perme-
ation area. The selectivity of the gas pairs was calcu-
lated by dividing the ratio of the gas permeability. Eq 
2 is used to evaluate the ratio of selectivity of gas A 
to gas B.

A
A

B B

PS
P

= 			   		     (2)

Where SA/B is selectivity, PA is gas A permeability and 
PB is gas B permeability.

Statistical analysis and design expert
The design expert software (Version 7.0.0, 2005) has 
been used for evaluation of the equation coefficients 
and data regression analysis. Design expert is a soft-
ware for designing of experiments, modeling, evaluat-
ing the effects of different variables and finding the 
optimized conditions to get a response. For this object, 
design expert has been applied for designing of the ex-

periments and statistical analysis, in order to prepare 
an effective model. For the purpose of statistical cal-
culations, experimental variables of Yactual in the frame 
of Ycoded have been coded on the basis of the following 
equation:

       actual
coded

Y YY
Y
−

=
D

				       (3)

Ycoded is the coded (dimensionless) amount of the vari-
ables (Yactual), Y  is the average amount (Yactual) and 
“DY” gives the difference between Y  and Yactual.
Eq. 4 is the response as a function of variables with 
multiple regression applications using the least square 
method.

0 1 1 2 2 3 3 4 4 12 1 2 13 1 3F A AY A Y A Y A Y A YY A YY= + + + + + + +… 	
						        (4)

This ploynominal equation is necessary for the pur-
pose of modeling because the encoding method en-
ables execution of the same. In this research, for mod-
eling of the gas selectivity and permeability in the 
PMP-modified membranes a general function with 
optimization design was used, since the independent 
variables are identified as:
Y1= type of polymer,
Y2= percentage of polymer
Y3= type of nanoparticle  
Y4 = percentage of nanoparticle
Interactions and combinations of the domain variables 
are some of the important advantages of experimental 
design method in comparison to the classic statisti-
cal approach. In addition, components selectivity of 
CO2/CH4 S(CO2/CH4), N2/CH4 S(O2/N2), O2/N2 S(O2/N2), and 
CO2/N2 S(CO2/N2) and components permeability of O2 
(PO2

), CH4 (PCH4
), CO2 (PCO2

), and N2 (PN2
) were taken 

as the responses of the function. Table 2 shows four 
important variables that applied in this analysis with 
their levels and relevant types and also the variables of 
PMP polymer and nanoparticle type in dimensionless 
form (constant and definite). Also, standard analysis 
has been done for analyzing the model and curve pro-
duction. The most appropriate polynominal model has 
been selected with significant amounts (p<0.05), with 
use of design expert software obtained the R2, CV and 
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appointed multiple correlation coefficient (appointed 
R2).

RESULTS AND DISCUSSION

To evaluate polymer modification with nanoparticles, 
design expert software is used and the results of the 
model, as well as permeability, selectivity and then 
optimization of operational conditions, are discussed. 
Permeability results for different gasses
The permeability models for different gasses using de-
sign expert software are as following:
a) Permeability models for TiO2 nanoparticles as a 
function of nanoparticle percentage and gas pressure. 
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b) Permeability models for Al2O3 nanoparticles as a 
function of nanoparticle percentage and gas pressure.
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c) Permeability models for ZnO nanoparticles as a 
function of nanoparticle percentage and gas pressure.

PXXPX

XPPXO

×−−×−

+××−++=
−

−

44
2

3

4
3

4

016.010.00138.7018.0

01123.3013.039.14.6P

   

     

3

2

PXXP

XXPPXN

××−××−

−−×−−+=
−

4
2
4

32

444

19.20125.13.0

42.191.370.150.4255.106P

   

       

2

PXXPX

XPPXOC

×−−−

−×−+−=

4
2
4

2
4

44

38.178.0093.077.2

60.18.072.1593.127P

   

    
 

 

2

PXPXXP

XPXHC

×−+−××

−−+−=
−

4
22

44
3

44

11.063.01.00175.4

4.031.051.028.92P

    

    
 

 

4

Table 3 shows the model data of different conditions 
and response of the gases to the different amounts of 
variables; the permeability of the pure gases show 
that with increasing the volume fraction of added 
nanoparticles, gases permeability increases. How-
ever, gas permeability is depended on the amount of 
nanoparticles, because some effective parameters of 
the gases such as solubility and molecular size are dif-
ferent from each other. In such a way, the permeability 
of the gas molecules with smaller kinetics diameter 
has been greater than that of the larger molecules, be-
cause the permeability is the dominant parameter in 
the polymeric membranes and synthetic network. It 
can be seen that the addition of nanoparticles to the 
membrane has increased the gas permeability since it 
is known as an effective factor in the improvement of 
membrane permeability.

As the table shows, maximum values of permeabil-
ity for O2, N2, CO2 and CH4 are equal to 92.5, 30, 350 
and 48 barrer, respectively, in PMP membrane modi-
fied with 15 % of Al2O3 at the pressure of 9 bar. Fig-
ures 1 and 2 show combined effects of the percentage 
of nanoparticle and pressure on CO2 and O2 perme-
ability.

As shown in these figures, by increasing the pres-
sure and percentage of nanoparticles, permeability 
is increased in the PMP membrane. Moreover, the 

Table 2. Variables types and their levels of factorial experi-
ments design matrix.

