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A simple yet effective strategy was developed to prepare a metal-organic framework- (MOF-) based asymmetric membrane by
depositing the Zeolitic imidazolate framework-8 (Zif-8) layer on the aminosilane-functionalized surface of a polymer inclusion
membrane via an in situ growth process. During the extraction of the ligand molecules from the source to stripping
compartment, metal ions react with ligand, and layers of Zif-8 were gradually grown onto aminosilane-modified polymer
inclusion membrane (PIM). The properties of the surface-grown Zif-8 nanocrystalline layer were well characterized by powder
X-ray diffraction, adsorption-desorption analysis, and scanning electron microscopy. The potential use of these Zif-8-supported
PIM membranes for the separation of gases N2, CH4, and CO2 was evaluated at two temperatures (25 and 50°C) and pressures
(1, 3, and 5 bar), by comparing the permeability and selectivity behavior of these membranes with neat PIM. The gas
permeability of both pure PIM (PCO2 = 799:2 barrer) and PIM-co-MOF (PCO2 = 675:8 barrer) increases with the temperature for
all three gases, and the permeation rate order was CO2 > CH4 > N2. The results showed that the presence of a layer of Zif-8 on
the surface of the polymer inclusion membranes can get a slightly reduced permeability (~21%) but an enhanced selectivity of
up to ~70% for CO2/CH4 and ~34% for CO2/N2. In the case of both membrane types, the ideal permselectivity decreases with
the temperature, but this decrease was slightly more pronounced for the case of PIM-co-MOF. To understand more details
about the electronic structure and optical and adsorption properties of Zif-8 and M+Zif-8 (M =N2, CH4, andCO2) compounds,
the periodic plane-wave density functional theory (DFT) calculations were used. The electronic band structures and density of
states for pure Zif-8 showed that this compound is metallic. Also, using DFT, the formation energy of M+Zif-8 compounds was
calculated, and we showed that the CO2+Zif-8 composition is more stable than other compounds. This result suggests that the
tendency of the Zif-8 compound to absorb the CO2 molecule is higher than that of other molecules. Confirming these results,
DFT optical calculations showed that the affinity of the CO2+Zif-8 composition to absorb infrared light was greater than that of
the other compounds.

1. Introduction

Membrane technology has been widely applied across vari-
ous industries, such as medication (blood fractionation),
purification and desalination of water, and gas and mixture
separation [1–7]. Membrane gas separation has the potential
for applications such as oxygen enrichment, nitrogen gener-
ation, hydrogen recovery, and carbon dioxide removal [7, 8].
However, the growth of the gas separation membranes mar-
ket in recent years is attributed to the increasing demand for

carbon dioxide removal applications [8–11]. The develop-
ment of a potential polymer is key to any further research
in the gas separation membrane [7]. Over the past few
decades, many polymers have been studied for gas mem-
brane applications, but only relatively few polymers have
been established as common gas separation membranes
[7, 9, 12]. Polymers for gas separation processes have to
meet several requirements simultaneously, such as rapid
mass transfer rate and high selectivity towards a specific
gas, the ability to easily form desired membrane

Hindawi
International Journal of Polymer Science
Volume 2020, Article ID 1018347, 12 pages
https://doi.org/10.1155/2020/1018347

https://orcid.org/0000-0002-2390-9255
https://orcid.org/0000-0003-3378-7826
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/1018347


configurations, and resistance to swelling induced plastici-
zation. The aim of the development of new material is to
combine high permeability with high permselectivity [8–
11, 13]. Polymer inclusion membranes (PIMs) and metal-
organic frameworks (MOFs) have been investigated for
membrane applications which are of potential interest in
gas recycling and recovery applications [13, 14]. MOFs
have been introduced as novel fillers for incorporation in
many different polymer matrices to form composite or
mixed-matrix membranes (MMMs) for achieving good per-
meability and high selectivity [10, 15]. Rodenas et al. [16]
studied the NH2-MIL-53(Al)-filled polyimide-based
MMMs and reported that the stability, selectivity, and per-
meability for CO2/CH4 separation are more enhanced com-
pared with unfilled membranes. In principle, highly
permeable MOFs have drawbacks in terms of brittleness
and lack of flexibility, hindering their fabrication into con-
tinuous sheets and thus limiting their usage for further
practical application. The drawbacks can be overcame by
incorporating them into the polymer matrix. However,
most of the polymers are incompatible with the MOF par-
ticles and are difficult to achieve uniform dispersion of the
MOF in the MMMs [4, 10, 15–18]. The lack of strong
interface between the MOF and polymer can cause the for-
mation of agglomeration of the particles and nonselective
interfacial voids. On the other side, high filler loadings
can result in a brittle and rigid behavior of MMMs and a
reduction of mechanical properties. Besides these issues,
the polymer chains can penetrate the pores of MOF fillers,
partially blocking the pore entrance and thus reducing gas
permeability of the membranes [15, 17, 19].

