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Abstract. Gas separation by a membrane is performed without phase changing, leading
to cost reduction. This study investigates the process of gas separation in the case of
polyacrylonitrile (PAN) and polysulfone (PSF) blend membranes. The ratios of polymers
to mixed matrix membranes include 100% PAN, 100% PSF, (95% PAN{5% PSF), (90%
PAN{10% PSF), (85% PAN{15% PSF). The best combination of membrane mixtures was
determined. Then, iron oxide nanoparticles with di�erent weight percentages were placed
on the membrane. The impact of adding di�erent amounts of iron oxide nanoparticles to
the membrane on gas separation was examined. By adding iron oxide nanoparticles to
the membrane by 10% weight and measuring the value of permeability, it was observed
that the permeability of this membrane for carbon dioxide, oxygen, nitrogen, and methane
gases increased by 117%, 137%, 95%, and 53% compared to membranes without iron oxide
nanoparticles. Based on the �ndings, it was revealed that the optimal value of adding iron
oxide to improve the membrane properties was 10% by weight.

© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

Some of the most commonly used methods for the
absorption and separation of gases are solvent-based
methods [1{4], ionic liquid [5{9], and membrane sep-
aration [10{13]. The gas separation process by the
membrane is conducted without any phase changing,
leading to reduced costs. In comparison with other
conventional separation methods, membranes use a
simpler process, enjoy a lower maintenance cost, and
are eco-friendly. The major disadvantage of the gas
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separation method is the inverse relationship between
permeability and selectivity, though nano-composite
membranes are used to solve the complexity of this
process to a large extent by improving permeability and
selectivity simultaneously. The membrane separation
based on the selective passage of gas competes with
other gas separation methods. Compared to other
methods, membranes are of higher e�ciency [10{15].

Signi�cant developments have been made over
the past two decades on the performance of polymer
membranes in gas separation, and notable e�orts have
been made to facilitate a deeper understanding of
the relationship between the structure of polymer
membranes and gas separation properties, including
higher permeability and selectivity [16]. In organic
membranes, the application of polymer as a membrane
component is very common for the sake of better
processability and the possibility of optimizing the
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membrane properties for di�erent applications. Hence,
the application of this type of membrane has been
considered in the separation of gases. Bastani et
al. [17] reviewed the membrane of mixed polymer
matrices along with zeolite to separate the gas. The
�ndings of the review of papers revealed that nano-
sized particles in the mixed matrix membranes showed
better performance than micron-sized particles.

Polymers are economically cost e�ective and are
easily converted into spiral modules or formed as hollow
�bers due to their 
exibility and processability. For
this reason, researchers have shown greater interest in
polymer membranes, leading to the increasing develop-
ment of polymer membranes. However, attempts have
been made to improve the properties of permeability,
selectivity, and mechanical and thermal resistance of
these membranes [18]. One of the methods for improv-
ing the membrane capabilities is using nanoparticles
in the polymeric tissue. Because of the small size
of nanoparticles and high contact surfaces between
nanoparticles and the polymer phase, the membranes
made of these materials will have the desired mechan-
ical and thermal resistance and the ability to make a
proper interaction with the separated gas [19,20].

Using new membrane materials or modifying the
membrane materials can overcome shortcomings such
as operational instability at high temperatures, low
permeability and selectivity, low-quality products, and
low mechanical stability of the membrane. One of
these methods disperses the nanoparticles inside the
polymer phase [17,21,22]. Ra�q et al. [23] developed
and improved the mixed matrix membrane by applying
the fuzzy inversion method. They loaded silica mineral
nanoparticles inside the asymmetric membrane mix
of polysulfone (PSF) and polyimide. The highest
selectivity was obtained in conditions with loading the
15.2% weight of silica and pressure between 2 and
10 bar. Ra�q et al. [23] concluded that a membrane
with the 15.2% weight of silica �llers and feed pressure
between 2 to 10 bar was characterized by the highest
selectivity, leading to the reformation of polymeric
chains to be packed well. It consequently reduced the
probability of membrane softening.

