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Abstract−The effect of more ZnO molecule in tetragonal structure of MOF-5 than cubic structure on the gas perme-
ation properties of T-MOF-5/polyetherimide mixed matrix membranes was investigated. T-MOF-5 was first success-
fully synthesized and carefully characterized by XRD, FTIR, SEM and N2 adsorption technique at 77 K. Novel T-MOF-
5/PEI MMMs were prepared using solution casting method and characterized by FTIR and SEM. The SEM pictures of
the MMMs showed that T-MOF-5 nanocrystals changed the morphology of PEI and exhibited acceptable contacts
between the filler particles and the polymer chains. Gas permeation properties of these membranes with different T-
MOF-5 contents were studied for pure H2, CO2, CH4 and N2 gases. Permeation measurement showed that the all gases’
permeability, diffusivity and solubility were increased with T-MOF-5 loading. H2 permeability and the ideal selectivity
of H2/CO2 and H2/CH4 in MMM with 25 wt% loading of T-MOF-5 nanocrystals were increased. This behavior was
attributed to more ZnO molecule in T-MOF-5 structure. The experimental gas permeations through T-MOF-5/PEI
nanocomposite with different filler loadings were fitted on Higuchi model. Good agreement between the experimental
data and the predicted gas permeability was obtained.

Keywords: Mixed Matrix Membrane, Metal Organic Framework, Tetragonal-MOF-5, Zn, Gas Separation

INTRODUCTION

Novel membrane technologies can potentially present economic,
environmental, and high performance interests to virtually any pro-
cess associated with gas separation [1]. Polymer membranes incur
lower production costs and can be easily developed to hollow fiber
modules or spiral wound, but they have lower permeability and
selectivity than inorganic membranes for gas separations [2,3]. To
improve polymeric membrane performance, considerable research
has focused on the addition of inorganic materials such as zeolites
or activated carbon sieves to polymers [4-11]. These so-called mixed
matrix membranes (MMMs) combine useful molecular sieving
properties of inorganic molecular sieves with the favorable mechani-
cal and processing properties of polymers [4-8]. One of the recent
developments in relation to the membrane fillers is the use of new
materials, known as metal-organic frameworks (MOFs), as poten-
tial fillers in the polymer matrix [2,12-15]. Metal organic frame-
works, consisting of organic linkers and inorganic joints, are relatively
new materials with novel structural and promising sorption prop-
erties [16]. Thus, these novel porous adsorbents have been inten-
sively studied as promising nanoporous materials that may have a
tremendous impact in fields such as gas or liquid separations, catal-
ysis, chemical sensing, gas storage, ion exchange and polymeriza-
tion [17-20].

Among the articles reporting new types of MOF materials, the

Zn4O13C24H12 framework known as MOF-5 or IRMOF-1 is the most
well studied MOFs with promising industrialization potential [2].
MOF-5 consisted of Zn4O as metal clusters connected by 1, 4-ben-
zenedicaboxylate (BDC) as a linear linkers to form a porous cubic
Zn4O(BDC)3 framework [21].

Zhang and Hu [22] reported that there are two types of porous
crystalline MOF-5: the cubic structure [23] (C-MOF-5) and tetrag-
onal structure [24] (T-MOF-5). They indicated that the composi-
tion of T-MOF-5 and C-MOF-5 samples was calculated with the
formula of composition Zn4O13C24H12.6(ZnO)1.59(H2O)1.74 and Zn4.28

O12.8C24H11.3, respectively. According to the stoichiometric formula
of novel MOF-5 (Zn4O13C24H12) the formula of C-MOF-5 sample
is consistent with the novel MOF-5. In contrast, the formula com-
position of T-MOF-5 sample is very different from the novel MOF-
5, because ZnO and H2O were present.

Arjmandi and Pakizeh [25] reported that the T-MOF-5 had lower
surface area, lower porosity, smaller and more uniform pore size,
and more ZnO molecules than C-MOF-5 (pore size 8.67 Å). The
differences between the two nanocrystals structure bring about the
different behavior in MMMs as filler.

Sarmiento-Perez et al. [26] used the grand canonical Monte Carlo
(GCMC) simulation of CO2 adsorption in MOF-5 and found a sur-
prising role of the BDC organic ligand in this process. They reported
that the organic ligands (BDC) have an important role in the CO2

adsorption on MOF-5, and, when considered in isolation, adsorp-
tion to sites near the ligand is only slightly less favorable than at
Zn4O oxoclusters.