Polymer inclusion membranes (PIMs), a dense carrier-
mediated transport membrane, are widely used for selectively
recovering a target solute from a complex mixture. They are a
type of self-supported liquid membranes in which extraction
and stripping can be carried out in one operation with high
selectivity for ion transport [3, 4]. These membranes are easy
to fabricate and have outstanding mechanical properties.
PIMs consist of a polymer, a plasticizer, and a carrier mole-
cule facilitating the transport of both organic and inorganic
species. The polymer support provides mechanical strength,
the plasticizer improves flexibility, and the liquid phase facil-
itates the mobility of the carrier molecule. The carrier mole-
cule acts as a guest-specific host, which can bound to target
species by noncovalent intermolecular interactions, such as
van der Waals, hydrophobic, or hydrogen bonds, thereby
providing selective membrane permeability for target species
[3]. Kebiche-Senhadji et al. [15] studied the pure gas
permeation behavior of a CTA-based PIM containing an
acidic carrier and found that gas permeation and CO2/H2
permselectivity increases during the incorporation of the
plasticizer and acidic carrier into the CTA.

This paper proposes a new approach for developing an
asymmetric composite membrane, by growing Zeolitic imi-
dazolate framework (Zif-8) particles on the surface of a novel
polymer inclusion membranes, which were shown in a previ-
ous work to be efficient in facilitating transport of calcium
cations [4]. For enhancing the adhesion between PIM sup-
port and Zif-8 particles, the surface modification of the solid

substrate was performed through the reaction between an
aminosilane compound and free hydroxyl groups on the
polymer backbone [4]. A comparative study of gas transport
through two types of membranes (pure PIM and Zif-8-
coated PIM (coded as PIM-co-MOF)) was performed to eval-
uate more precisely the effect of the deposited Zif-8 crystal
layer on membrane performance. The electronic band struc-
tures and density of states for the Zif-8 layer were also calcu-
lated using first-principles based on the density functional
theory (DFT). Also, the optical and adsorption properties
of Zif-8 and M+Zif-8 (M = N2, CH4, andCO2) were calcu-
lated with DFT, and their results are in agreement with the
experimental data. The observations showed that the new
class of the PIM-co-MOF membrane is more flexible com-
pared to high-MOF-content MMMs. Although there are
many different in situ synthesis techniques to directly grow/-
deposit the different types of MOF of solid surfaces [20–24],
to our knowledge, there is no work reported in the literature
concerning the usage of PIMs as support for in situ synthesis
of MOFs on the membrane surfaces, and there are only very
few studies that utilized PIMs for in situ synthesis of metal
nanoparticles applications [25]. The growth of Zif-8 nano-
particles onto polymer inclusion membranes has the poten-
tial to convert them to the high-quality membrane for
different applications. The prepared PIM-co-MOF was stud-
ied utilizing X-ray diffraction (XRD), Fourier transforms
infrared spectroscopy (FTIR), scanning electron microscopy
(SEM), and Brunauer–Emmett–Teller (BET) surface area. It
will be expected that the proposed method can be considered
as an alternative technique for MOF and novel hybrid MOF-
coated membranes fabrication with additional selectivity
through which the application of MOFs could be extended
in the area such as filtration, sensors, and even ion and gas
separation.

