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Abstract—This research scrutinized the effect of adding MIL-100 (Fe) metal-organic frameworks (MOFs) on the
PEBAX membranes in two grades, 1657 and 2533. Initially, the intended membranes were synthesized by the solution-
casting method. Then, XRD and SEM were applied to examine the influence of adding MIL-100 (Fe) to the structure
of both membranes. Consequently, the separation function of the pair gases of CO,/CH,, CO,/N,, and CO,/O, and
their permeability were considered at the pressure of 3.5 bar and temperature of 25 °C. Eventually, their function was
compared by Robeson diagrams of 1991 and 2008. According to Robeson diagrams, the comparison outcomes indi-
cated that the PEBAX1657/MIL-100 (Fe) and PEBAX2533/MIL-100 (Fe) membranes containing 5% of MOF repre-
sent better performance in separating CO,/CH,. However, their function for separating the considered gases requires

more modifications.
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INTRODUCTION

Membrane technologies have come into wide consideration for
several reasons. Membrane-based separation systems are regarded
as an emerging and reliable alternative for CO, capture, binary- and
multi-component separations, and sweetening applications [1]. This
is owing to reasons such as low energy consumption, small foot-
print, a wide range of membranes available in the market, good
thermal and mechanical stability, negligible pressure drop, high sys-
tem efficiency, and low capital and operating costs compared to the
typical separation methods [2,3]. On the other hand, membrane
systems have inherent challenges such as plastination, low perfor-
mance, and selectivity-permeability trade-offs that must be addressed
to be applied on larger scales [4-6]. However, membrane-based gas
separation systems have yet to be widely employed on large scales
due to their incompatible membrane permeability and selectivity
[7-9].

Many invaluable efforts have been made to address the challenges
of membrane-based systems, mainly to develop high-efficiency and
robust membranes [10-13]. The studies conducted in the previous
years examined the new types of polymers as starting materials
[14-16], among which copolymers like PEBAX are commercial
thermoplastics, grabbed significant attention [8,17]. It was realized
that PEBAX-based membranes could provide better separation per-
formance than other alternatives, specifically when a mixture of polar
and non-polar gases is fed to the system [8].

Despite the remarkable interest highlighted in the literature, many
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gaps and shortcomings (ie., selectivity-permeability trade-oft) should
be addressed [18]. One of the previous techniques was based on
incorporating nano-scale fillers to fabricate either mixed matrix
membranes (MMMSs) or nanocomposite membranes (NCMs).
Regarding MMM, nanofillers such as carbon molecular sieves [19],
zeolites [20], MOFs [4,5], active carbon [6], and carbon nanotubes
(CNT5) have been considered an impressive alternative for a long
while [21,22]. However, fabricating MMM, including the men-
tioned nanoparticles, was associated with their own intrinsic chal-
lenges as well. For instance, weak particle-polymer matrix inter-
actions and non-homogeneous diffusion of the particles through
the continuous polymer phase are regarded as the main barriers
based on the outcomes of the related works [23,24]. MOFs offer a
large specific surface area and great percentages of porosity, and
the size of their nanopores can be efficiently controlled, while their
dispersion within the polymer matrix can be enhanced by incor-
porating a wide spectrum of ligands and metals [4,5]. As a novelty,
a wide spectrum of chemically modified MOFs was employed as
nanofillers throughout efforts to fabricate high-performance MMMs
based on PEBAX with a focus on exploiting (ZIF-8) [25] graphene
oxide [26], UiO-66 [27], and MIL-53(Al) [28], MIL-101 [29] to
enhance the membranes’ permeability-selectivity trade-off.
MIL-100 (Fe) has drawn significant attention for many applica-
tions because of advantages such as high surface area, tunable pore
sizes, highly porous structure, and remarkable adsorption capacity
[30]. Moreover, MIL-100 (Fe) offers incredible permeability and
selectivity. At the same time, it shows higher compatibility with poly-
mers using the organic ligands present within the MOF structure,
which leads to a better affinity to polymers [31]. In addition, the
framework of this MOF includes [Fe;O(X) (H,0),]*" (X=OH- or
F-) clusters and 1, 3, 5-benzene tricarboxylic acid (H;BTC) anions
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with a rigid zeotype structure [23,32]. On the one hand, iron, the
metal center of MIL-100 (Fe), is inexpensive, nontoxic, and envi-
ronmentally friendly compared to other metals (ie., Co, Cr, etc.)
[33,34]. MIL-100 has a flexible pore structure, large specific surface
area, good water stability and abundant adsorption sites as effective
environmental adsorbents. With the focus on governing mecha-
nisms in adsorption, adsorption performances, adsorption process
parameters of the MIL-100, in water and gases under various con-
ditions, it can be said that this MOF can be applied as high-perfor-
mance material for gas separation and adsorption applications
specially for CO, and CH, [34]. Also, for the sake of appropriate
potential interacting sites and ultra microporosity, MIL-100 may
be favorable for the selective adsorption of CO, over other gases
including CH,, N,, H, and CO.