Spencer et al. [27] used neutron powder diffraction to determine
the H2 adsorption sites in MOF-5 structure. The results show that
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the metal-oxide cluster (ZnO) is primarily responsible for the adsorp-
tion, while the organic ligand (BDC) plays only a secondary role.
These results hold the key to optimizing MOF-5 for H2 storage
applications.

Skoulidas and Sholl [28] applied the equilibrium molecular dy-
namics (MD) and GCMC to calculate the diffusion and adsorp-
tion of a number of small gas species (such as CH4, CO2, N2, and
H2) in C-MOF-5. They reported that in low pressure (1-2 bar) for
CH4, CO2, N2, and H2 no significant increase in gas adsorption
and in high pressure (6-7 bar) only CO2 adsorption was increased.
They also showed that the diffusion of H2 is much higher than CH4,
CO2 and N2.

In our previous work [29], we reported the synthesis and char-
acterization of C-MOF-5/PEI MMMs to study the effect of C-MOF-
5 on the CH4, CO2, N2, and H2 gas permeation through the C-MOF-
5/PEI MMMs. The results showed that the C-MOF-5 nanocrys-
tals facilitated the gas transport along the membranes, and for all
gases the permeabilities, diffusivities and solubilities of the MMMs
increased with increasing loading of C-MOF-5 nanocrystals at ambi-
ent temperature and pressure of 6 bar. The rate of increase of CO2

solubility was higher than the CH4 solubility for all prepared C-
MOF-5/PEI MMMs. For low percentage of C-MOF-5, the H2/CO2,
H2/CH4, and CO2/CH4 permselectivity was more than the pure PEI
membrane. By increase of C-MOF-5 loading, the value of H2/CO2

permselectivity was decreased as a result of the increased CO2 sol-
ubility in C-MOF-5 pores.

In the present work, we synthesized and incorporated of T-MOF-
5 nanocrystals into a polyetherimide (PEI) matrix. The aim was
therefore to study the effect of more ZnO in the structure of T-
MOF-5 on performance of the T-MOF-5/PEI MMMs as well as
to compare the resulting membranes with C-MOF-5 MMMs made
with the same PEI matrix. Prepared T-MOF-5 and MMMs were
characterized by using powder X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR), scanning electron micros-
copy (SEM), N2 adsorption technique and single gas permeation.

EXPERIMENTAL

1. Materials
Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, >99%), 4-dicarbox-

ylic acid (BDA, >99%), Benzene-1, N,N-dimethylformamide (DMF,
99.8%, H2O <0.15%), N-Methyl-2-Pyrrolidone (NMP), Triethyl-
amine (TEA) and Hydrogen peroxide (H2O2) were used without
further treatment and obtained from Sigma-Aldrich. HPLC grade
water was used as received and acquired from Fisher. Zinc nitrate
hexahydrate (Zn(NO3)2·6H2O, 98%) was stored under nitrogen
atmosphere to reduce exposure to moisture. Polyetherimide (PEI)
with average molecular weight of 30,000 kg/kmol was purchased
from Sigma-Aldrich. H2, CO2, CH4 and N2 gas cylinders were ob-
tained from Air Liquid for the permeation experiments. For CO2

the purity of the gas was greater than 99.5% and for H2, CH4 and
N2 was greater than 99.99%.
2. Synthesis of T-MOF-5 Nanocrystals

T-MOF-5 nanocrystals were synthesized via the approaches devel-
oped by Kaye et al. [24]. Zn(NO3)2·6H2O (1.19g) and H2BDC (0.34g)
were dissolved in a solution containing 40 ml DMF in a 100 ml

Pyrex bottle during stirring at room temperature. Then, three drops
of H2O2 aqueous solution was added to the bottle. Thereafter, tri-
ethylamine (TEA) (2.3ml) was slowly added dropwise into the Pyrex
bottle under strong agitation and temperature of 70 oC for 2 h. Then
the reaction vessel was placed in an oven at 100 oC for 15 h. The
reaction vessel was removed from the oven and allowed to cool to
room temperature. After decanting of DMF, the remaining white
solid was washed and filtered with DMF three times. Finally, the
sample was dried at 125 oC and held at this temperature for 1 day
under vacuum conditions.
3. Fabrication of Pure PEI Membrane and T-MOF-5/PEI MMM