2. Experimental

2.1. Material. Cellulose acetate (CA, degree of acetylation:
2.87 and molecular weight: ~78,000 g/mole), isophorone dii-
socyanate, Benzo18Crown6, and ionic liquid, 1-butyl-3-
methyl-imidazolium chloride ([BMIM] [Cl]), were bought
from Sigma-Aldrich. Castor oil, (iodine value 90, viscosity
of 950-1050mPa·s at 20°C) was purchased from M/s SD
Fine-Chem Limited, Mumbai, India. N,N-Dimethylaceta-
mide (DMAC), zinc nitrate hexahydrate, and 2-methyl imid-
azole were provided by the Merck company. All chemicals
were used as received.

2.2. Characterization. Nitrogen adsorption-desorption iso-
therms were obtained using a Micromeritics ASAP-2020
instrument at 77K to measure pore textural properties of
the synthesized Zi-8 samples. The X-ray diffraction (XRD)
measurements were obtained using a STOE STADI MP
(Germany) diffractometer (40 kV, 30mA) with CuKa
(λ = 1:54184Å) source radiation at room temperature. The
scanning rate was 2°/min in the range of 5° to 70° and a count
time of 0.1 s/step. Fourier transform infrared (FTIR) spectra
were recorded using a Bruker Vector 22, a German spectro-
photometer equipped with a KBr beam splitter, with a
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wavenumber range of 4000 to 500 cm−1 at a resolution of 6 or
4 cm−1. Scanning electron microscopy (ZEISS EVO18) was
used to study the quality and morphology of produced PIM
and PIM-co-Zif-8. The samples were frozen in liquid nitrogen
and then were mechanically broken into pieces. Then, the
fractured samples were coated with a thin layer of gold using
a gold sputterer (model SCD005, Bal-Tec, Hannover, Ger-
many) in a vacuum, and then micrographs were prepared.

2.3. Preparation and Modification of PIM. In the present
work, we modified the novel PIM, which was fabricated
and characterized in the previous work in detail [4]. In brief,
the PIM membrane was prepared by casting the solution of
GPO which in turn synthesized by a reaction between epox-
idized castor oil and cellulose acetate, thereafter, cross-linked
by isophorone diisocyanate, crown ether, and ionic liquid in
dimethylacetamide (DMAc) on an immaculate glass using a
knife (Doctor Blade). The prepared dry PIM was configured
into a two-compartment glass cell for the feed and stripping
phases with 200 cm3 volume each. A 5 cm diameter PIM was
sandwiched between the circular openings of the two com-
partments. 3-Aminopropyl trimethoxysilane was dissolved
in the feed chamber at a concentration of 5°wt%, and pH
was adjusted to 4.5 by adding some 0:1M hydrochloric acid
solution. The stripping aqueous phase consisted of distilled
deionized water. The cells were gently stirred for 24°h at
25°C (50°rpm). Finally, the membranes were washed three
times with water.

2.4. ZIF-8 Deposition on PIM Surface. In this work, an in
situ PIM-assisted growth method has been developed for
the synthesis of metal-organic frameworks (MOFs) Zif-8
on the amino-functionalized membrane surface. In this
procedure, the amino-functionalized PIM clamped
between the two compartments of the above-described dif-
fusion cell. The feed phase was homogenized by stirring at
a speed of 500 rpm with a magnetic bar. The feed com-
partment was filled with an aqueous solution containing
the 5mg of zinc nitrate hexahydrate, and the receiving
compartment was filled with an aqueous solution contain-
ing 20mg of 2-methylimidazole. The extraction of Zn(II)
into the PIM was carried out for a predetermined period
of time at 25°C. This PIM-supported Zif-8 membrane is
called PIM-co-MOF from here on.

2.5. Measurement of Gas Permeability. The gas permeation
properties of both membranes of neat PIM and PIM-co-
MOF were measured in a constant volume/variable pressure
gas permeability apparatus (Figure 1) at controlled tempera-
ture and pressure. Single gas permeability values of N2, CO2,
and CH4 at 298K and 323 K and pressures of 1, 3, and 5°bar
were obtained.