Therefore, the main innovation of the study is the excellent per-
formance of MIL-100 (Fe) in the gas separation process. Regardless,
the effect of adding MOF with an optimized and suitable structure
on two selected grades from PEBAX polymer has been scrutinized in
this research. Furthermore, XRD and SEM tests have been applied to
assess the optimized membranes, while the effects of adding MIL-
100 (Fe) to the structure of both types of polymers and their inter-
action have been measured as one of the innovations of this research.
Finally, the features were evaluated, and the separation of the paired
gases of CO,/CH,, CO,/N,, and CO,/O, and their permeations were
considered.

MATERIALS AND METHODS

1. Polymeric Precursors

PEBAX copolymers were used as base polymers for MMMs
fabrication in this study. Table 1 displays the specifications of the
PEBAX 2533 and PEBAX 1657. The whole material considered in
the research has a purity of above 99.9%. Moreover, the characteri-
zations of Dimethylformamide (DMF), which was utilized as the
solvent for the membrane synthesis, are illustrated in Table 2. Pure
gases of N, and CO, were employed as feed to test and assess the
permeability of the membranes.
2. Synthesis of MOF (MIL-100) Fe

The Fe Lewis acid sites are produced by omitting two molecules
of H,O belonging to the octahedra Fe bases and partially remov-

Fig. 1. The (a) membrane preparation setup and (b) membrane module.

Table 1. The properties of the PEBAX polymer grades

Properties Unit PEBAX1657 PEBAX2533
Contents PE Wt.% 60 80
Density g/em’ 1.14 1
Melting point °C 204 134
Glass transition °C —-56 —65
Stress in tears MPa 32 32
Table 2. DMF solvent properties

Name Dimethylformamide [(CH3),NCH]

Molecular mass 73.09 g-mol !

Boiling point 153°C

Melting point 60.5°C

Density 948 mg-mL "’

Steam pressure 516 Pa

Flash point 58°C

ing anions through vacuum activation. Therefore, many Fe Lewis
acidic sites can be obtained in pores within the MIL-100 (Fe) syn-
thesis by considering the functions of this process. Structural stud-
ies indicate remarkable substances for surface absorption that can
be utilized in processes requiring surface absorption and desorp-
tion [6].
3. Laboratory Equipment

The magnetic stirrer includes a magnet with a cover that is neu-
tral to all chemicals. There is also a hot plate and a magnetic engine
inside the device. When the magnet inside the engine starts rotat-
ing, the magnet inside the solution container moves it. So, the mag-
net’s temperature and rotation speed inside the solution container
can be set and controlled. Fig. 1 features a schematic of a membrane
module and magnetic stirrer. A prob-sonicator is a metallic con-
tainer containing some water. This device was used to disperse and
diffuse nanoparticles in liquids and degas the membrane solution.

