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In this study mixed matrix membranes (MMMs) were manufactured by introducing metal organic frameworks
(MOFs) within polyimide (PI) in order to investigate their separation performances for H2, CO2 and CH4 gases.
MOF-5, Cu, Co and Ni doped MOF-5 and CuCo, CuNi and NiCo doped MOF-5 particles have been produced and
used as fillers for the manufacturing MMMs. MOFs and membranes have been characterized by using SEM, FTIR,
XRD, TGA, DTG and DSC analysis. It has been evidenced that MOF particles have the similar shape, and XRD and
FTIR analysis showed all metals exist in the MOFs. MOF particles and PI showed generally a good compatibility,
but MMMs were brittle and comprised some nonselective fissures in case of loading above 5w.% MOFs including
triple metals. MMM manufactured by using Cu doped MOFs showed higher gas permeation, and Cu also made
positive effect on gas permeation of MMMs which were manufactured initially using Co doped MOF-5 or Ni
doped MOF-5. Permeation rate of gases through MMMs enhanced gradually with increasing the loading rate of
MOFs (5w.%, 10w.%, 15w.%) and transmembrane pressure (100–500 kPa) at room temperature. 5w.% of MOF5 incorporation within PI increased its H2, CO2 and CH4 permeabilities as 20.35%, 31.41% and 23.98%, respectively. But, introducing 5w.% of Cu doped MOF-5 (CuMOF-5) within PI increased its H2, CO2 and CH4
permeabilities as 62.86%, 94.00% and 121.27%, respectively. This higher interest of MOFs to CO2 and CH4
reduced the H2/CO2 and H2/CH4 selectivities. There was no a linear relationship between gas adsorption capacities of MOFs and permeation rate of these gases through the MMMs. The more adsorbed gas (H2) permeated
slowly through MMMs. Feed pressure increased the permeability of gases and reduced selectivities of the
membranes. MMMs manufactured by using MOFs can be used for H2 separation from CO2, and enrichment of
CH4 from natural or biogas.

1. Introduction
Membrane technology took a great deal of attention in gas separation, because of their low energy requirements, modular state, easy
scale-up or down and operation over other conventional gas separation
technologies [1,2]. Since the first large scale application of polymeric
membranes to hydrogen separation from the purge gas stream of ammonia plants by Monsanto in late seventies, permeability and selectivity of polymeric membranes is needed to improve to find out a
market value. However, polymeric membranes posses trade off between
permeability and selectivity which was first evidenced by Robeson in
1991 and then updated in 2008 [3,4], illustrating the progress achieved
by polymer science for the main gas separations. Inorganic membranes
are alternatives to polymeric membranes and have higher permeability
and selectivity [5] and coped with Robeson’s upper bound for gas separation; but these membranes have higher manufacturing costs,
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difficult to synthesize and prone to breakage [6]. Recently, a new type
of hybrid membrane which is called as mixed matrix membrane (MMM)
first reported by Zimmerman [7] has been introduced to overcome
disadvantages of pure polymeric and inorganic membranes. Inorganic
particles such as zeolites [8–11], carbon molecular sieves (CMSs)
[6,12], carbon nanotubes (CNTs) [13], silica [14,15], fullerens [16],
metal peroxides [17] and metal organic frameworks (MOFs) [18–20]
are incorporated or dispersed into polymeric matrix to form MMMs.
Among them, MOF materials are good candidates to overcome incompability of filler and polymer constructed by transition metals and
organic ligands. They offer advantages to get high performance in
MMMs because of its numerous attractive features such as large surface
area, adjustable structure and pore size, uniformity and thermal-mechanical stability [21,22]. Table 1 summarizes the results of pioneered
research studies about pure gas permeation and separation properties
by MMMs.
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Table 1
Some gas separation results obtained by using mixed matrix membranes.
MOF name