The gas permeability was calculated using the following
equation [9]:

P = 273:15 × 1010
760AT × 14:7VL

P0 × 76 × dp
dt

, ð1Þ

where P is the gas permeability (barrer), V is the downstream
volume (cm3), L is the membrane thickness (cm), A is the
effective area of the membrane (cm2), T is the operating tem-
perature (K), Po is the feed gas pressure (psi), and dp/dt is the
steady rate of pressure increase in the downstream side
(cmHg/sec). The ideal permselectivity between two different
gases is defined as the ratio of the single gas permeabilities
and determined as [26]:

α = PA
PB

: ð2Þ

3. Computational Methods and Model Systems

In this paper, the calculations were performed using the den-
sity functional theory and Quantum ESPRESSO package
[27]. The exchange-correlation term was considered within
the generalized gradient (GGA) approximation presented
by Perdew–Burke–Ernzerhof (PBE) [28]. The energy cut-off
for the extension of the wave-functions was selected as
408 eV. The Brillouin zone integration was executed over
a Monkhorst–Pack 4 × 4 × 4 meshes [29]. The lattice con-
stant of the Zif-8 material was optimized until the total
energy converged to at least 10−3 eV. In the theoretical cal-
culations, the unit cells of Zif-8 with cubic structure and
space group (I − 43m) are shown in Figure 2.

In this figure, each central zinc (Zn) element is coordi-
nated by four 2-methylimidazolate ligands with one of its
two N atoms. To simulate the Zif-8 compound, we used a
unit cell with 156 atoms and Zn12N48C48H48 formula. The

PT

PI

PI

Gas

V3

V2

V1

Membrane

Figure 1: Schematic of the experimental setup for gas separation test.
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atomic positions of Zn in this structure are presented in
Table 1.

Also, the optimized structure parameters of Zif-8 com-
pounds are shown in Table 2.

4. Theory Results and Discussion

4.1. Electronic Band Structure and Density of States. The elec-
tronic band structure and partial density of states (PDOS) of
Zif-8 compounds are shown in Figures 3(b) and 3(c),
respectively.

Figure 3(a) also shows the band structure in the range
of -0.6 to 0:4 eV for more clarity. To help readability, we
used a color legend for the DOS. We drew in black, green,
blue, and red colors the total, p, d, and s DOS, respec-
tively. To specify the metallic systems, the Fermi energy
(EF) was taken here as the highest occupied energy level
of the system. The symmetry points, while in the cubic

Brillouin zone (BZ) in which Zif-8 compound crystallizes,
are plotted in Figure 4. Coordinates of the k points within
a cubic BZ framework are following: Γ (0 0 0), X (0.5 0 0), M
(0.5 0.5 0), and R (0.5 0.5 0.5) [30].

The set of atomic electron configurations included in the
present band structure computation process of Zif-8 is listed
in Table 3.

According to Figures 3(a) and 3(b), the band structure
crosses the Fermi level (EF) at various symmetry directions,
suggesting a metallic-like character of Zif-8 compounds.
The electronic bands are mostly found in the energy range
of -1.3 to -3 eV, due to the dispersive nature of p orbitals of
Zn and N atoms. Low allowed energy states in the valence
region of Figure 3(c) are mainly originated due to s orbitals
with a small contribution. Due to the type of occupation of
atomic orbitals by electrons, the highest density of states is
related to the p orbitals of the Zn, N, and C atoms. When
the semi-core electrons are omitted, the d bands are shifted
up while the sp bands are shifted down in a nonhomoge-
neous way. This leads to a reduction of the d-sp interband
gap in the range of -1 to 0.5, -4 to -3, and -5.4 to −4:7 eV
[31]. This result is quite clear in Figure 3(b).

4.2. Adsorption Properties. The formation energy or enthalpy
of formation shows the thermodynamic stability of the mate-
rials [32]. Under ideal conditions (zero Kelvin temperature

c

ba

C

N

H

Zn-polyhedral

Figure 2: Top views of the atomic structure of the Zif-8 compound. The green, blue, pink, and black spheres represent C, N, H, and Zn atoms,
respectively.

Table 1: Atomic positon of Zn in Zif-8 compounds.

Atoms X (Å) Y (Å) Z (Å)

Zn1 12.74 0 8.49

Zn2 8.49 4.24 0

Zn3 8.49 12.74 0

Zn4 4.24 0 8.49

Zn5 0 8.49 4.24

Zn6 0 12.74 8.49

Zn7 12.74 8.49 0

Zn8 0 4.24 8.49

Zn9 4.24 8.49 0

Zn10 0 8.49 12.74

Zn11 8.49 0 4.24

Zn12 8.49 0 12.74

Table 2: Calculated bond lengths, bond angle, and lattice constants
of Zif-8.