A typical sonicator has a chamber on which a probe can be placed
to detect the presence of a generating source. One of the main
benefits of this device is the low number of moving parts and the
tank. This issue will reduce the erosion and friction of the device,
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and on the other hand, it will also increase the cleaning time of
the device. To create a uniform mixture, one of the constituents
must be reduced to the smallest possible particles to obtain the
power of uniform diffusion in the second substance, which is usu-
ally a liquid. The chemical effects of ultrasound occur due to the
effects of ultrasound waves on chemical systems. In this device,
converting an electric current into a mechanical vibration causes
the homogenization of the solution. This device creates strong pres-
sure waves in a liquid environment; pressure waves cause flow in
the liquid and, under suitable conditions, cause the cavitation phe-
nomenon. When liquids are exposed to ultrasonic waves, materi-
als will diffuse due to high and low-pressure cycling. During low-
pressure cycles, small vacuum bubbles are created in the liquid. When
these bubbles reach a specific size, they strongly join at high pres-
sures. The created current will eventually lead to a strong collision
of the particles and aggregate them, releasing them. The explosion
of the bubbles will produce a shock wave with enough energy to
break the covalent bond. The shear force resulting from bubble
explosion and turbulent currents caused by acoustic vibration is
used for cell homogenization and destruction.
4. MMM Preparation Procedures

The solution-casting method was used to make the membrane.
Indeed, the suitable thickness in this experiment was considered to
be 100 um. For this purpose, the polymer and nanoparticle were
weighed by mixing different percentages of 5, 10, and 15wt% of
nanoparticles. To diffuse the nanoparticle through the solution and
have a homogeneous composite and pores with a homogeneous
gap, the beaker containing the nanoparticle and solvent was put in
the prob-sonicator for 20 min. The solution here was mixture of
various nanoparticles prepared based on the thickness size and
weight percentage. After using the prob-sonicator, if the solution is
still stable for more than 5 min, the solution is considered to be
dispersed. After the nanoparticle solution was added to the poly-
mer, the flask was put on the hot plate. The thermometer and the
pipe were connected to the flask, and the magnet was dropped
into the flask. To completely disperse the MIL-100 and the intended
polymer by rotating the magnet on the stirrer device, the stirring
was performed at 110 to 120 °C for 4 hours. After several trials, it
was determined that 240 min is long enough for complete dissolu-
tion and homogenization. A homogeneous solution was obtained
after 225 min. In the last 15 minutes, one drop of oil was added to
the solution to separate the membrane from the plate while it was
being stirred. One hour earlier, the glass plate was washed with dis-
tilled water. It was put in the oven at the temperature of 70 °C.

Note that homogeneous diffusion on the plate had the same tem-
perature when the membrane solution was poured on the plate.
Later on, the composite solution, which includes PEBAX (2533 or
1657) polymer, the MIL-100 nanoparticle, and Dimethylforma-
mide (DMF) solvent, was poured on the plate slowly, and a film
with a thickness of 100 pm was obtained. The prepared films were
exposed to the open air in clean conditions for one or two days to
allow the solvent to evaporate completely. In the next step, the mem-
brane was put in the oven for 3 hr at 70 °C before separating from
the plate to remove the remaining solvents within the polymer struc-
ture. Finally, the membranes were removed from the plates and
used for performance tests or characterizations immediately.
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RESULTS AND DISCUSSION

This section details the characterization of PEBAX2533/MIL-100
(Fe) and PEBAX 1657/MIL-100 (Fe). In consequence, the func-
tion of these two membranes in the separation process of CO,/
CH,, CO,/N,, and CO,/0O, is considered. The XRD and SEM tests
were applied to analyze the membrane body's structure and sur-
face morphology.