To obtain the pure PEI membrane solution, 1 g of the PEI was
dissolved in 4 g NMP and stirred for 30 h in 60 oC. To prepare the
T-MOF-5/PEI MMMs solution, 0.05 g (5% loading), 0.15 g (15%)
and 0.25 g (25%) of T-MOF-5 powder were added to of 3.6 g NMP
and stirred in an ultrasonic water bath for 5 min. After priming of
the T-MOF-5 particles [7,16,30] by adding 0.5 g of polymer solu-
tion to the T-MOF-5 suspension, 0.85 g (for loading 5%), 0.75 g
(15%) and 0.65g (25%) of PEI were added to solution under extreme
mobility for 1 d. After the pure PEI membrane solution and the T-
MOF-5/PEI MMMs solution were placed in two glass vessels over-
night, uniform films were cast using a casting bar with thicknesses
of 30 to 40μm on a smooth glass plate. The glass plate was placed
in a vacuum oven at 70 oC and low pressure for 2 d to evaporate
the residual solvents completely. After the glass plate was removed
by placing it in a water bath, the thickness of the manufactured
membrane was measured with a digital micrometer at various loca-
tions. The typical membrane area located at test cell was 9.62 cm2.
4. Characterization of T-MOF-5, PEI and MMMs

X-ray diffraction data for T-MOF-5 was obtained by using a Philips
Analytical X-pert powder diffractometer (PW3710 model) system
with Cu Ka radiation (λ=1.54056 Å). FTIR spectra of the T-MOF-
5 and MMMs were recorded at room temperature on a Thermo
Nicolet Avatar 370. N2 adsorption isotherms were measured at 77K
on a Belsorp mini II analyzer using standard continuous proce-
dures. Surface area was determined by BET [31] method. Pore size
distribution of T-MOF-5 was evaluated using the SHN1 method
[32]. SEM images of T-MOF-5 and MMMs were taken on a Cam
Scan SEM model KYKYEM3200 microscope.
5. Gas Permeability, Solubility and Diffusivity Measurements

Single-gas permeabilities were measured for H2, CO2, CH4 and
N2 using a variable-volume/constant-pressure experimental method
at 25 oC and pressure of 6 bar [33,34]. A schematic of experimen-
tal set-up is presented in our previous work [29].

According to the known pressure difference across the mem-
brane, membrane thickness and effective membrane surface, the
gas permeability of membranes (pi) and the ideal selectivity of pen-
etrant i to penetrant j (αp

i, j) were calculated by using the following
equations:

(1)

(2)

where Pi (Pj) represents the gas permeability of penetrant i (j) (Bar-

Pi = 
l

AΔP
-----------

dVi

dt
--------×

α i, j
p

 = 
pi

pj
----
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rer), ΔP is the transmembrane pressure drop (cmHg), A is the effec-
tive membrane area (cm2), l is the membrane thickness (cm) and
dVi/dt is the permeation rate (cm3(STP)/s).

The diffusion coefficient (D) was determined by the time lag
method, represented by Eq. (3):

(3)

where the time-lag θ is simply the time-intercept of a linear fit of
the steady-state permeate and l is the membrane thickness. The
solubility coefficient (S) was then calculated as:

(4)

For the calculation of diffusivities of the slow diffusing gases, the
time-lag method can be reliably used [35,36] and for H2, due to
the short time lag of this gas, the solubility and diffusivity cannot
be calculated reliably with this method [3].

RESULTS AND DISCUSSION

1. T-MOF-5 Nanocrystals
T-MOF-5 was characterized by a variety of different techniques.

The crystal structure and phase purity was first characterized by
the X-ray diffraction (XRD) pattern. Fig. 1 shows the powder XRD
pattern of the T-MOF-5. The XRD pattern of T-MOF-5 is consis-
tent with those reported in the literature [22]. Theoretically, the
highlight characteristic of T-MOF-5 can be examined from four
distinctive reflections at 2θ equal to 6.9o, 9.9o, 13.7o and 15.3o which
correspond to reflection sites (2 0 0), (2 2 0), (4 0 0) and (4 2 0),
respectively [22,23]. The most remarkable difference between the
XRD patterns of T-MOF-5 and C-MOF-5 is the relative intensities
of the (2 0 0) reflection and (2 2 0) reflection [22,23]. The intensity
of (2 0 0) reflection was much higher than that of (2 2 0) reflec-
tion for C-MOF-5 [22,37]. In contrast, if the structure of MOF-5
changed from the cubic to the tetragonal, the intensity of (2 0 0)
reflection became smaller than that of (2 2 0) reflection (Fig. 1)
[21,22]. Very sharp peaks below 10o (with 2θ of 6.9 and 9.9) were
observed on the XRD patterns of the tetragonal and the cubic MOF-
5s, indicating that both laboratory-prepared MOF-5s have highly
crystalline structure.