ZN-N (Å) 1.99 N-Zn-N (°) 109.44

N-C (Å) 1.37 Zn-N-C (°) 126.52

C-C (Å) 1.32 N-C-H (°) 125.56

C-H (Å) 0.93 H-C-C (°) 125.55

a = b = c (Å) 16.99 α = β = γ (°) 90
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and zero pressure) for the first time, we calculated the forma-
tion energy of M+Zif-8 (M = N2, CH4, andCO2) com-
pounds. The locations of dope M molecules to calculate the
formation energy of M+Zif-8 are shown in Figure 5 (near
the red Zn polyhedral).

For each case in the unit cell, four M molecules were
used. In the experimental section, the adsorption ofM mole-
cules by Zif-8 is investigated, and there we showed that the
adsorption of M molecules is done by zinc elements, so they
are located near the Zn atoms in the simulation part. The for-
mation energy (EF) of compounds is calculated as

EF =
E xM + Zif8ð Þ‐E Zif8ð Þ‐xE Mð Þ

x
, ð3Þ

where x is the number of doped atoms
(M = N2, CH4, andCO2), EðxM + Zif − 8Þ, EðZif − 8Þ, and

EðMÞ the total energy of M+Zif-8, Zif-8, and M molecules,
respectively. This energy reflects the stability of the com-
pounds. The total and formation energies of compounds
are shown in Table 4.

According to this table, on comparing the formation
energies between compounds, the minimum formation
energy was evaluated to be −14:6 eV in the Zif-8+CO2
case. This indicates that the tendency of the Zif-8 com-
pound to adsorption of CO2 molecules is greater than in
other cases.

4.3. Optical Properties. In this work, we used generalized gra-
dient approximation (GGA) in the framework of DFT to cal-
culate the optical properties of Zif-8 and M+Zif-8
compounds. These properties include real and imaginary
parts of the dielectric function, extinction parameter, and
adsorption coefficient. The optical properties are related to
the frequency-dependent complex dielectric function εðωÞ
by the following relation [33]:

ε ωð Þ = ε1 ωð Þ + iε2 ωð Þ, ð4Þ

where ε1ðωÞ and ε2ðωÞ are the real and imaginary parts of
dielectric function, respectively. The real part is related to
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Figure 3: The calculated electronic band structure and density of states (DOS) of Zif-8 compounds.
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Figure 4: The high symmetry k-path in the cubic first Brillouin
zone.

Table 3: Atomic orbitals as employed in the present band structure
computation of Zif-8.

Element Core electrons Semi-core electrons Valence electrons

Zn 1s22s22p6 3s23p6 4s23d10

N 1s2 2s2 2p3

C 1s2 2s2 2p2

H — — 1s1
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the electronic polarizability of the compounds, and the imag-
inary part is related to the electronic absorption of the com-
pounds. The imaginary part of dielectric function can be
defined as [34]:

ε2 ωð Þ = 2πe2
Ωε0

〠
k,ν,c

Ψc
k u:rj jΨv

kh ij j2δ Ec
k − Eν

k − Eð Þ ð5Þ

where Ω is the volume of the unit cell, e indicates electronic
charge, ε0 signifies permittivity of free space, u defines the
polarization of the incident electric field, r and k are the vec-
tors in the real and reciprocal lattice, respectively, andΨv

k and
Ψc

k are the valence band and conduction band wave-
functions at k point corresponding to energies Ev

k and Ec
k,

respectively. The ε1ðωÞ and ε2ðωÞ parameters are related to
each other using the famous Kramer-Kronig transformations
[35–37]. These relations are used to obtain the real part of
dielectric function from the imaginary part. From ε1ðωÞ
and ε2ðωÞ, the other optical constants such as the extinction
coefficient kðωÞ and adsorption coefficient AðωÞ can be
determined as follows [33]:

k ωð Þ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1/2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ε1 ωð Þ2 + ε2 ωð Þ2� �

q

− ε1 ωð Þ
� �

s

, ð6Þ

A ωð Þ = 2k ωð ÞE
ℏc

: ð7Þ

The calculated optical parameters were evaluated in the
energy range of 0 to 5 eV (infrared–visible-ultraviolet
ranges). The schematic plots of ε1ðωÞ and ε2ðωÞ of Zif-8
and M+Zif-8 compounds are shown in Figure 6.