Dorosti et al. [24] prepared a matrix membrane
mixed with PSF and polyimide �lled with zeolite
particles and examined the function of gas separation.
The impact of loading the zeolite and the ratio of two
polymers on the membrane passage characteristics was
examined in this study. The polymers were immiscible,
and a completely homogeneous matrix was formed.
Among all the gas tests, Dorosti et al. obtained the
minimum permeability and the maximum selectivity in
the mixed membranes at a weight percentage ratio of
50 to 50 in PSF and polyimide. The �ndings revealed
that these matrix membranes could provide higher
permeability and more acceptable selectivity than sim-

ple membranes. Through a repeated construction of
membranes with a 20% weight of zeolite, it was realized
that membranes had completely di�erent properties
due to the formation of uncontrollable empty cavities.

Ahn et al. [25] constructed a matrix membrane
mixed with PSF and silica nanoparticle �llers. The
addition of silica nanoparticles also increased the per-
meability signi�cantly. By increasing silica nanoparti-
cles, the permeability of large gases increased greatly
due to an increase in empty space. Sadeghi et al. [26]
investigated the properties of gas separation using the
nanocomposite membrane of ethylene vinyl acetate
and silica. The impact of silica nanoparticles on the
properties of gas separation by copolymer membrane
containing 28% vinyl acetate was examined. The
obtained �ndings revealed that increasing the number
of silica nanoparticles caused a signi�cant increase in
gas permeability and an increase in CO2 selectivity,
compared to N2 and CH4. They illustrated that this
increase in permeability resulted from the increased
penetration and solubility of gases in combined mem-
branes. The obtained �ndings revealed that a mixture
of silica nanoparticles and polymer led to consider
solubility of the dominant mechanism in the passage
of gases as the combined membrane [26].

Chieh-Fang et al. [27] prepared a composite mem-
brane in a laboratory study by combining carbon nano-
tubes and blend particles of iron with polyvinyl alcohol.
Adding iron oxide to the membrane, they prevented the
crystallization of polyvinyl alcohol. Accordingly, they
prevented the penetration of methanol and, �nally,
facilitated the passage of ions into the mixture by the
immersion of the membrane in potassium hydroxide.

The properties of the cellulose acetate membrane
through silver nanoparticles were enhanced [28]. Kim
and Bruggen [29] reviewed various types of ceramic
and polymer membranes with nanoparticles. Among
the polymer membranes with nanoparticles, we can
refer to polyvinylidene 
uride (PVDF) polymer mem-
brane with alumina nanoparticles, in which dimethyl
acetamide is used as a solvent. In this membrane,
polymer is added by 19% weight, and nanoparticles
are added with an average particle size of 10 nm in
the concentration of 0 to 4% weight. Their study
revealed that silver and silica nanoparticles were used
as nanoparticles, which were added to polymeric mem-
branes.

Moghadam et al. [30] studied the impact of adding
TiO2 nanoparticles on the mixed matrix membrane.
With the addition of 15% volumes of TiO2, the per-
meability value of N2, CH4, and CO2 turned out to
be 2.76, 3.3, and 1.86 times more than that in the
membrane without nanoparticles. The investigation
of the polythene and polyurethane mixture matrix
membrane along with the silica nanoparticles revealed
that by increasing the value of silica nanoparticles, the
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permeability of N2, O2, and CH4 gases decreased, while
the permeability of carbon dioxide increased with an in-
crease in the nanoparticles. The greater permeability of
carbon dioxide results from its smaller kinetic diameter,
greater condensation, and higher interaction of this
polar gas with polar groups than oxygen, methane, and
nitrogen [31].

The role of the nano-composite membrane of
polyvinyl acetate/titanium oxide in the separation of
gases was examined. In this investigation, Field Emis-
sion Scanning Electron Microscopy (FESEM), X-Ray
Di�raction (XRD), Di�erential Scanning Calorimetry
(DSC), and Thermal Gravimetric Analysis (TGA)
were carried out. The addition of titanium oxide
nanoparticles to polymer vinyl acetate improved their
properties [32]. Momeni and Pakizeh [33] examined
the membrane composed of PSF containing aluminum
oxide nanoparticles for the separation of gas. Their
study revealed that the value of permeability of the
polymer membrane increased by adding magnesium
oxide nanoparticles. The addition of the layers of
silica to the PSF matrix was examined. The impact
of the percentage of nanoparticles on the selectivity
and permeability of the membrane was examined for
carbon dioxide separation [34].