Fig. 2 shows the FT-IR spectra of the T-MOF-5 compared to C-
MOF-5 [29], over the wave-number range 4,000-400cm−1. The pres-
ence of two peaks at 1,590 and 1,504 cm−1 and one peak at 1,391
cm−1 corresponds to the symmetric and asymmetric stretching of
COO groups in carboxylic, respectively [38,39]. The vibration bands
at 700-1,200 cm−1 can be attributed to the terephthalate compounds
[38]. The bands around 400-530 cm−1 are attributed to ZnO mole-
cule [38,40]. According to results it can be demonstrated that the
most remarkable difference between the FT-IR spectra of T-MOF-5
and C-MOF-5 is in the bands around 400-530 cm−1. The T-MOF-
5 has an additional peak in the range of 400-530 cm−1 than C-MOF-
5. The broad bands at 2,800-3,600 cm−1 are indicative of the pres-
ence of hydroxyl groups (OH) in the metal coordination sphere
[38]. According to results, the difference between the FT-IR spec-
tra of T-MOF-5 and C-MOF-5 around 400-530 cm−1 is attributed
to the presence of ZnO species extra phase in the pores [22]. This
is consistent with the elemental analysis results reported by Zhang
and Hu [22].

The formation of extra ZnO molecule in T-MOF-5 than C-MOF-
5 is due to the reaction between zinc nitrate and H2O2 during the
synthesis of T-MOF-5. For synthesis of the T-MOF-5 nanocrystal
the TEA and H2O2 were added into DMF solution of zinc nitrate

D = 
l2

6θ
------

S = 
P
D
----

Fig. 1. XRD pattern of T-MOF-5 for (a) this study and (b) Ref. [22].

Fig. 2. FTIR spectra of (a) T-MOF-5 and (b) C-MOF-5 [29].

Fig. 3. N2 adsorption isotherm of T-MOF-5 at 77 K.
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and H2BDC. TEA was used for the deprotonation of H2BDC and
its reaction with Zn2+ ions [22]. Also H2O2 acted as an oxygen pre-
cursor to progress the reaction of H2BDC and zinc nitrate to form
MOF-5 nanocrystal structure [22]. However, H2O2 can also result

Table 1. Pore textural property of T-MOF-5

Species BET specific surface
area (m2/g)

Pore
diameter (Å)

Pore volume
(cm3/g)

T-MOF-5 1280 6.30 0.59 Fig. 5. SEM image of T-MOF-5; 90 nm particle size.

Fig. 4. Pore size distribution of T-MOF-5.

Fig. 6. SEM images of the 0, 5, 15, and 25% T-MOF-5/PEI MMMs.
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in the production of ZnO [22]. In contrast, no extra ZnO molecule
was present in C-MOF-5 structure because H2O2 was not employed
in the synthesis [22,29].

Nitrogen adsorption experiments performed on T-MOF-5 nano-
crystals were at 77 K and shown in Fig. 3. The BET surface area of
T-MOF-5 was found to be 1,280 m2/g and is lower from C-MOF-
5 [29]. The lower BET surface of T-MOF-5 than C-MOF-5 is at-
tributed to ZnO molecule [22].

The pore size distribution of the T-MOF-5, mainly 6.3 Å, was
determined using the SHN1 method, as shown in Fig. 4. The tex-
tural property of T-MOF-5 is summarized in Table 1.

SEM image shows that the average particle size of T-MOF-5 nano-
crystals was 90 nm (Fig. 5) with no defined morphology. Similar
SEM images were obtained by another research group [3].
2. T-MOF-5/PEI Mixed-matrix Membranes
2-1. Membrane Characterization

The morphology strongly affects the transport properties in T-
MOF-5/PEI MMMs. The morphology of the prepared pure PEI
and T-MOF-5/PEI MMMs was investigated using scanning elec-
tron microscopy (SEM). Fig. 6 shows the surface ((a), (b), (c) and
(d)) and cross-section at low magnification ((e), (f), (g) and (h))
and high magnification ((i), (j), (k) and (l)) of 0, 5, 15, and 25%
(w/w) T-MOF-5/PEI MMMs.

In cross-section SEM images, many T-MOF-5 can be observed.
These images indicate that the filler particle distribution is good
enough due to ultra sonic homogenization. As shown in Fig. 6, the
membrane morphology changed with T-MOF-5 nanocrystal load-
ing. In other words, the pure PEI membrane shows a dense mor-
phology with no plastic deformation and the T-MOF-5/PEI MMMs
cross-section morphology reveals the formation of polymer veins
and pores with increased plastic deformation of the pure PEI mem-
brane [3].