The real part ε1ðωÞ of the dielectric function shows the
lowest peak intensity at 0.44, 0.41, 0.45, and 0:67 eV for Zif-
8+CH4, Zif+CO2, Zif-8, and Zif-8+N2, respectively. The
imaginary part ε2ðωÞ shows the energy peaks at about 0:13
eV for the Zif-8+CO2 and Zif-8+N2 and 0:14 eV for the Zif-
8 and Zif-8+CH4 compounds. These peaks belong to the
electronic transition from Zn 3d to N and C 2p states at the

conduction and valence band. The adsorption coefficient
AðωÞ of compounds is presented in Figure 7.

This parameter occurs in the infrared light region at an
adsorption edge from 0 to 1:5 eV. The prominent peaks
intensity for adsorption values of Zif-8+CO2, Zif+N2, Zif-8
+CH4, and Zif-8 compounds are 18:43 × 104, 14:77 × 104,
13:55 × 104, and 13:30 × 104 cm−1 corresponding to the
energy peak at 0.79, 0.61, 0.57, and 0:70 eV, respectively.
Therefore, Zif-8+CO2 is chosen for optical infrared applica-
tions due to its higher adsorption coefficient [38–40].

5. Experimental Results and Discussion

5.1. Analysis of PIM-co-MOF. Since the GPO molecules, in
which the membrane is made from, has hydroxyl groups on
its branches, the membrane surface is full of hydroxyl func-
tional groups that can be used for subsequent reactions.
The hydroxyl groups on the membrane surface can react with
APTS molecules through a very slow alcohol exchange/hy-
drolysis reaction. Therefore, the side of the membrane that
is exposed to the APTS solution will be functionalized with
aminosilane groups. This fact can also be confirmed by com-
paring their FTIR spectra of the aminosilane-functionalized
PIM with the spectra in bare PIM as shown in Figure 8.

The samples were used for the FTIR tests and the charac-
teristic spectra were scanned in the wavenumber range of
4000 to 500 cm−1 using KBr pellets. It could be observed that,
compared with the unmodified membrane, the aminosilane-
coated PIM possess adsorption band in 1091:5 cm−1 due to
the stretching vibration of the C-N bond, band in 1051:0 c
m−1 due to the stretching vibration of Si-O bond, band in
885:2 cm−1 due to the bending vibration of NH group, and
band near 3400 cm−1 due to the NH2 group. All of these
reveal that the PIM was functionalized successfully with ami-
nosilane molecules; thus, this approach can be considered as
an alternative route for the aminosilane functionalization of
membranes.

The next step for the experiment will be to grow Zif-8
particles on the modified surface of the membrane where
the membranes were clamped between the receiving (methyl
imidazole) and feed solution (zinc nitrate) compartments.
Because of the presence of crown ether in the membrane
and hydrophobic characteristic of the membrane, methyl
imidazole molecules pass through much more rapidly than
Zinc(II) ions. Imidazole molecules can gradually move from
one side of the membrane to the other and react with

a b

c

(a)

c

ba

(b) (c)

Figure 5: The location ofMmolecules in the Zif-8 compound. (a) Top view of unit cell. (b) Crystal shape view of unit cell. (c) Crystal shape of
2 × 2 × 2 super cell.

Table 4: Total and formation energies of M+Zif-8 compounds.

Materials Zif-8-N2 Zif-8-CH4 Zif-8-CO2

Total energy (eV) -41862.60 -40571.92 -43793.53

Formation energy (eV) -12.39 -9.05 -14.60
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preformed zinc clusters on the membrane surface. Therefore,
MOF particles are formed on the side contacted with zinc
nitrate solution. The crystal morphology of Zif-8 grown on
the PIM is shown by virtue of FESEM. Figure 9 shows the
SEM images of the PIM surface before and after MOF depo-
sition. Under this circumstance, the whole surface of PIM
was covered with continuous rod-like crystals of Zif-8 after
1°h.