Sun et al. [35] investigated the matrix membrane
mixed with carbon nanoparticles. The �ndings of
their study revealed that the permeability coe�cient
of carbon dioxide permeation increased by 292% at
3% weight of carbon nanoparticles. Sadeghi et al. [36]
investigated the impact of titanium oxide nanoparti-
cles on gas separation in polyurethane-titanium oxide
nanocomposite membranes. By increasing the value
of nanoparticles, the permeability of nitrogen, oxygen,
methane, and carbon dioxide gases decreased, while
the selectivity of N2/CO2 increased. However, the
selectivity of N2/O2 and CH4/CO2 did not change
signi�cantly.

This study applies PSF and polyacrylonitrile
(PAN) blend membranes to investigate the process
of gas separation. The best weight percentage of
PSF and PAN membranes was determined for the
proposed purpose. Then, the e�ects of adding iron
oxide nanoparticles on gas separation and the perme-
ability and selectivity properties of the nanocomposite
membrane were examined. Fourier Transform Infrared
Spectroscopy (FTIR), Scanning Election Microscopy
(SEM), and Thermal Gravimetric Analysis (TGA)
analyses were conducted to identify and examine the
membranes.

2. Experimental

2.1. Materials
PSF polymer was purchased from BASF Company
in Germany. PAN polymer was received from the

Polyacrylic Company of Isfahan. Dimethylformamide
and iron nanoparticles were purchased from Merck
Company. Methane gas with a purity degree of 99.5%
was obtained from TGS Company. Nitrogen, oxygen,
and carbon dioxide gases with a purity degree of 99.9%
were purchased from Ardestan Gas Company.

2.2. Characterization
SEM analysis was carried out to investigate the mem-
brane cross-sectional form and the distribution of iron
oxide particles in the polymer. FT-IR analysis was
conducted to examine the structure of constructed
membranes. The model used in this test is Spectrum
65 FT-IR Perkin Elmer. To study the degradation
temperature and the impact of iron oxide nanoparticles
on thermal behavior, weight heat analysis test was
applied. In this method, sample were heated in argon
at a ramp of 10�C/min.

2.3. Membranes preparations
A PAN-PSF mixed membrane and a polymer-oxide
iron nano-composite membrane were prepared by ap-
plying the solvent evaporation method [37]. PAN and
PSF were dissolved at di�erent percentages in dimethyl
for mamide solvent in a concentration of 10% by weight
at 50�C for 3 hours. The prepared solution passed
through a 30-micron ceramic �lter and was poured into
a clean and dry ridged glass container. This container
was placed in a conventional oven at 65�C for 24 hours.
Then, in order to separate the solvent from the polymer
chains, the membrane was placed in a vacuum oven at
a temperature of 75�C for 4 hours so that the solvent
could be separated completely.

To construct polymer-iron oxide composite mem-
branes, the polymeric solution prepared at the consid-
ered weight ratio was mixed with iron oxide nanopar-
ticles well to obtain a uniform homogeneous solution.
The obtained solution was poured into a glass container
and, then, placed in a conventional and vacuum oven
so that the solvent could be separated. The prepared
membrane was 45-micron thick and measured by a
micrometer

2.4. Gas permeation measurements
After constructing the PAN-PSF mixed membrane,
which was obtained by adding 5%, 10%, and 15%
weights of PSF to the PAN pure membrane, the
permeability ratio was tested for these membranes and
for nitrogen, oxygen, methane, and carbon dioxide
gases using a constant pressure method. The delay
time method was used to examine the permeability
of pure gases. The delay time method is the most
common method used to test the permeability of gases
in polymeric membranes [38]. In this method, the
penetration of gas in the polymer is measured from
zero time to the permeability speed of the polymer,
reaching a constant number. To examine the amount
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of gas passing through the membrane and to record
the gas 
ow, a constant pressure method was used.
In the course of applying constant pressure method,
the downstream pressure is considered as environment
pressure and, also, the changes in the volume of gas
passing through the membrane are recorded.

3. Results and discussion

3.1. FTIR analysis
Findings of the analysis of the FT-IR spectrum of the
PAN-PSF mixed membrane and polymer-iron oxide
nanocomposites membranes are shown in Figure 1. As
illustrated in Figure 1, the widespread absorption in
the FT-IR spectrum in the case of pure iron oxide is
found to be 471 cm�1. This absorption can be observed
in other FT-IR spectra related to nano-composite
membranes by combining di�erent percentages of iron
oxide, and its intensity increases as the iron oxide value
increases.