It can be observed that there is little agglomeration of T-MOF-5
along the T-MOF-5/PEI MMMs preparation. In addition, from
the cross-sections SEM images, there are little non-selective voids
between PEI phase and T-MOF-5 particles along the MMMs. Ac-
cording to obtained results (with no surface modifying agent), it

can be claimed that the T-MOF-5/PEI contact is acceptable as also
is approved by the gas permeation measurements. Similar results
for C-MOF-5/PEI MMMs are reported by Arjmandi and Pakizeh
[29].

The FTIR spectra of pure PEI and T-MOF-5/PEI hybrid mem-
branes are depicted in Fig. 7. The absorption bands at 1,777, 1,720
cm−1 (asymmetric and symmetric C=O stretching vibration), 1,355
cm−1 (C-N stretching, phthalimide rings) [41,42] and also vibrations
at 1,268, 1,234, 1,072, and 1,014cm−1 (resulting from aryl ether bonds)
[43] are observed in all nanocomposite membranes. According to
the presence of benzene rings in PEI and T-MOF-5, there is an in-
creased peak intensity in the range of 530-4,000 cm−1 and a slight
shift in peak frequencies. In other Thus, due to similar chemical
bonds, relative overlapping between the bands of the T-MOF-5 and
PEI is observed. A similar result was reported by Arjmandi and
Pakizeh [29] in C-MOF-5/PEI MMMs FTIR studies. In the spec-
trum of the 400-530 cm−1 that is characteristic of ZnO molecules
[23,38,40], we can observe that, by increasing the percentage of T-
MOF-5 loading, the absorption band of symmetric Zn=O appears
with high intensity.

Fig. 7. The FTIR spectra of PEI and T-MOF-5/PEI MMMs.

Table 2. Gas permeabilities (Barrer) of various gases through the pure PEI and T-MOF-5/PEI MMMs at 25 oC and 6 bar
Polymer T-MOF-5 in polymer (W/W) H2 CO2 CH4 N2

PEI 00 10.1±1 1.7±0.2 0.09±0.02 0.10±0.02
05 13.2±1 1.9±0.1 0.10±0.02 0.11±0.02
15 0.17±1 2.1±0.1 0.11±0.03 0.13±0.02
25 25.2±1 0.3±0.3 0.12±0.01 0.14±0.01

Table 3. Diffusivity (×10−8 cm2/s) and solubility (×10−2 cm3 (STP)/cm cmHg) coefficients of the CO2, CH4 and N2 in pure PEI and T-MOF-
5/PEI MMMs at 25 oC and 6 bar

Polymer T-MOF-5 in
polymer (W/W)

Diffusivity coefficient Solubility coefficient
CO2 CH4 N2 CO2 CH4 N2

PEI 00 0.15 0.090 0.11 11.01 1.00 0.90
05 0.16 0.094 0.12 12.20 1.10 0.92
15 0.17 0.098 0.14 12.87 1.13 0.93
25 0.19 0.104 0.15 15.46 1.27 0.94
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2-2. Gas Permeation
Table 2 shows H2, CO2, CH4 and N2 permeability results of pure

PEI and T-MOF-5/PEI MMMs at varying mass fraction (wd) of
T-MOF-5 nanocrystals. These results were obtained by averaging
values from three replicate permeation tests over each membrane
at 25 oC and 6 bar upstream pressure.

From Table 2, all gases’ permeability was increased with T-MOF-
5 loading. As can be elucidated from Table 2, the permeability of
all gases in pure PEI and T-MOF-5/PEI MMMs membrane var-
ies in the following order:

H2>CO2>N2>CH4

The results obtained for H2 show that an increase in permeability
from 10.07 barrer to 25.17 barrer in T-MOF-5/PEI MMMs was
achieved, suggesting that the T-MOF-5 nanocrystals were facilitat-
ing gas transport through the membrane (Table 2).

The differences observed in the permeability results of the mem-
branes can be explained through the solution-diffusion mechanism
[44]. The differences in permeability can be better realized by study-
ing the contributions of diffusivity (D) and solubility (S) coefficients
in permeability. The diffusivity of the gases (except H2) was meas-
ured according to the time lag method using Eq. (3). The solubil-
ity of the gases for each sample was then calculated according to
Eq. (4) using the permeability and diffusivity values of the gases.

Table 3 summarizes the diffusivity and solubility values of the
CH4, N2 and CO2 for the PEI and T-MOF-5/PEI MMMs at differ-
ent weight fractions of T-MOF-5 nanocrystals.