Cu-BPY-HFS
ZIF 71
ZIF-11
CuTPA
MIL-53(Al
MIL 101(Cr)
C-MOF-5
MIL-53
MOF-5

Membrane material

Matrimid
6FDA-Durene
6FDA-DAM
PVAc
PVDF
Matrimid
PEI
Matrimid
Matrimid

Effect of fillers on permeability

Effect of fillers on selectivity

Ref

H2

CH4

CO2

H2/CH4

H2/CO2

CO2/CH4

Improved
Improved
Improved
–
–

Improved
Improved
Improved
Improved
Improved
Improved
Improved
Improved
Improved

Improved
Improved
Improved
Improved
Improved
Improved
Improved
Improved
Improved

Not improved
Not improved
Not improved
–
–

Not improved
Not improved
Not improved
–
–

Improved
–
Not improved

Improved
–
Not improved

Not improved
Not improved
Not improved
Improved
Not improved
Improved
Improved
Improved
Not improved

Improved
–
Improved

MOF-5 is one of the most outstanding framework due to its excellent
properties. The structure of MOF-5 built up from [Zn4O]6+ cluster
linked with terephthalate acid ligands, to obtain three dimensional
porous cubic framewoks, resulting in high surface area, high porosity
and tuneable structure [30]. However, MOF-5 framework is sensitive to
water because of its weak metal-oxygen bond, and its structure can be
collapsed when exposed to moisture [31]. In order to enhance hydrostability of MOF-5 many strategies have been developed, and one
method is to add transition metals into MOF-5 structure. To date, different types of MOFs doped with metals are presented very few in
studies. Yang et al. [32] and Botaş et al. [33] used Co to form Co-MOF-5
and found that higher adsorption capacities for gases compared to pure
MOF-5. Li et al. [34] and Yang et al. [35] demonstrated the methodology for the synthesis of Ni doped MOF-5 and they found that the NiMOF-5 improved hidrostability compared to the MOF-5. Bae et al.
[36,37] constructed Li doped MOF-5 and observed increase in separation performance.
In this study, in order to understand the effect of metal doped MOF5 on gas permeability and selectivity of polyimide, Cu, Co or Ni doped
MOF-5 (CuMOF-5, CoMOF-5 and NiMOF-5) and CuCo, CuNi or CoNi
doped MOF-5 (CuCoMOF-5, CuNiMOF-5, CoNiMOF-5) were succesfully
synthesized and incorporated into polyimide to fabricate MMMs (MOF/
PI). The prepared MOFs and membranes were characterized by scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and thermal analysis (TGA/DTA/
DTG). Membrane gas permeation measurements were conducted for H2,
CO2 and CH4 gases using a constant-volume/variable pressure method.
All measurements were carried out at room temperature and different
gas feed pressures (from 100 to 500 kPa).

[23]
[24]
[25]
[26]
[27]
[28]
[18]
[29]
[20]