3.2. SEM analysis
Figure 2 illustrates the SEM image of the PAN-PSF
nanocomposite membrane with 2.5% iron oxide. The
SEM image of PAN-PSF nanocomposite membrane
with 20% iron oxide is shown in Figure 3. The SEM
image illustrates the presence of small nano-scale par-
ticles along with the accumulated iron oxide particles
in nano-composite membranes with higher percentages
of iron oxide. As seen earlier, iron oxide nanopar-
ticles at lower weight percentages showed a highly
uniform distribution in the polymeric network, and an
insigni�cant nanoparticle agglomeration phenomenon
was seen, which represents one of the disadvantages of
nano-composites membranes. In addition, there is no
cavity at the interface of two phases, suggesting good
compatibility with organic and mineral phases. The
average size of distributed nanoparticles was obtained
between 80 and 110 nm.

A similar behavior was seen in the membrane of
the matrix mixed with titanium oxide nanoparticles.
SEM images showed that particles were distributed
properly at all points at low values of titanium oxide
nanoparticles, while, at a higher level of titanium oxide,
particles tend to be placed together as a mass [30].
In the nano-composite membrane of polyvinyl ac-
etate/titanium oxide, FESEM analysis revealed that
the addition of titanium oxide nanoparticles up to 10%
by weight had a proper distribution throughout the
membrane. By increasing the value of titanium oxide,
the density of particles in the membrane increased [32].

3.3. TGA analysis
The impact of increasing the iron oxide nanoparticles
on the thermal stability of the nano-composite mem-
brane using the TGA analysis is shown in Table 1 and
Figure 4. By increasing the weight percentage of iron

Figure 1. Fourier Transform Infrared Spectroscopy
(FTIR) spectra of pure iron oxide and PAN-PSF-iron
oxide membrane.

oxide nanoparticles, the thermal stability of the nano-
composite membrane increases; further to this, such an
increase in thermal resistance results from the presence
of iron oxide nanoparticles in the polymer membrane
tissue. It can be mentioned that the mineral mem-
branes have proper thermal resistance, and increasing
oxide nanoparticles in the polymer membrane tissue
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Figure 2. Scanning Electron Microscope (SEM) image of
the membrane with 2.5% iron oxide.

Figure 3. Scanning Electron Microscope (SEM) image of
the membrane with 20% iron oxide.

Figure 4. Thermal Gravimetric Analysis (TGA) analysis
of polyacrylontrile-polysulfone (PAN-PSF) and
(PAN-PSF-iron oxide) membranes.

facilitates the compatibility of the properties of the
membrane with the properties of mineral membranes.
The initial degradation that occurred at temperatures

Table 1. The decomposition temperature of
polyacrylontrile-polysulfone (PAN-PSF) and
PAN-PSF-iron oxide membranes investigated by Thermal
Gravimetric Analysis (TGA) analysis.

Membrane Decomposition
temperature (�C)

PAN-PSF 311.23
PAN-PSF-2.5% iron oxide 320.27
PAN-PSF-5% iron oxide 321.91
PAN-PSF-10% iron oxide 324.1
PAN-PSF-15% iron oxide 332.17
PAN-PSF-20% iron-oxide 334.1

lower than 200�C occurred due to the presence of water
or additional solvent in the membrane.

Momeni and Pakizeh [33] found the same trend
in the nano-composite membrane of magnesium oxide
and PSF. By increasing the magnesium oxide nanopar-
ticles, the thermal stability of the nano-composite
membrane increased. The thermal resistance of the
polyvinyl acetate membrane also increased as titanium
oxide nanoparticles increased [32]. Ahmadizadeghan
et al. [10] observed the same trend. The same results
were shown in the case of the polycaprolactone-based
polyurethane-silica nano-composite membrane.