As can be seen in Table 3, incorporating of T-MOF-5 in poly-
mer phase as filler leads to increase in diffusivity and solubility
coefficients and finally the gas permeability.

Fig. 8 shows the relative permeability, diffusivity and solubility
of the N2, CH4 and CO2 in T-MOF-/PEI (this study) and C-MOF-
5/PEI [29] MMMs as a function of T-MOF-5 and C-MOF-5 load-
ing. Also, Fig. 9 represents the relative permeability (Pr) of H2.

As noted earlier, the T-MOF-5 has lower surface area, lower poros-
ity, smaller and more uniform pore size, and more ZnO molecule
than C-MOF-5. The differences between the T-MOF-5 and C-MOF-
5 bring about the different behaviors as filler in MMMs.

As can be observed in Figs. 8 and 9, the relative permeability of
all gases was increased for both T-MOF-5/PEI and C-MOF-5/PEI
MMMs. The results show that for all gases (except H2) the order
of the relative permeability in the C-MOF-5/PEI MMMs is much
greater than order of T-MOF-5/PEI MMMs. In the case of H2, the
order of the relative permeability in the T-MOF-5/PEI MMMs is
approximately similar to the order of C-MOF-5/PEI MMMs (see
Figs. 8 and 9).

In Fig. 8, the relative diffusivity of CO2, N2, and CH4 increased
with tetragonal and cubic MOF-5 loading. The increase in diffu-

Fig. 8. Enhancement of gas transport properties for (a) N2, (b) CH4
and (c) CO2 in T-MOF-5/PEI (continuous line) and C-MOF-
5/PEI [29] (discontinuous line) MMMs as a function of MOF-
5 loading.

Fig. 9. H2 relative permeability in T-MOF-5/PEI (continuous line)
and C-MOF-5/PEI [29] (discontinuous line) MMMs as a func-
tion of MOF-5 loading.



1184 M. Arjmandi et al.

June, 2015

sivity coefficient is dependent on the porosity introduced by the
tetragonal (pore size 6.3 Å) and cubic (pore size 8.67 Å) MOF-5.
Moreover, the pore size of both MOF-5s is greater than the molec-
ular diameters of all gases tested. When the pore size is reduced
from 8.67 Å (C-MOF-5) to 6.3 Å (T-MOF-5), then it can be ex-
pected that the diffusivity coefficient of largest and smallest gas un-
dergoes the most and least reduction.

Additionally, the results presented in Fig. 8 show that the gas
solubility of CO2, N2, and CH4 increased with both MOF-5s load-
ing. According to the results of Sholl’s simulated adsorption iso-
therms of CO2, N2, and CH4 in MOF-5 adsorbent [28] and C-MOF-
5/PEI MMMs [29], it can be said that after incorporation of C-MOF-
5 nanocrystals into the PEI, for N2, the solubility remained relatively
unchanged. But, because CO2 has a strong affinity toward MOF-5,
the CO2 solubility has been particularly increased. Also, similar
behavior about CH4 solubility has also been observed, but the order
of increase in CO2 solubility is greater than the CH4 solubility. Ac-
cording to our results, similar behavior has been observed by the
T-MOF-5/PEI MMMs. As mentioned earlier, the T-MOF-5 con-
tains less CO2 and benzene (organic ligand) molecule versus T-
MOF-5. Considering that the organic ligand in MOF-5 structure
is the major site of adsorption of CO2 and CH4 [26], it can be ex-
pected that CO2 solubility in T-MOF-5/PEI MMMs is less than
that in C-MOF-5/PEI MMMs. As can be observed in Fig. 8, the
relative solubility of CO2 gas through the T-MOF-5/PEI MMMs
significantly increases in comparison with the C-MOF-5/PEI MMMs.
However, the increased permeability of the condensable CO2 and
CH4 gases is mainly related to the enhancement of gas solubility
due to increasing of the active sites for gas solution in polymer
matrix. The comparison of the relative solubility of the CO2 gas
under study in 25%T-MOF-5/PEI and 25%C-MOF-5/PEI com-
posite membranes indicates an increase in the solubility of 1.41 and
2.17 times, respectively.

According to Fig. 8, it can be concluded that for both MOF-5s
the relative permeability of the CO2 and CH4 is strongly affected
by the solubility coefficient and less affected by the diffusion coef-
ficient. The relative permeability of N2 is more affected by the dif-
fusion coefficient than solubility coefficient.