1. Characterization Results of Nanocomposite Membranes
1-1. XRD Test

To study the structural (crystalline-amorphous) evaluations,
some characteristic tests were done on obtained PEBAX2533 and
PEBAX1657/MIL-100 (Fe) nanocomposite membranes (Fig. 2).
As indicated in Fig. 2(a), the PEBAX1657/MIL-100 (Fe) mem-
branes reflected one high, broad peak and two high sharp peaks
in the 23.85 and 21.45° region between angles from 15 to 25°. The
wide peak reveals the amorphous structure of the PEO phase of
PEBAX 1657 polymer, which has been formed in this region. The
low-range long peaks are related to the crystalline phase of PA
polymer [6]. Moreover, the 5.56 and 11.05° peaks disclose the pres-
ence of MOF in the membrane structure. Their intensity is dimin-
ished because of diffusion in the polymer environment. As the
amount in the polymer structure is increased to 0.15%, a slightly
intensive peak has been shown [7,17]. Fig. 2(b) illustrates the results
of XRD for the PEBAX 2533/MIL-100 (Fe) for the nanocompos-
ite membrane. These membranes include an amorphous and crystal-
line phase in one wide peak (15 to 25°) and two high sharp peaks
(23.85 and 21.69°), respectively. Notably, the wide peak reveals the
amorphous structure of the PTMO phase of PEBAX2533 poly-
mer in this region. High sharp peaks are related to the crystalline
phase of PA polymer [7,17]. Similarly, the peaks 5.56 and 11.05°
indicate the presence of MOF in the membrane structure. Because
all the nanocomposite membranes made in this research were
synthesized by applying the DMF [7], the boiling point of this sol-
vent is high; it ends up producing membranes with mostly crystal-
line structures [8]. Thus, the presence of crystalline phases in
membrane structure could be predicted. Besides the crystalline
polymer structure, it is significant to remark on the situation of
crystalline peaks and determine the permeation properties in mem-
branes. According to the Bragg equation (n4=2dsiné), when the
amounts of 26 are decreased, the d-spacing increases. The d-spac-
ing is a criterion to measure the molecular spacing of inter-poly-
meric chain. As the d-spacing increases, there is more tendency to
transmit gas molecules [6,18]. The d-spacing for grade 2433 will
be more than 1657 due to different peaks of PEBAX. Note that the
fabrication of membranes using DMF as a solvent would lead to
the formation of a semi-crystalline structure since that can be related
to the higher boiling point (and consequently lower evaporation
rates) of DMF (153.2 °C) compared to that of the solvents such as
H,0+EtOH blend (75 °C) [18].

1-2. SEM Results

In addition, the SEM test was applied to examine the effect of
adding MIL-100 (Fe) to PEBAX2533 and PEBAX1657 on the nano-
composite membranes structure and surface. Fig. 3 shows the
results of this experiment. As observed, using PEBAX 2533 poly-
mer can produce more porous membranes, and the presentation
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Fig. 2. X-ray diffraction test results for (a) PEBAX1657/MIL-100 (Fe) and (b) PEBAX2533/MIL-100 (Fe) membranes with various loading

percentage.

makes this of TMO monomers [9]. Clearly, poly tetra methylene
is identified as a part of the PEBAX2533. Also, this factor makes
synthesized membranes have a more porous level, while poly ether
amide polymer, which is in the structure of PEBAX1657, is directed
into making bigger pores and a more porous structure [10]. This
is caused by more effortless movement and more flexibility of
PEBAX polymeric chains on the surface [11].

As pointed out, PEBAX is an elastomer thermoplastic, which is
a compound of linear chains of hard polyamide (PA) such as nylon-
6 (6PA-) and nylon-12 (12PA-). It is set beside the poly ether mono-
mers (PE) and provides flexibility and mechanical power in the final
polymer. In addition, poly tetra methyl oxide (PTMEO), which pres-
ents excellent properties for gas separation, has been added to the
structures of PEBAX2533. According to the results of SEM, it is
concluded that the presence of poly tetra methyl oxide (PTMEO)
increases the intervals of d, which enhances gaseous permeation.