0.05 mmol of Zn and 0.05 mmol H2BDC were added into 16 mL of DMF
and 4 mL of ethanol with stirring. The prepared solution was placed in
an oven at 378 K for 24 h to yield precipitates, then the precipitates
cooled down to room temperature, washed several times with ethanol,
the powder was collected by filtration, and finally the dried powder in a
vacuum oven at 333 K for 24 h stored in a capped vial. Accordingly,
MOF-5, CuMOF-5, CoMOF-5, NiMOF-5, CuCoMOF-5, CuNiMOF-5, and
CoNiMOF-5 were synthesized and used as fillers in MMMs.
2.1. Manufacturing of pure and mixed matrix membranes
Polyimide (PI) has been selected as a continues phase for membrane
manufacturing because of three reasons; (1) it has higher Tg value
(585 K) that is important for removing of solvents during annealing, (2)
rubbery polymers introduce into pores of MOFs and it reduces the gas
permeation, (3) glassy polymers are generally brittle for manufacturing
MMMs including particles.
Membrane was prepared using the solution casting method as
mentioned previous study [11]. 0.5 g of the PI was dissolved in 4.5 g of
N-methylpyrrolidone (NMP) and stirred for 12 h at 343 K until a clear
uniform viscous solution was acquired. Then solution was casted on a
clean glass plate using a casting rod. The glass plate was placed in a
vacuum oven at 343 K including 50 kPa of N2 gas for 12 h to allow the
solvent to evaporate completely. The glass plate was immersed into a
water bath to separate the polymeric membrane from the glass plate.
After that, the membrane was annealed in a vacuum oven at 493 K for
24 h. The average thickness of a membrane was determined by measuring the thickness at least five points using a micrometer. All the
membranes used in gas separation experiments have 40 ± 2 µm
thickness.
The fabrication method for the MMMs was similar to the preparation of pure polymeric membrane with the additional step of compositing MOF crystals. Two different solutions of PI and MOF were prepared using NMP, than those solutions were mixed. The first solution
includes 0.5 g of PI in 4.5 g of NMP and the second solution includes
0.025 g (5w.%), 0.050 g (10w.%) or 0.075 g (15w.%) of MOF in 4.5 g of
NMP. The two solutions were bath sonicated and stirred for 3 h then
were mixed by pouring the polymer solution into the MOF solution. The
combined solution was stirred and bath sonicated for 5 h. Other steps
for the fabrication of MMMs were identical to that of the pure polymer
membrane preparation. Uniform films were casted on a clean glass
plate using a casting rod. The glass plate was placed in a vacuum oven
at 343 K and 50 kPa for 12 h to allow the solvent to evaporate. Then the
membrane separated from the glass plate by immersing the glass plate
into a water bath. The membrane was annealed in a vacuum oven at
493 K for 24 h.

2. Experimental
Experimental methods comprises four sections, namely synthesis of
MOF-5 and metal doped MOF-5, fabrication of pure polymeric and
MMMs, MOF and membrane characterization tests and pure gas separation operations.
MOF-5 crystals were synthesized by solvothermal method [38,39].
Typically, 3.25 mmol of Zn(NO3)2·6H2O and 1.7 mmol of H2BDC was
dissolved in 16 mL of DMF in a glass tube under strong agitation in a
sonicator. Then the prepared solution was placed in an oven at 378 K
for 24 h. Glass tube was then removed from the oven and allowed to be
cooled down to room temperature. MOF-5 crystals were obtained by
filtering the white solution and then the white powder washed three
times using ethanol of 5 mL. The white powder was dried for 1 d at
333 K in a vacuum oven. MOF-5 powders were collected and stored in a
capped vial.
Metal doped MOF-5 synthesis was performed using divalent metal
ions of Cu [Cu(NO3)2·3H2O], Co [Co(NO3)2·6H2O] or Ni [Ni
(NO3)2·6H2O] according to previously reported method [32,34]. In
order to obtain doped MOF-5, 0.05 mmol of metal (Cu, Co, or Ni),

2.2. Characterization of PI and MOF-5 MMMs
Fourier transform infrared spectroscopy (FTIR) spectra of the MOF
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Fig. 2. TGA curves of PI amd MMMs.

3. Results and discussion

Fig. 1. Gas permeation rig.

3.1. Characterization of MOFs and membranes

particles were recorded at room temperature on a Perkin-Elmer
MIRacle Single Reflection Diamond ATR and FTIR spectra were collected at wave-number between 650 cm−1 and 4000 cm−1. Scanning
electron microscopy (SEM) images of MOFs were taken using a JSM7001F Field Emission Scanning Electron Microscope. Thermal analyses
performed to determine the weigh loss of samples by temperature using
a Shimadzu DTG-60 instrument under the nitrogen atmosphere with a
heating rate of 20 °C min−1. To explain crystal characterisation of
samples, RIGAKU, SMARTLAB X Ray Diffraction (XRD) equipment was
used with Cu Ka radiation and analysis was performed from 5 to 50 (2θ)
at a scanning rate of 0.02 deg/min.