3.4. Gas permeation
The permeability of nitrogen, oxygen, methane, and
carbon dioxide gases and the selectivity of gas pairs in
polymer membrane and mixed membranes are reported
in Table 2. The ratio of permeability changes of
gases was tested. According to the �ndings obtained
from the PAN-PSF mixed membranes, the mixed PAN
membrane with 10% PSF showed good permeability
and selectivity and, thus, was selected as the best
membrane. In this study, the impact of adding di�erent
weight percentages of iron oxide to the mixed mem-
branes was examined. The �ndings of permeability
and selectivity of pure gases of CO2, O2, N2, and CH4
at 10 bar pressure and 30�C by the mixed membrane
and nanocomposites membranes with di�erent weight
percentages of iron oxide are illustrated in Table 2.
Based on the �ndings shown in Table 2, by increasing
iron oxide nanoparticles, the permeability of all gases
increases.

This increase in permeability stands in contrast
with the model predicted by Maxwell. Maxwell's model
cannot analyze the permeability of nano-composite
membranes e�ciently, because the interface between
the polymer and the nanoparticles is not considered
as a separate phase similar to that in Maxwell's
model [39]. A simultaneous increase in permeability
and selectivity of nano-composite membranes with low
percentages of iron oxide nanoparticles is seen; how-



S. Homayoon and N. Esfandiari/Scientia Iranica, Transactions C: Chemistry and ... 27 (2020) 1264{1274 1269

Table 2. Gas permeability and selectivity of polyacrylontrile-polysulfone (PAN-PSF) and PAN-PSF-iron oxide
membranes.

Membranes
Permeability (barrer) Selectivity

CO2 CH4 N2 O2 CO2/N2 CO2/CH4 O2/N2

PAN-PSF 1.16658 0.22874 0.27448 0.41732 4.25002 5.10002 1.52035
PAN-PSF-2.5% iron oxide 1.62634 0.26762 0.37055 0.59701 4.38888 6.07705 1.61111
PAN-PSF-5% iron oxide 2.14101 0.32938 0.47349 0.78170 4.52174 6.50000 1.65093
PAN-PSF-10% iron oxide 2.53215 0.34997 0.53525 0.98815 4.73076 7.23527 1.84615
PAN-PSF-15% iron oxide 3.19093 0.638185 0.844051 1.31754 3.780494 5.000008 1.560972
PAN-PSF-20% iron-oxide 3.80852 0.782292 1.09109 1.64693 3.490564 4.868412 1.509436

ever, at higher percentages of iron oxide nanoparticles,
permeability increased and selectivity decreased. By
adding iron oxide nanoparticles to the PAN membrane
and 10%, the permeability of all gases increased. In the
investigation of PSF/polyamide polymer with zeolite
nanoparticles in the study of Dorosti et al., the same
trend was observed [24].

The permeability value of N2, CH4, H2, and
CO2 in the PSF and PSF/MgO membranes was in-
vestigated by Momeni and Pakizeh [33]. The per-
meability of all gases into the membrane increased
as the percentage of magnesium oxide nanoparticles
increased, the cause of which can be attributed to
the increase of free volumes in the polymer phase.
This increase in free volume increases the penetration
coe�cient and solubility, the consequence of which is
the high permeability [33]. Nanoparticles of zinc oxide
placed on poly amide-6-B-ethylene oxide/zinc oxide
(PEBA/ZnO) membrane showed higher permeability
than PEBA membrane [40]. By increasing the value
of titanium oxide nanoparticles to that of the mixed
matrix membrane, the permeability of N2, CH4, O2,
CO2, and He increased [30].

To investigate the signi�cant characteristics of
gas transfer from polymer nano-composite membranes,
it is important to note that a signi�cant increase
in permeability is observed by increasing the volume
fraction of nanoparticles despite the nonporosity of
nano-�llers, compared to the conventional perceptions.
The unusual behavior of nanoparticles is due to the
larger interface area (common surface area relative to
the volume of nano-composite) in comparison to �ller
particles with micron sizes or larger [41]; therefore, the
interaction of nanoparticles and the polymer matrix at
a contact point causes certain changes and accelerates
the penetration of gas molecules and their solubility. In
other words, structural changes made at the interface
of the nanoparticle and the polymer matrix cause an
increase in the permeability of gas molecules. Increased
non-organic nanoparticles a�ected the properties of gas
transfer into three ways of in-creasing the free volume,
increasing solubility, and increasing empty volume [19].