Overall, it demonstrates that the synthesized membranes hold a
less dense and suitable structure. As indicated, the effect of adding
MIL-100 (Fe) to PEBAX1657 and 2533 polymers on the structure

of synthesized membranes has been shown. Observing the SEM
images can pave the way to realize that the MOF amount leads to
more roughness on the membrane surface. Finally, it improves the
absorption process and gas dissolution [14]. Furthermore, it is ob-
served that the lumping amount is increased as this substance is
enhanced. Eventually, it might bring about non-selective masses
on the surface and the membrane structure [11,35]. Several char-
acterization techniques can be considered in future works. For exam-
ple, time-of-flight secondary ion mass spectrometry (ToF-SIMS),
focused ion beam (FIB), and atomic force microscopy (AFM) can
lead to acceptable results.
2. Separation Performance of Nanocomposite Membranes
The gaseous separation efficiency of the PEBAX1657 and 2533
-based membranes was examined after adding MIL-100 (Fe) under
a pressure gradient of 3.5 bar at 25 °C. In this research, the perme-
ability of CO,, CH,, N,, and O, gases, as well as their correspond-
ing pair gas selectivity (CO,/CH,, CO,/N,, and CO,/O,), were
evaluated (Fig. 4). As displayed in Fig. 4(a), the CO, permeability
across the membranes synthesized based on PEBAX2533 are
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Fig. 3. SEM photographs of the surface and cross sections of the PEBAX1657/MIL-100 (Fe) and PEBAX2533/MIL-100 (Fe) nanocomposite
membranes in various loading percentage.

more than those synthesized with PEBAX1657. Such an increase polymeric tetramethylene oxide (PTMEO) segment, the flexible
is caused by the presence of poly tetra methyl oxide monomers polyether segment of PEBAX 2533, facilitates the transition of gas-
that form more porous and flexible membranes [36]. Thus, the eous molecules [36]. Moreover, since the CO, affinity to PTMEO
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Fig. 4. Comparison of the separation performance of PEBAX1657/MIL-100 (Fe) and PEBAX2533/MIL-100 (Fe) membranes due to increas-
ing MIL-100 (Fe) loading percentages; (a) CO, permeability and (b) gas pair selectivity of CO,/N, and CO,/O, at pressure of 3.5 bar.

is significantly higher than PE owing to the creation of hydrogen
bonds, such affinity is high in N,, methane, and oxygen. As indi-
cated in the XRD analysis, PEBAX 2533 is more amorphous than
PEBAX 1657, leading to an increase in the d-spacing and an enlarge-
ment in the membrane pores, allowing more gas molecules to pass
through the membrane. However, the solution-diffusion mecha-
nism is identified as the dominant mechanism explaining the gas
permeation through the dense membranes; notably, it is true for
methane gas as it is for CO, [15].

As shown in Fig. 5, PEBAX 2533-based membranes show less
selectivity than those made with PEBAX1657. It is indicated that
the permeation amount of CO, increased in both membranes
after MIL-100 (Fe) addition to the polymer matrix. This is related
to the free fraction volume (FFV) developed due to the formation
of pores around MOF-diffused nanoparticles [37]. Moreover, the
affinity to polar gases like CO, was increased in synthesized mem-

branes when MIL-100 (Fe) was added to PEBAX matrix because
of OH polar functional agents’ formation [38]. The FFV enhance-
ment and the increase of OH groups are responsible for the steady
permeation increase of CO, [1].

The SEM images show that the increase of MOF amount directs
into lumping more nanoparticles. At last, more non-selective sur-
faces and sections are made on the structure of the membranes.
As observed, this factor affects the total selectivity of the mem-
brane and its operation. Accordingly; a reduction in permeation of
CH,, N,, and O, molecules was witnessed owing to the higher
crystallinity of the PEBAX1657 polymer compared to PEBAX2533
as well as the formation of denser structures leading to a reduc-
tion in the permeation of the mentioned molecules [1,18,28]. For
this reason, better selectivity values in PEBAX1657/MIL-100 (Fe)
membranes were observed compared to PEBAX2533/MIL-100
(Fe). Fig. 5 reveals that the selectivity of the pair gas of CO,/N, is

Korean J. Chem. Eng.(Vol. 40, No. 9)
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greater than that of CO,/O, and CO,/CH,. Evidently; it is inferred
that the least amount of gaseous permeation is related to N, gas,
methane gas, and carbon dioxide, correspondingly.