In the case of H2 the solubility and diffusivity coefficients were
not calculated in this study due to its high response, but accord-
ing to Sholl’s results about H2 diffusion coefficient inside C-MOF-
5 pores, it seems likely that the H2 permeability is enhanced by the
diffusivity and not by the solubility [28,29]. Because the kinetic diam-
eter of hydrogen is very small, then it can be expected that chang-
ing the pores size from cubic (8.67 Å) to tetragonal (6.3 Å) has little
effect on the H2 diffusivity. Also as mentioned earlier, the inorganic

cluster is the major site of H2 adsorption in MOF-5 (containing
ZnO molecule). Given that the T-MOF-5 versus C-MOF-5 has more
ZnO molecules, then the site of H2 adsorption in T-MOF-5 is more
than that in C-MOF-5. Accordingly, it can be expected that H2 solu-
bility in T-MOF-5/PEI MMMs is more than that in C-MOF-5/PEI
MMMs. Considering the speculations about diffusivity and solu-
bility of membranes containing T-MOF-5 and C-MOF-5, it can be
said that with changing the filler structure from cubic to tetrago-
nal, we will see the lowest permeability drop for H2. This situation
can be clearly seen in Fig. 9.

Ideal selectivity based on permeability (permselectivity) (αp
i, j),

diffusivity (αD
i, j) and solubility (αS

i, j) in T-MOF-/PEI MMMs as a
function of T-MOF-5 loading at 25 oC and 6 bar for H2/CO2, H2/
CH4, CO2/CH4 and CH4/N2 are presented in Table 4.

As shown in Table 4, for the 5 wt% T-MOF-5 in PEI, the perm-
selectivity (αp

i, j) values for H2/CO2, H2/CH4 and CO2/CH4 were
increased with T-MOF-5 loading (for example, around 17% for H2/
CO2 T-MOF-5/PEI MMMs) and for 15 and 25wt% T-MOF-5 load-
ing, the permselectivity of H2/CO2 increased around 34 and 42%,
respectively. Reverse results were reported for H2/CO2 in C-MOF-
5/PEI by Arjmandi and Pakizeh [29]. As mentioned earlier, with
changing the structure from cubic to tetragonal, H2 gas will undergo
the lowest permeability drop. Because the adsorption site of CO2

in T-MOF-5 is less than that in C-MOF-5 and also the adsorption
site of H2 in T-MOF-5 is more than that in C-MOF-5, then we can
attribute the H2/CO2 permselectivity increase to three factors: 1)
very low decreasing the relative permeability of H2 in T-MOF-5/
PEI MMMs compared to C-MOF-5/PEI MMMs; 2) decreasing
the CO2 adsorption site with changing structure from cubic to tetrag-
onal; and 3) increasing the H2 adsorption site with changing struc-
ture from cubic to tetragonal.

Except for H2/CO2, the H2/CH4, CO2/CH4 and CH4/N2 perm-
selectivity in T-MOF-5/PEI MMMs increased further.
2-3. Modeling of Gas Permeability in MMMs

The permeability behavior of T-MOF-5/PEI MMMs has been
modeled using the Higuchi model [45]. This model can be approxi-
mately simplified to:

(5)

where, Peff is the overall permeability of the MMM, Pc is continu-
ous phase permeability and ∅d is volume fraction of filler in the
MMM. The Higuchi constant, K, is an empirical constant that was
selected to be 0.78 by Higuchi for the best fit of the experimental
data to model [45]. In our previous work we tried to fit the Higu-
chi model for estimation of the gas permeability of C-MOF-5/PEI

Peff = Pc + 
3∅dPc

1− ∅d + K 1− ∅d( )[ ]
----------------------------------------------

Table 4. Pure gas ideal selectivity for pure PEI and T-MOF-5/PEI MMMs at 25 oC and 6 bar

Polymer T-MOF-5 in
polymer (W/W)

α
p
i, j=Pi/Pj α

D
i, j=Di/Dj α

S
i, j=Si/Sj

PEI 00% 5.99 111.89 18.67 0.90 1.67 0.82 11.01 1.11
05% 6.99 125.90 18.00 0.94 1.68 0.77 11.10 1.19
15% 8.00 153.51 19.19 0.85 1.69 0.70 11.39 1.21
25% 8.45 208.02 22.57 0.94 1.86 0.69 12.17 1.36

α H2, CO2

p
α H2, CH4

p
α CO2, CH4

p
α CH4, N2

p
α CO2, CH4

D
α CH4, N2

D
α CO2, CH4

D
α CH4, N2

D
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MMMs [29] and found that there was no good compatibility be-
tween model and all experimental results supposing exactly K=0.78
in the Higuchi model. As reported in C-MOF-5/PEI MMMs [29],
the Higuchi constant should change to be able to fit the Higuchi
model to the experimental data. In the case of T-MOF-5/PEI MMMs,
the Higuchi model by using a least square method was fitted to
experimental data and the best K constants were derived for all gases.
The obtained results for the best K and R2 value for each of gases
are listed in Table 5.