Variable
Level

Type Actual Coded

Type of polymer X1 PMP { 1 }

Percentage of polymer X2 3% { 1 }

Type of nanoparticle X3

TiO2

AL2O3

ZnO

{ 0 }
{ 1 }

{- 1 }

Percentage of nanoparticle X4

5
10
15

1
0
-1
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nanoparticles in contrast to the pressure also show 
higher values. This means that at constant pressure, in-
creasing the nanoparticle content can increase the gas 
permeability. If the percentage of specific nanoparticle 
increases, with the increase of gas permeability, the 
pressure in the PMP membrane also shows a relative 
increase.

Figure 3 illustrates the combined effects of percent-
age of the nanoparticle and precursor on CO2/CH4 
selectivity with the average material (actual factor). 
As shown in Figure 3, by increasing the pressure and 
nanoparticle content, selectivity increases in the PMP 
membrane. Similar to permeability in selectivity, 

nanoparticles in contrast to the pressure shows higher 
values as well. This means that at constant pressure, 
increasing of the nanoparticle content causes to in-
crease the value of gas selectivity. If the percentage of 
specific nanoparticle increases with the increase of gas 
selectivity, the pressure in the PMP membrane again 
shows a relative increase. The results of both perme-
ation and selectivity of PMP/nanoparticle show that 
addition of nanoparticle can enhance gas permeability 
and selectivity for PMP.

Figures 4 to 7 illustrate an adaption between the 
data obtained from the experimental data and gas per-
meation models for different gases (O2, N2, CO2 and 

Table 3. Membrane permeability and gas separation under different conditions.

Number Nano particle Nano% Pressure (bar) O2 N2 CO2 CH4

1
2
4
3
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
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15
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CH4), and a good agreement between the models and 
experimental data can be seen. These figures show a 
good conformity between the data obtained from the 

experimental amounts and those estimated from the 
gas transport models for both permeability and selec-
tivity of gasses in the optimized condition.

Figure 1. Effects of combined pressure and nanoparticle percentage on CO2 permeability (a) surface plot and (b) contour plot.

Figure 2. Effects of combined pressure and nanoparticle percentage on O2 permeability; (a) surface plot and (b) contour plot.

Figure 3. The combined effects of percentage of nanoparticle and precursor on CO2/CH4 selectivity with average material (actual 
factor); (a) surface plot and (b) contour plot.
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Selectivity results for different gases
The selectivity models for different gases using design 
expert software are as following:
a) Selectivity models for TiO2 nanoparticles as a func-
tion of nanoparticle percentage and gas pressure. 
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b) Selectivity models for Al2O3 +nanoparticles as a 

function of nanoparticle percentage and gas pressure.
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c) Selectivity models for ZnO nanoparticles as a func-
tion of nanoparticle percentage and gas pressure.
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Figure 4. Comparison between observed and estimated re-
sponses for O2.

Figure 5. Comparison between observed and estimated re-
sponses for N2.

Figure 6. Comparison between observed and estimated re-
sponses for CO2.

Figure 7. Comparison between observed and estimated re-
sponses for CH4.
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Table 4. Effect of the different variables (percentage and type of nanoparticles, pressure) on gas selectivity of the modified PMP 
membrane.
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Figure 8.Comparison between observed and estimated re-
sponses for O2/N2 selectivity.

Figure 9.Comparison between observed and estimated re-
sponses for CO2/N2 selectivity.
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Table 4 shows the model data and response of the dif-
ferent gas selectivity to the different amounts of vari-
ables (pressure and type and content of nanoparticle). 
It can be seen that the addition of the nanoparticles to 
the membrane has increased the gas selectivity since it 
is known as an effective factor in the improvement of 
the membrane selectivity. As the table shows, in PMP 
membrane modified by 10% TiO2 at the pressure of 
9 bar, the maximum values of selectivity for CO2/N2, 
CO2/CH4 and O2/N2 are 80.2, 23.98 and 20.6 barrer, 
respectively.

Figures 8, 9 and 10 illustrate a fine conformity be-
tween the data obtained from the experimental values 
and those estimated from the gas selectivity models 
for O2/N2, CO2/N2 and CO2/CH4 selectivity, respec-
tively. It can be seen that between the models and ex-
perimental data is a good agreement.

CONCLUSIONS

In this study, the effects of incorporation of selected 
nanoparticles such as TiO2, Al2O3 and ZnO on the ef-
ficiency of PMP membranes were investigated. To 
this purpose, different variables such as operating gas 
pressure, type and concentration of nanoparticle were 

applied as the main controller parameters to evaluate 
the gas transportation properties throughout PMP. Ex-
perimental design, modeling and improvement of the 
gas separation procedure have been fulfilled. Design 
expert software was used and prevailing data on mem-
brane modeling and the results were categorized ac-
cording to process variables such as permeability, se-
lectivity, composition of nanoparticle percentage and 
gas pressure. In PMP membrane modified by 15 wt% 
Al2O3 at the pressure of 9 bar, maximum values of per-
meability for O2, N2, CO2 and CH4 were equal to 92.5, 
30, 350 and 48 barrer, respectively. TiO2 nanoparticles 
were found to be the best nanoparticle in selectivity, so 
that maximum values of selectivity for CO2/N2, CO2/
CH4 and O2/N2 were, respectively, equal to 80.2, 23.98 
and 20.6 in PMP membrane modified by 10 wt% TiO2 
at the pressure of 9 bar. 
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