As outlined, the solution-diffusion mechanism is the dominant
mechanism for passing gases through dense membranes such as
gaseous ones. Based on this theory, the gaseous molecules perme-
ate the membrane and pass through it because they tend to the

membrane surface (determining the dissolution coefficients) and
are condensed by the critical temperature [14]. Accordingly; the
molecular polar bond among the gases considerably influences the
surface dissolution stage. In fact, the carbon dioxide molecules will
have the highest condensation while in touch with the polymeric
structure of the membrane. As a result, it leads to more perme-
ation than other gases tested in this research [11].
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Fig. 6. Separation data of the PEBAX1657/MIL-100 (Fe)- 5% and PEBAX2533/MIL-100 (Fe)- 5% membranes compared to the 1991 and
2008 Robson diagrams for (a) CO,/CH, vs CO, permeability; (b) CO,/N, vs CO, permeability; and (c) O,/N, vs N, permeability.
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The permeability of PEBAX/MIL-100 (Fe) was improved con-
sidering the mixed effects of permeation-dissolution and the molecu-
lar screening mechanism. The outcomes cannot be explained only
by one of the mechanisms. However, the addition of MOF can
make a remarkable change in the permeation of carbon dioxide as
it is attributed to the ideal selectivity of CO,/N,, CO,/CH,, and
CO,/O, pair gases. Notably, carbon dioxide passes through MIL-
100 (Fe) pores, which can remarkably prevent the permeation of
bigger molecules in the MOF pores and the permeation of CO,
changes [39-41]. From another point of view, although methane
gas is a non-polar molecule, it has polar bonds tending these mol-
ecules to the fine PEBAX polymer segments resulting in higher
permeations compared to O, and N, [36]. The next influential fac-
tor is the gases’ kinetic diameter, which determines their amount and
permeation coefficient. Since the kinetic diameter of carbon diox-
ide (3.3 A) is less than methane (3.8 A), N, (3.64 A), and oxygen
(346 A), it will have a higher permeation coefficient. Likewise, O,
and N, molecules are non-polar with non-polar bonds.

Nonetheless, oxygen has a smaller kinetic diameter and reflects
more dissolution in the membrane by making hydrogen bonds with
OH groups in the membrane structure and MOF [8,39,42]. Fig.
5(c) illustrates the permeation results of different gases from the
PEBAX1657MIL-100 (Fe) and PEBAX2533/MIL-100 (Fe). As ob-
served, CO, has scored more permeability in all parentages. The
permeations are as below:

CO,>0,>CH,>N,

The rubber nature of PEBAX makes the more polar nature of
CO, more permeable than other gases. On the other hand, the
kinetic diameter of CO, is smaller than O,, N,, and CH,. It may
be directed into more permeation of this gas in comparison with
other gases [6,39]. Moreover, the weak solubility of N, may be caused
by the low permeability of the more kinetic diameter. Finally, it
leads to less permeation. The permeation-dissolution mechanism
has been widely accepted in order to explain the permeation of
gases through the polymeric membrane. It is noteworthy that the
principle of this mechanism is based on the gas transition through
MIL-100 (Fe) caused by the simultaneous impact of the factors of
MOF percentage compound, the size, and structure of pores.
MIL-100 has suitable molecular screening effects for the sake of
engineered crystalline structures and the size of pores. In fact, the
permeability of gases is enhanced by adding MIL-100 (Fe) to the
structure of both PEBAX grades [43,44].