The aminosilane-functionalized PIM shares the amine
functionality of the PIM building block as anchoring in Zif-
8 and allows the MOF clusters to grow.

For deeply understanding the role of aminosilane, a
control experiment was performed with a PIM with the
same composition and without any aminosilane functiona-
lization. Under this circumstance, Zif-8 crystals grew in a
discrete stratum upon membrane and removed after being
washed several times with methanol/water (the images are
not shown here). Moreover, the weight percentage of Zif-8
adhered to the surface of the aminosilane-modified PIM
was much higher (23wt%) compared to that for bare
PIM (only 4:3wt%). It implies the presence of the
hydroxyl pendant group upon GPO chains can also share
the MOF crystal formation but NH2 groups facilitate effi-
cient nucleation and could better contribute to Zif-8 crys-
tal formation than OH groups.

Figure 10 exhibits the cross-sectional SEM images of the
membranes, PIM and PIM-co-MOF.
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The cross-section of the PIM-co-MOF membrane indi-
cates that the Zif-8 thin films are composed of 1 μm thickness
layer of closely intergrown nano-sized crystals that tightly
adhere to the surface of the PIM support (Figure 10).

There is no gap between the Zif-8 nanoparticles layer and
PIM support, once again indicating good interface adhesion

between the PIM support and Zif-8 particles. The X-ray dif-
fraction pattern of the PIM-co-MOF membrane is also
shown in Figure 11.

The peak at 8:84°, characteristic of the simulated Zif-8, is
clearly visible in the XRD pattern, confirming the presence of
Zif-8 on the PIM. Nitrogen adsorption-desorption analysis

(a) (b)

Figure 9: SEM images of the PIM surfaces of before (a) and after (b) Zif-8 deposition.

(a) (b)

Figure 10: Cross-section of the membranes: (a) neat PIM and (b) PIM-co-MOF.
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Figure 11: XRD spectra of Zif-8 deposited on the PIM surface.
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and pore size distribution were carried out to evaluate the
pore sizes and surface area properties of PIM-supported
Zif-8 nanoparticles as shown in Figure 12.

The nitrogen adsorption-desorption isotherms display
typical reversible type I isotherms with very little hystere-
sis. The rapid increase in the adsorbed N2 at low pressures
suggests the presence of a microporous structure. Further-
more, the hysteresis loop at high-pressure ratios indicates
the existence of interparticle mesoporosity and macropor-
osity between Zif-8 particles. The specific surface area
and the pore volume of the prepared PIM-supported Zif-
8 were 1114:5m2 g−1 and 0:83 cm3 g−1. The pore size dis-
tribution (PSD) curve shows that the samples exhibit a
dominant pore diameter of approximately 1:01 nm. These
results are mainly in agreement with data in the literature,
and some differences are mainly due to the different syn-
thesis conditions.

5.2. Gas Transport Characteristics of the Membranes. The
pure gas permeability and ideal selectivity measurements of
PIM-co-MOF and neat PIM are represented for two temper-
atures (25 and 50°C) in Figure 13.

As can be seen from the figures, with the temperature
increase, the gas permeability in both types of membranes
slightly increases for all gas species with an order CO2 >
CH4 >N2. However, the increase in the permeation rate with
increasing temperature is more pronounced, for the less per-
meable species, i.e., N2 and then CH4. The literature review
shows that, with increasing temperature, the permeation rate
increases in the polymer inclusion membranes, while it
decreases in the Zif-8 membranes [8, 24]. Therefore, the
increasing trends of data show that the polymer inclusion
membrane layer is the determinant and limiting factor in
the permeation rate. The next thing to note is that the neat
PIM exhibited significantly higher gas permeability than
PIM-co-MOF. This reveals that the continuous coverage of
the membrane surface by Zif-8 caused an almost 50% perme-
ability reduction compared to neat PIM. Gas permeation
through the PIM-co-MOF membrane can be explained by a
combination of two mechanisms including the solution-
diffusion and adsorption-diffusion mechanisms. This means
that gas molecules firstly adsorb on the MOF layer, then
undergo a Knudsen diffusion through MOF channels, next
dissolve in polymer inclusion membrane, reach PIM surface
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Figure 13: The permeability of the PIM and PIM-co-MOF as a function of feed pressure.
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and diffuse through, and finally desorb at the other side of the
membrane. With increasing temperature, the molecular
motions in PIM increase, and subsequently, the solution and
diffusion of gas species are increased while gas adsorption on
the surface of Zif-8 layer is decreased especially for CO2. There-
fore, the gas permeability decreased in MOF membranes. As a
result of these two events, the gas permeability of PIM-co-
MOF will not increase as much as that of PIM.