In order to determine the thermal stability, crystal structure,
structural bonds and morphological characteristics of MOFs and
membranes produced TGA/DTG, XRD, FTIR and SEM analyses have
been performed, respectively. Thermal decomposition of MMMs has
been started at lower temperatures compared to pure PI membrane. For
example, thermal decompositions of PI, MOF-5/PI, CoMOF-5/PI and
NiMOF-5/PI have started at 762 K, 707 K, 713 K and 717 K, respectively. The results showed that the decomposition temperature of
membranes follows the order of PI > MOF-5/PI > NiMOF-5/
PI > CoMOF-5/PI > CuMOF-5/PI > NiCoMOF-5/PI > NiCuMOF5/PI > CuCoMOF-5/PI. This is due to fact that the organic linker
(terephthalic acid) which was used for MOF production has lower decomposition temperature than PI. Decomposition of terephthalic acid
and PI start at 605 K and 793 K, respectively.
The results of TGA analyses of PI and MMMs given in Fig. 2 show
that MMMs start to weight loss at lower temperatures compared to pure
PI membrane. Thermo gravimetric analysis (TGA/DTG) curves displayed three main steps of weigh loss for MOFs. The first step of weigh
loss can be attributed to the lost of guest molecules (water and solvent)
which are encapsulated by the framework during the synthesis of
MOFs. The release of the guest molecules from MOFs at different
temperatures can be attributed to the differences of porous state of
those MOFs. The second and third weigh losses correspond to the decomposition of organic linkers and vaporization of low boiling point
zinc, respectively. The weight loss between 901 and 1073 K is the third
stage, and the low boiling point zinc metal are removed in this step; the
residue is considered to be carbon and metal oxide based species remaining from the degradation of the ligand and the metal oxide. The
weight loss values obtained in the first and second stages of the curves
are in agreement with the values reported in the literature [41]. Table 2

2.3. Gas separation operation
Gas permeation tests of pure membrane and MMMs were carried out
using a variable pressure/constant volume method. Experimental set up
presented in Fig. 1 equipped with a stainless steel permeation cell,
temperature sensors and pressure transducer. Permeation fluxes were
monitored using Model Hobby Projects data logger version 1.20. The
typical membrane area located at the test cell was 49.2 cm2 and
permeate side volume was 30.2 mL. Single gas permeabilities
throughout the membranes were determined for CO2, CH4 and H2 gases
for 100–500 kPa pressure intervals. All measurements were performed
at room temperature.
The gas permeability (P) was calculated by the slope of curve of
permeate pressure vs. time (dp/dt) using the Daynes-Barrier time lag
equation as follows [40]:

P=

V To
dP
A P T Po dt

(1)

where P is the permeability coefficient expressed in Barrer [1
Barrer = 1 × 10−10 cm3 cm (STP) cm−2 s−1 cmHg−1], (dp/dt) is the
slope of the straight line in the steady-state region at which permeation
pressure increases with time on the downstream side, V (cm3) is the
calibrated downstream volume, ΔP (cmHg) is the transmembrane
pressure difference between the two sides, A (cm2) is the effective area
of the membrane, δ (cm) is the membrane thickness, T (K) is the
measure temperature, and T0 and P0 are the standard temperature and
pressure, respectively. The ideal separation factor of pure gas A over B
(αAB) is defined as the ratio of the permeation rates of A and B, which
can be expressed as:
AB

Table 2
DTG profiles of MOFs.
MOF

MOF-5
NiMOF-5
CoMOF-5
CuMOF-5
NiCoMOF-5
NiCuMOF-5
CuCoMOF-5

= PA /PB
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The first step of weight loss (loss
of water and solvent)

The second step of weight loss
(removal of organic linker)

Temperature, K

DTGmax

Temperature, K

DTGmax

406–582
385–626
445–643
461–591
455–633
451–608
454–600

494
506
616
559
578
547
560

671–874
657–878
681–832
605–875
681–830
626–809
620–811

781
776
780
688
777
698
694

Separation and Purification Technology 211 (2019) 514–521

H. Aykac Ozen, B. Ozturk

Fig. 3. XRD patterns of MOF-5 and metal/metals doped MOF-5.