Fig. 6 discloses the effect of adding different percentages of MOF
to the PEBAX structure on the separation operation of the synthe-
sized membranes at a pressure of 5.5 bar. Fig. 6(a) indicates that
the permeation of carbon dioxide has been increased for both mem-
branes with the PEBAX base as the MOF amount enhanced at the
pressure of 5.5 bar. Besides, it is observed that the trend of changes
at the pressure of 5.45 bar is similar to the tests done at the pres-
sure of 3.5bar. However, both permeability and selectivity have
been enhanced to higher amounts. So, as the pressure is increased
from 3.5 to 5.5 bar, the PEBAX1657/MIL-100 (Fe) membrane has
reflected better operation than PEBAX2533/MIL-100 (Fe) in the
separation of the tested gases. This phenomenon is caused by higher
FFV of PEBAX2533/MIL-100 (Fe) membranes which are dense by
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pressure increase. As a result, the gas permeation coefficient is reduced
in polymer due to the (D=Aexp(—yv*/FFV) Cohen-Turnbull)).

It is observed that the highest separation amount and ideal selec-
tivity were observed in membranes with a loading percentage of 5
MOE This phenomenon is brought about by MIL-100 (Fe) lump-
ing in the mixed matrix membrane [39].

3. Comparison of the Permeability and Selectivity Results of
Prepared MMM

The graphs of 1991 [38] and 2008 [45] were used to scrutinize
the separation operation of the synthesized membranes with other
mixed matrix membranes and nanocomposite. These graphs have
been achieved based on the selectivity and permeability data of a
certain number of gases in previous studies designed by Robeson.
Much research on gaseous membrane separation has considered
these graphs an operational criterion. In fact, if the operation of a
membrane touches the graph or passes through it, its operation is
acceptable [7,39]. The graphs of Fig. 6 indicate that the PEBAX1657/
MIL-100 (Fe) membrane operation on the Robeson graph of 1991
is associated with CO,/CH, separation, and PEBAX2533/MIL-100
(Fe) has touched it. The function of the synthesized membranes is
lower than the Robeson graphs of 1991 and 2008 in separating the
CO,/N, and O,/N, pair gases. The PEBAX1657/MIL-100 (Fe) mem-
brane has a relatively suitable operation to separate methane and
carbon dioxide gases. The gradual increase of permeation by pres-
sure enhancement is attributed to increasing the absorption of
CO; in the polymeric membrane [44].

According to the given explanations, the performance of CO,
can be improved by tuning the pressure based on the hydrogen
bonds among oxygen atoms existing in CO, and Amide operational
groups in PEBAX. In fact, the permeation of CO, in PEBAX2533-
MIL-100 (Fe) is improved more than in PEBAX1657-MIL-100 (Fe)
(Fig. 6(c)). Additionally, more carbon dioxide permeation might
be related to enhancing the permeability of CO, in the mixed matrix
membranes compared with other gases. The main reason is that
since OH bonds are in the MIL-100 (Fe) structure, CO, tends to
pass through the MOF pores more than other gases. In order to
highlight the superiority of the proposed method over the previ-
ous ones, Table 3 compares the performances of the Pebax 2533
MIL-100 (Fe) membranes fabricated in the current study with some
related works. Due to the results, the MIL-100 (Fe) incorporated
samples of the current study provided an acceptable separation
performance.

4. Economical Justifications

In terms of economy, one of the basic processes in many chem-
ical engineering operations is gas separation. With the industry’s
demand to lower energy requirements and operating costs and the
need to increase separation efficiency, many studies have been con-
ducted to improve the process. In the last two decades, gas separa-
tion using polymer membranes has drawn much attention for its
advantages, such as low energy cost and selectivity capabilities. One
of the materials successfully used in gas separation is poly (ether
block amide) copolymers, often referred to as Pebax. With its high
selectivity for polar/non-polar systems (e.g., CO,/H,, H,S/CH,, or
CO,/N,) and permeability behavior similar to a rubbery polymer,
Pebax is an interesting choice as a membrane material in many
membrane separation applications.
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Table 3. Comparison of different MOF-based membranes performance
Condition Performance Reference
Filler Pair o