Examining the interface layer in polymer nano-

composite membranes is very important, since it leaves
signi�cant impact on the permeability of the gas.
On the other hand, it is essential to consider the
role of three phenomena of increasing free volume,
creating empty volume, and increasing the solubility
in selecting the type of nanoparticles and polymer ma-
trix in designing polymer nano-composite membranes,
considering their interactions with each other. On the
other hand, to model gas permeability in this type
of the membrane, considering the interface layer as
a separate phase is of great importance, such that
almost none of the current two-phase models, such
as Maxwell and Brugman models, has successfully
determined the properties of polymer nano-composite
membranes. The reason why these models are often
subject to failure is two-fold: (a) assuming the polymer
matrix to be ideal and (b) failing to consider the
interactions of nanoparticles and polymer matrices [39].

As illustrated in Table 2, the presence of iron
oxide by 10% weight in the membrane caused a si-
multaneous increase in selectivity and permeability.
For this reason, the SEM image of the cross-sectional
surface of the membrane containing 10% weight of iron
oxide was examined. As illustrated in Figure 5, iron
oxide nanoparticles, weighing 10%, exhibit a uniform

Figure 5. Scanning Electron Microscope (SEM) image of
the membrane with 10% iron oxide.
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distribution in a polymeric network, and the agglomer-
ation phenomenon of nanoparticles is not signi�cantly
observed, which is one of the disadvantages of nano-
composite membranes. In addition, no cavity is seen
at the interface of two phases, suggesting good com-
patibility between the organic and inorganic phases;
this issue increased the permeability and selectivity
simultaneously.

A similar behavior by the membrane of titanium
oxide/polystyrene was observed [42]. Suhaimi et al.
[43] studied the impact of adding palladium nanopar-
ticles to the PSF membrane and observed a similar
trend. Based on the investigation of the membrane
of polyvinyl chloride/silica nanoparticles, it was seen
that the permeability of CO2 and O2 increased as
the percentage of nanoparticles increased, while the
addition of nanoparticles did not have much impact
on the permeability of N2 and CH4 [44].

The mixed membrane along with nanoparticles
that were �lled with iron oxide for all gases showed
higher permeability than the mixed membrane without
iron oxide, and permeability reduced as the percentages
of iron oxide weight decreased. Findings obtained
from the permeability of nano-composite membranes
are in contrast with Maxwell's model, predicting the
gas permeability from the nano-composite membrane
including non-porous �llers to be less than pure mem-
branes. Maxwell also predicted that, due to the
increase of the non-porous �llers, permeability reduced,
resulting from increased turbulence in the polymer
matrix [39].

Figure 6 shows that the permeability of oxygen
and carbon dioxide gas increases as nanoparticles in-
crease, while nitrogen and methane gases show an
insigni�cant increase in the permeability of the nano-
composite membrane with 2.5, 5, and 10% weights
of iron oxide nanoparticles and provide required con-

Figure 6. The e�ect of iron oxide content in
(PAN-PSF-iron oxide) membranes on gas permeability.

ditions to improve the membrane selectivity. The
signi�cant increase was observed in the permeability
of gases at a higher molecular weight in the nano-
composite membrane with 15 and 20% weights of iron
oxide nanoparticles, while the permeability of gases at
a lower molecular weight remained constant, leading to
the reduced selectivity of nano-composite membranes
at high percentages of iron oxide nano-particles.

The addition of nanoparticles to the polymer
membrane does not produce the same results [45,46].
Adding silica nanoparticles to the mixed matrix of
polyurethane/polyvinyl alcohol caused a reduction in
permeability of methane, oxygen, and nitrogen; how-
ever, carbon dioxide permeability increased. In poly-
mer systems, changes in the solubility at the interface
of particle-polymer caused an increase in permeability
compared to the systems not �lled with nanoparticles.
The conducted study indicates that, by adding silica
to membrane, penetration is reduced. Reduced pen-
etration restricts the movement of gas molecules in
this membrane. The investigation of the gas solubility
in a matrix membrane �lled with silica nanoparticles
revealed that these nanoparticles improved solubility
coe�cient. Thus, the reduced permeability of N2, O2,
and CH4 gases results from reduced penetration, and
the increased permeability of CO2 by adding silica is
due to the increase of the gas solubility [31].

Increasing the weight percentage of titanium ox-
ide nanoparticles to that of the membrane of polyethy-
lene glycol/polyether black amide increased the per-
meability of CO2 and CH4 [47]. The gas permeance
of the carbon/polyimide/TiO2 composite membranes
increased by increasing the ratio of TiO2/carbon [10].