summarizes the results of thermo gravimetric analyses of MOFs produced in this study. As it can be seen from Table 2, MOFs including Cu
have lower stability and MOFs including Co have higher stability.
Glass transition temperature (Tg) which is the highest temperature
to which polymer withstand during annealing is an important parameter for a membrane. Tg value of PI was determined as 585 K by DSC
analysis. Solvents which remain in the interfacial voids between
polymer chains and in the pores of a MOF can affect negatively the gas
transport through a membrane. Therefore, at a temperature below the
Tg value of a polymer, solvents must be released-off during annealing of
a membrane. It can be seen from Table 2 that CoMOF-5 completed its
first weigh loss just above the Tg value of PI. Hence, MMMs annealed
under the vacuum in N2 atmosphere.
XRD analyses of MOFs show that intensity of MOF-5 increases when
metal/metals inserted to the MOF-5 cluster (Figs. 3 and 4). MOF-5
showed three characteristic peaks at 2Θ = 9.87, 2Θ = 17.84 and
2Θ = 24.85. In addition to these three characteristic peaks, some other
small peaks of metal doped MOF-5s can be seen from the XRD chromatogram. These results prove that metal doped MOF-5s have the same
cubic state as MOF-5, and the differences between those small peaks
prove new crystal planes of doped metal/metals. These results are in
accord with the results indicated in the literature [42,43]. FTIR analyses of MOFs also proved that metal doping into the MOF-5 structure
have been performed successfully (Fig. 5). FTIR spectra of MOF-5 exhibited characteristic peaks at 1580–1500 cm−1 while two peaks
around 1600 cm−1 proves the metal/metals doped, and the intensity of

Fig. 5. FTIR curves of MOF-5 and metal/metals doped MOF-5.

those peaks changed depending on the type of metal/metals. SEM
pictures of MOF-5 and metal doped MOF-5s showed the same cubic
state which verify that the morphology of MOF-5 has not been changed
by the addition of metal/metals into the MOF-5 cluster (Fig. 6).
3.2. Gas permeation and separation performances of MOF based MMMs
Gas permeation and separation characteristics of pure polyimide
membrane have been compared with MMMs in which MOF-5 and
metal/metals doped MOF-5 particles exist for H2, CO2 and CH4 gases.
The results below are given and discussed about the effects of feed
pressure (ΔP) and MOF type and amount in the polymer.
Figs. 7–9 represent the relationship between pure gas permeabilities
(or ideal permeability) of H2, CO2 and CH4 gases as a function of feed
pressure between 100 and 500 kPa for pure PI and MMMs at
298 ± 2 K. MOF loadings into PI and elevation of feed gas pressure
increased the permeabilities of gases and reduced the H2/CO2, H2/CH4
and CO2/CH4 selectivities. The highest effect of pressure on gas permeability was seen when CuMOF-5 was introduced into PI, and it followed by NiCuMOF-5/PI, CuCoMOF-5/PI and CoMOF-5/PI mixed matrix membranes. A five times increase in feed gas pressure increased the
H2, CO2 and CH4 permeabilities as 47.28%, 52.55% and 60.33%, and
reduced the H2/CO2, H2/CH4 and CO2/CH4 selectivities as 3.44%,
8.10% and 4.84%, respectively when 5w% CuMOF-5 was used in
MMM. Houde et al. [44] indicated that increasing the feed pressure
reduced the transport resistance against to the gaseous molecules by
increasing intersegmental spacing between polymer chains, which is
correlated with the Tg (glass transition temperature) of the polymer.
This assertion can be convincing for pure polymers having lower Tg
values. But, in our case, there are porous particles in MMMs and their
pore sizes are quite higher (7–8 Å) than intersegmental spaces of the
polymer chain. Those MOFs with higher pore sizes encouraged the
gaseous transport through the MMMs and reduced the membrane gas
selectivity. The effect of pressure on gaseous transport was so obvious
for MMMs compared to pure PI membrane. Thus, both MOFs in MMMs
and the trans-membrane pressure increased the permeability of bigger
size of gaseous molecules such as CH4 and CO2, and it resulted in the
reduction of H2/CH4 or H2/CO2 selectivities. Membranes including
more than 5w% of MOFs produced by doping two metals into MOF-5
were so brittle. The possible reason for such a brittle membrane is the
rigidification of PI by those MOFs. As it can be seen from the Figs. 7–9,
there is no membrane including more than 5w% of MOFs which include
triple metals.