Moreover, it can be seen from the figures that gas perme-
ation rates increase slightly with the increasing feed pressure.
With increasing feed pressure, on the one hand, viscous flow
and Knudsen diffusion increase considerably in the MOF
layer, and on the other hand, the membrane-free volumes
decrease, exerting an opposite effect on the permeation of
gases over PIM-co-MOF membrane. Therefore, no signifi-
cant change in permeability (especially for N2 in which the
permeation was more influenced by the membrane compac-
tion) is observed. Overall, N2 and CH4 hardly pass through
the membrane by a solution-diffusion mechanism, while
CO2 transport behavior is according to an adsorption-
controlled transport [8]. Figure 14 compares the effect of feed
pressure on CO2/CH4 and CO2/N2 permselectivity over both
types of membranes at two temperatures of 25 and 50°C.

A comparison of permselectivity data indicates that a
slight increase in both CO2/CH4 and CO2/N2 ideal selectivity
is observed with increasing feed pressure which could be
attributed to a relatively larger increase in CO2 permeability
than N2 and CH4 permeability when the pressure increased.
Although the same trend of selectivity values with the tem-
perature has been observed for both types of membranes,
ideal permselectivity values measured for PIM-co-MOF
membrane are higher than those calculated in neat PIM.

Although the value of CO2 permeability is reduced by an
average of 21%, with the crystal growth of Zif-8 nanoparticles
on the surface of the polymer inclusion membrane, the
CO2/N2 and CO2/CH4 gas selectivity of membranes follow-
ing the adsorption-diffusion mechanism increased signifi-
cantly. As can be seen, the CO2/N2 and CO2/CH4 selectivity
at 50°C increases which could be attributed to the carrier-
mediated diffusion mechanism for the CO2 transport
through PIMs, similar to what was reported by Kebiche-

Senhadji et al. Crown ether as the carrier could react with
CO2 in a reversible complexation form, and consequently,
total CO2 flux is originated from the facilitated transport of
the carrier–CO2 complex and the simple diffusion of CO2.

6. Conclusions

Zif-8 is successfully anchored onto the surface of amino-
functionalized PIM configured into a flat-sheet membrane
module during the process of ligand extraction. The different
characterization techniques confirmed the growth of a thick
and continuous layer of Zif-8 on aminosilane-modified
PIM. According to the observations, we assumed that the
MOF’s crystalline layer could not grow well on the neat
PIM surface. The gas transport behavior of both the neat
PIM and PIM-co-MOF was measured using pure CO2, N2,
and CH4 gases at the different temperatures and pressures.
The growth of the Zif-8 nanoparticle layer on the modified
PIM leads to a dramatic increase in selectivity and a slight
decrease in gas permeability. The membranes have the same
permeation rate order CO2 > CH4 > N2. The permeability in
both types of membranes increases with increasing tempera-
ture for three gases. This increase is much more significant in
the case of neat PIM compared to PIM-co-MOF. As the tem-
perature increases, the CO2/N2 and the CO2/CH4 selectivity
in both cases decrease which is slightly more pronounced
for the case of PIM-co-MOF. The results revealed no signifi-
cant effect of feed pressure on permeability. The DFT study
shows that the Zif-8 compound has a metallic behavior,
and the tendency of this compound to adsorption of CO2
molecules is greater than in other cases. Also, the optical cal-
culation of DFT simulations confirmed that the Zif-8+CO2 is
chosen for optical infrared applications due to its higher
adsorption coefficient. These results prove the agreement
between experiment and theory. This work provides guide-
lines for rational design of MOF-covered-polymer inclusion
membranes for gas separation application or as sensing
materials for the detection of combustion gases.
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