According to the �ndings obtained, the gas pen-
etration properties were examined in the polymer
matrix-iron oxide matrix membrane. The correla-
tion between permeability and selectivity for O2/N2,
CO2/CH4, and CO2/N2 is illustrated in Figures 7, 8,
and 9, respectively. The permeability chart in terms of
selectivity is one of the important charts in examining
the gas separation property with polymer membranes,
indicating the ability of the membrane to overcome the
upper limit of Robson. At the same time, by increasing
selectivity and permeability, membranes can become
closer to the upper limit of Robson [48].

PAN is a membrane material and is characterized
by low permeability and selectivity. It is an example of
glass polymers used for gas separation. The addition
of iron oxide nanoparticles to the membrane structure
of the PAN improves the separation properties of
this membrane. Furthermore, the addition of iron
oxide nanoparticles at low levels caused a simultaneous
increase in permeability and selectivity.

As the value of iron oxide nanoparticles in
the membrane increases, selectivity decreases, but
permeability increases. As shown in Figure 7, in the
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mixed membrane containing the 10% weight of iron
oxide, the relative permeability of oxygen increases
gradually to 137%, and the O2/N2 selectivity increases
by 21.45%. Based on the �ndings of experiments
illustrated in Figures 8 and 9, carbon dioxide gas
permeability increased gradually to 117% and the
selectivity of CO2/CH4 and CO2/N2 increased by
41.76% and 11.29%, respectively, in a membrane with
the 10% weight of iron oxide. Findings indicate that
there is good compatibility between the polymer and
the iron oxide. However, permeability increased in the
case of loading higher than 10%, i.e., 15% and 20%
weights of iron oxide. However, selectivity decreased.
In the membrane containing the 20% weight of iron
oxide, despite a 67.66% increase in oxygen permeabil-
ity, O2/N2 selectivity decreased by 10.8% compared
to the 10% weight of the iron oxide membrane.

Moghadam et al. [30] investigated the impact
of titanium oxide nanoparticles on a mixed matrix
membrane. Their research revealed that, by increasing
titanium oxide nanoparticles, the permeability and
selectivity increased and decreased, respectively. After
studying the permeability and selectivity of gases
with the nano-composite membrane of polyvinyl ac-
etate/titanium oxide, it was found that the addition
of 10% titanium oxide increased the selectivity and
permeability of O2/N2, CO2/N2, and H2/N2 gases. A
simultaneous increase in permeability and selectivity
in the 10% weight of titanium oxide indicated that
mixing these two materials left a signi�cant impact on
transitional properties and created a resistant mem-
brane. At values greater than this value, i.e., 15%
weight of titanium oxide, a reduction in selectivity is
seen. In this membrane with 15% of titanium oxide, a
greater agglomeration of nanoparticles occurred due to
the creation of microscopic cavities and, thus, increased
permeability and reduced selectivity [32].

4. Conclusion

The addition of polysulfone as a polymer with high
permeability and selectivity, compared to polyacryloni-
trile, improved the gas separation properties by a mixed
membrane of polyacrylonitrile-polysulfone. By adding
polysulfone to polyacrylonitrile, the permeability of all
gases increased. Among the mixed membranes, the
highest selectivity was obtained for that with 10%
polysulfone. Thus, the iron oxide nanoparticles were
added to a combination of these two polymers. By
adding the 10% weight of iron oxide nanoparticles to
the mixed membrane of polyacrylonitrile-polysulfone,
permeability and selectivity increased simultaneously.
The reason for a simultaneous increase in permeabil-
ity and selectivity at low percentages of iron oxide
nanoparticles is the proper compatibility of the poly-
mer and the iron oxide nanoparticles. In other words,

Figure 7. Relation between O2 permeability and O2/N2

selectivity with di�erent wt% of iron oxide in membranes.

Figure 8. Relation between CO2 permeability and
CO2/CH4 selectivity with di�erent wt% of iron oxide in
membranes.

Figure 9. Relation between CO2 permeability and
CO2/N2 selectivity with di�erent wt% of iron oxide in
membranes.
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this combination did not form large cavities. Increased
selective surface spaces at the interface between the
polymer and iron oxide nanoparticles and the proper
spread of nanoparticles in the polymer matrix were
other reasons for a simultaneous increase in permeabil-
ity and selectivity.
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