Fig. 4. XRD patterns of PI and MMMs.
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Fig. 7. Effect of feed gas pressure on H2 permeability.

Fig. 8. Effect of feed gas pressure on CO2 permeability.

Fig. 6. SEM images of MOFs.

Gas permeation yields of MOF-5/PI was elevated when Ni, Co or Cu
doped on MOF-5 in the order of Cu > Co > Ni. Electrostatic interaction between the MOF particles and gas molecules is an important
feature for selective permeation. Those MOFs have been produced by
using transition metals of two valence electrons. These electrons increased the affinity of gas molecules and enhanced the transport of
gases through MMMs. All metals used have almost the same electronegativities; but, their electron affinities which are the energy of a
neutral atom or molecule when an electron is added to the atom to form
a negative ion are different; namely 0.0, 63.7, 112.0 and 118.4 kJ/mol
for Zn, Co, Ni, and Cu, respectively. It can be said that different metals

Fig. 9. Effect of feed gas pressure on CH4 permeability.

have different affinities against gas pairs. Some Zn ions in MOF-5
substituted with Co, Cu or Ni ions when Co, Cu or Ni doped into the
MOF-5, and the substitution increased the interaction of gaseous molecules with MOFs. The substitution of Cu ion with Ni ion when Ni
doped into CuMOF-5, and this substitution reduced the affinity between
NiCuMOF-5 and gas pairs. On the other hand, the permeabilities of
gases through NiMOF-5/PI were increased when Co or Cu doped into
518
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the NiMOF-5. Permeability of gases also increased when double metal
doped MOF-5 was used as filler in PI except the NiCuMOF-5 which
reduced the permeabilities of CO2 and CH4 as 5,56% and 3,7%, respectively at 500 kPa. This negative effect of Ni on CuMOF-5 increased
when feed pressure was elevated from 100 to 500 kPa. The interaction
of gases with CuMOF-5 is elevated by increasing pressure, but this interaction is diminished when Ni doped into the CuMOF-5. Ahmadi et al.
[35] indicated that Cu-based MOFs (Cu-BTC: Copper benzene-1,3,5tricarboxylate) offer an exceptional CO2 uptake due to their higher
affinity with polar molecules. But, another MOF including Cu (Cu-BPYHFS:Cu-4,4′-bipyridine-hexafluorosilicate) shows strong affinity towards CH4 compared to CO2 and lower CO2/CH4 selectivity [23]. These
two results imply that permeability and selectivity of a MMM don’t
depend on just a metal in a MOF, and also some other membrane
characteristics play important roles.
MMMs showed higher permeability for all gases used compared to
pure PI membrane. Because of the porous state of MOFs, diffusion of
gases through MMMs increased by increasing the amount of MOF in the
polymer, it means that the more MOF is the more pathways for gas
transfer. But this increase in permeability was not equivalent for all
gases used. MOF loading increased the permeability of CH4 more than
H2 and CO2; hence, H2/CH4 selectivity decreased by increasing MOF
amount in a MMM (Fig. 10).
It must be noted that we could not manufactured MMMs including
more than 5w% of MOF which has produced by using three metals such
as CuCoMOF-5, NiCoMOF-5 or CuNiMOF-5. Such a membrane was so
brittle, and contained nonselective fissures. Kusworo et al. [45] explained that the increase of zeolite particles in polyimide elevated the
gaseous permeability due to the disruption of polymer chain by zeolite
particles and it caused the more free volumes for gas transfer. This
explanation might be true when polymer-particle compatibility is poor
such as zeolite/PI-MMM. But, our experimental results showed that
permeability of gases did not increase excessively by pressure, this
means that the compatibility of PI-MOF is good. SEM image (Fig. 6i)
also showed that the interfacial contact between the MOFs and polymer
matrix is good. Ahmadi et al. [46] noted that the presence of organic
ligands in MOFs’ structure leads to better affinity and adhesion between
MOFs and polymers. Shadid and Nijmeier [47] indicated that a physical
crosslinking occurs between the polymer chains and the MOF particles,
which results in the formation of a more rigid intermediate phase between the polymer and the MOF particles. A slightly penetration of
polymer solution into the MOFs pores can also leads to chain rigidification of the nearby polymer chains in the vicinity of the MOF particles
[23,48].
Solution-diffusion mechanism plays a major role on gas permeation
through a pure polymeric membrane while gas molecules can be