Base polymer ~ MOF type loading ses Pressure  Temperature . Ideal C g

(%) ga (bar) ¢0) permeation selectivity urrent study

(Barrer)
Pebax2533 MIL-100 (Fe) 5 CO,-N, 55 20 137.7 23.8 Current study
Pebax2533 MIL-100 (Fe) 5 CO,-0, 55 20 137.7 12.2 Current study
Pebax2533 MIL-100 (Fe) 5 CO,-CH, 55 20 137.7 123 Current study
Pebax1657 MIL-100 (Fe) 10 CO,-N, 55 20 83.9 32.1 Current study
Pebax1657 MIL-100 (Fe) 10 CO,-0, 5.5 20 83.9 19.1 Current study
Pebax1657 MIL-100 (Fe) 10 CO,-CH, 5.5 20 83.9 28.6 Current study
Pebax1657 UiO-66-NH, 10 CO,-0, 3 20 97.5 18.1 [46]
Pebax1657 UiO-66-NH, 10 CO,-N, 3 20 118.3 56.6 [46]
Pebax1657 UiO-66 10 CO,-0, 3 20 97.5 18.1 [46]
Pebax1657 UiO-66-NH, 10 CO,-0, 3 20 118.3 19.2 [46]
Pebax1657 ZIF-8 16 CO,-CH, 8 60 758 16.10 [41]
UiO-66
Pebax1657 (non-honeycomb 10 CO,-N, 3 25 130 72 [47]
structured)
Pebax1657 CuBTC 20 CO,-CH, 3 30 56.20 234 [48]
Pebax2533 ZIF-11 70 CO,-CH, 2 20 402.89 12.49 [49]
Polysulfone ZIF-8 16 CO,-CH, 8 60 12.1 19.80 [50]
Polysulfone Mn(HCOO), 10 CO,-CH, 10 60 6.83 9.16 [51]
Polysulfone Cuy(BTC), 10 CO,-CH, 10 60 304.4 3.60 [51]
Polysulfone MIL-101 19 CO,-CH, 10 20 32.0 23.50 [52]
Pebax1657 MIL-53(Al) 10 CO,-CH, 35 10 129 233 [53]
Pebax1657 NH2-MIL-53(Al) 10 CO,-CH, 35 10 149 205 [53]
Pebax®1657  NH2-MIL-53(Al) 10 CO,H, 35 10 149 10.6 [53]
CONCLUSIONS gases. At the same time, the enhancement of this substance decreased

Both types of membranes based on PEBAX with different grades
and loading percentages of MOF were dissected and observed with
the contribution of the XRD experiment of the amorphous (poly-
amide) and crystalline phases (poly ether oxide and poly tetra eth-
ylene oxide). Moreover, two sharp peaks at 5.56 and 11.05° proved
the presence of MOE According to the SEM results, it was observed
that membranes synthesized based on the PEBAX2533 held a more
porous structure in comparison with the ones synthesized based
on PEBAX1657. Adding MIL-100 (Fe) to PEBAX creates more
roughness on the membrane surface. Additionally, as this MOF
was increased, the lumping amount was enhanced. Eventually, it
brings about non-selective masses on the surface and membrane
structure. The outcomes of permeability and selectivity experiments
demonstrated that carbon dioxide has the highest permeability,
whereas N, gas revealed the least permeability through the synthe-
sized membranes for the sake of more chemical tendency to the
membrane surface and the small kinetic diameter. The permeabil-
ity of methane gas was more than oxygen gas. Moreover, the syn-
thesized membranes based on PEBAX2533 revealed more per-
meability, whereas membranes containing PEBAX1657 reflected
better selectivity. Adding MIL-100 (Fe) to the membrane structure
caused to improve the separation and permeation of all the intended

the selectivity of the paired gases despite the permeability increase.
This is concluded by lumping MOFs on the surface and the struc-
ture of the synthesized membranes. As the operating pressure was
increased to 5.5 bar, improvement of the separation operation was
observed in all data. The results compared with Robeson diagrams
indicated that PEBAX1657/MIL-100 (Fe) and PEBAX2533/MIL-
100 (Fe) membranes contain 5wt% of MOF; it has a convenient
operation in separating methane gas from carbon dioxide for the
sake of the Robeson graph of 1991. However, as mentioned, their
operation needs more modifications to separate other gases.
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