transferred through a mixed matrix membrane under different mechanisms, such as solution-diffusion, Knudsen and surface diffusion in
the pores and on the walls of the MOF crystals. There are also different
factors such as porosity, pore size, tortuosity, particle size and the interest of particles to gas pair affecting gaseous transport from a porous
material. The effect of MOFs on gas permeability is quite obvious for
larger molecules such as CO2 and CH4. But, this increase in permeabilities is not consistent for all the MOF types and loadings. There can
be four main factors which affect the gas permeability through MMMs,
namely: (1) pore sizes, porosity and tortuosity of MOFs, (2) compatibility between fillers and the polymer, (3) particle sizes of fillers, and
(4) the interest of MOFs against gases. The first factor has no so much
effectiveness on gas permeation through MMMs owing to the MOFs
have the similar pore sizes because of the MOFs have been produced
using the same organic linker and the atomic sizes and volumes of the
metals used are the same; permeability of gases has reasonable increase
by the increase of feed pressure means that there is no nonselective
voids between polymer-fillers interface, that proves the compatibility
between polymer and the fillers is good; the third factor cannot also be
effective on gas permeation because the SEM pictures showed that the
MOF particles have the same sizes. We think that the fourth factor has
much effectiveness on gas permeation through the MMMs owing to the
interest of MOF particles differs against gaseous molecules. An adsorption study has been conducted at 100 kPa and 298 ± 2 K in order
to determine the interest of MOFs against the gases used. It can be seen
from Fig. 11 that the MOFs adsorb more H2 and it is followed by CH4
and CO2. Almost all MOFs used showed high CH4 adsorption, and their
favourable interest to CH4 resulted in the reduction the H2/CH4 selectivity (Fig. 10). Zhang et al. [23] introduced Cu-BPY-HFS of 40w.%
into Matrimid 5218, and they reported that the MOF showed a better
affinity to CH4 than CO2, and enhanced CH4 transport in both pure and
mixed gas tests. They also indicated that the Cu-BPY-HFS interacted
more strongly with CO2 than H2 and reduced the H2/CO2 ideal selectivity.
One can expect that the permeability of H2 through MMMs should
be higher than CO2 and CH4 because of its smaller molecular size
compared to CO2 and CH4. But, the higher adsorption of H2 caused its
accumulation over the pore surface of MOF particles and it has resulted
in the blockage of pores for H2 transfer. But, gases are transferred
through nonporous PI membrane by solution-diffusion mechanism and
through chain gaps which are so small compared to molecular sizes of
gases. Fuertes [49] prepared a microporous carbon membrane by depositing a thin phenolic resin film on the inner surface of a porous
ceramic tube by means of dip coating technique. He reported that the
more strongly condensable gases are preferentially adsorbed on the
microporous of the membrane, and this reduced the open porosity and
permeated preferentially through the membrane. He also indicated that

Fig. 10. Effcet of MOF loading on ideal gas selectivities.

Fig. 11. Effect of adsorbent type on gas adsorption.
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revised in 2008 [4]. As it can be seen from the figure, H2/CO2 selectivity is above the trade-off line which means that MMMs including
MOFs can be used for the separation of H2 from reforming gas mixture
produced by steam reforming of CH4 for H2 production. MOF/PI-MMMs
can be used for the enrichment of CH4 from natural or biogas streams.
4. Conclusion
Gas permeation and separation performances of pure PI and MMMs
including MOF-5 and metal (Co, Cu, Ni) doped MOF-5 were investigated for H2, CO2 and CH4 gas pairs. The following conclusions can
be emphasized from the results of this study: (1) FTIR analyses of MOFs
proved that metal doping into the MOF-5 structure have been performed successfully, and those MOFs have the similar shape. Thermal
analysis showed that introducing MOFs within PI reduced its decomposition temperature. (2) MMMs including 5 to 15w.% MOF-5, CoMOF5, CuMOF-5 or NiMOF-5 have been manufactured successfully, but
MMMs comprise CoCuMOF-5, CoNiMOF-5 or CuNiMOF-5 above 5w.%
were brittle and included some nonselective fissures. The reason for
such a brittle membrane is the rigidification of PI by those MOFs. (3)
Introducing MOFs within the PI increased its gas permeability yields,
but reduced the H2/CO2, H2/CH4 and CO2/CH4 selectivities, (4) MMM
manufactured by using Cu doped MOFs showed higher gas permeation,
and Cu also made positive effect on gas permeation of MMMs which
were manufactured initially using Co doped MOF-5 or Ni doped MOF-5,
(5) Permeation rate of gases through MMMs enhanced gradually with
increasing the loading rate of MOFs (5w.%, 10w.%, 15w.%) and
transmembrane pressure (100–500 kPa) at room temperature. The
higher the feed pressure caused the more gas transfer through the
membranes in the order of CH4 > CO2 > H2 and reduced the H2/CO2,
H2/CH4 and CO2/CH4 selectivities. The descending effect of the feed
pressure on the membrane selectivity was more evident for MMMs than
PI. 5w.% of MOF-5 incorporation within PI increased its H2, CO2 and
CH4 permeabilities as 20.35%, 31.41% and 23.98%, respectively. But,
introducing 5w.% of Cu doped MOF-5 (CuMOF-5) within PI increased
its H2, CO2 and CH4 permeabilities as 62.86%, 94.00% and 121.27%,
respectively. This higher interest of MOFs to CO2 and CH4 reduced the
H2/CO2 and H2/CH4 selectitivities, (6) There was no a linear relationship between gas adsorption capacities of MOFs and permeation rate of
these gases through the MMMs. The more adsorbed gas (H2) permeated
slowly through MMMs. Feed pressure increased the permeability of
gases and reduced selectivities of the membranes, 7) MMMs manufactured by using MOFs can be used for H2 separati(on from CO2, and
enrichment of CH4 from natural or biogas. A further study can be carried out in order to determine the effect of moisture on gas permeations
and selectivities of these membranes.

Fig. 12. Effect of membrane type on gas permeability.

Fig. 13. H2/CO2, H2/CH4 and CO2/CH4 separation performances of MMMs.

these membranes are suitable to separate non-condensable or weakly
adsorbable components (i.e. N2, H2, O2, etc.) from the more strongly
adsorbable components (i.e. hydrocarbons).
Fig. 12 compares the effectiveness of MMMs over the pure PI for
permeability of gases. As it can be seen from the figure that the MMMs
produced using Cu doped MOF-5 have higher permeability for all gases
used. In case of three metals, Cu has affected positively the permeation
of gases through the MMMs manufactured initially using NiMOF-5 or
CoMOF-5. Feijani et al. [35] indicated that introducing CuPTC or
CuBDC into PVDF increased the He and CO2 permeability 43.6% and
118.7% or 37.5% and 117%, respectively. They reported that the strong
interaction of CO2 gas with electrostatic fields of MOFs including Cu
increased the solubility and diffusivity of CO2. Angelis et al. [50] has
prepared a MMM by introducing fumed silica into a glassy polymer and
examined the pure gas permeability of He, H2, O2, N2, CO2 and CH4.
They indicated that permeability of gases increased by adding more
silica into polymer, but this effect was higher for bigger size gas molecules. They explained that SiO2 creates new pathways for big size
molecules and it also show different interest against different gases.
An overall comparison of the gas separation performances of MMMs
manufactured for H2/CO2, H2/CH4 and CO2/CH4 mixtures are shown in
Fig. 13, and compared to the Robeson’s upper bond trade-off line
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