Fig. 10 also shows the experimental data and predicted data ob-
tained from the Higuchi model applying K parameter from Table 5.

Regarding the data presented in Table 5, the order of the K param-
eter is in good agreement with the order of relative gases’ permea-
bility through the MMMs (Pr). The relative permeability (Pr) of all
gases in the T-MOF-5/PEI MMMs was obtained as the following
order:

Pr
H2>Pr

CO2>Pr
N2>Pr

CH4

Thus, the K parameter, which is closely related to the value of Pr,
has the following order:

KH2
>KCO2

>KN2
>KCH4

As a result, it can be concluded that by incorporation of T-MOF-5
in pure PEI, the K parameter will be changed. Fig. 10 shows that
the Higuchi model can estimate the permeability of all gases in T-
MOF-5/PEI MMMs, if the K values in this model are used cor-
rectly according to values presented in Table 5.
2-4. Evaluation of Gas Permeation Performance

Fig. 11 shows Robeson’s upper bond trade-off line relationship
between the H2 permeability and the H2/CO2 (a) and H2/CH4 (b)
selectivity for the T-MOF-5/PEI MMMs with the C-MOF-5/PEI
MMMs [29] data at around 25 oC.

Also, based on the present results, the trade-off line relationship
between the CO2 permeability and the CO2/CH4 selectivity for T-
MOF-5/PEI MMMs compared to C-MOF-5/PEI MMMs [29] was
evaluated and presented in Fig. 12.

In Figs. 11 and 12, the incorporation of both tetragonal and cubic
MOF-5 in pure PEI membrane increases the gas separation ability
of MMMs for H2/CO2, H2/CH4 and CO2/CH4 separation, which
means prepared MMMs present better separation performance
than pure PEI membrane.

To separate H2/CO2 and H2/CH4, the C-MOF-5/PEI MMMs pre-
pared in our previous work [29] reside close to the Robeson upper

Table 5. The best K and R2 value for different gases in the T-MOF-
5/PEI MMMs at 25 oC and 6 bar

Parameter H2 CO2 CH4 N2

K 0.77 0.53 0.12 0.25
R2 0.99 0.95 0.80 0.91

Fig. 10. Estimation of permeability coefficient to Higuchi model for (a) H2, (b) CO2, (c) CH4 and (d) N2 in T-MOF-5/PEI MMMs by consid-
ering new K value.
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bound, and the T-MOF-5/PEI MMMs prepared in this research
reside above or close to the Robeson upper bound (as shown in
Fig. 11). Also according to Fig. 12, as a result of the increased CO2

solubility, the C-MOF-5/PEI MMMs present better CO2/CH4 sep-
aration performance than T-MOF-5/PEI MMMs.

A membrane with high permeability and good selectivity is indeed
more industrially attractive. Therefore, tetragonal and cubic MOF-
5s appear to be proper candidates for MMMs fabrication due to

desirable increase perm-selectivity in H2 and CO2, respectively (com-
pared to neat PEI membrane).

According to results, the C-MOF-5 nanocrystals as filler for MMMs
have potential to enhance CO2/CH4 separation. And based on the
results presented in this research the T-MOF-5 nanocrystals have
potential to enhance H2 separation from CO2 and CH4 (H2/CO2

and H2/CH4).

CONCLUSIONS

There are two types of MOF-5: one occupying the cubic struc-
ture and another the tetragonal. The T-MOF-5 had lower surface
area, lower porosity, smaller and more uniform pore size, and more
ZnO crystal than C-MOF-5. Also, according to thermogravimet-
ric analysis the C-MOF-5 is more stable than the T-MOF-5. The
tetragonal and cubic MOF-5s and novel MMMs containing T-MOF-
5 inside a PEI were successfully prepared and characterized in this
work and compared with C-MOF5-/PEI MMMs at varying mass
fraction (wd) of MOF-5 nanocrystals. The obtained results showed
that the presence of more ZnO crystal in the T-MOF-5 structure
could lead to decreasing the permeability at different levels (for all
gases tested) while increasing the selectivity (for H2/CO2, H2/CH4

and CO2/CH4). SEM images of the MMMs show that by increas-
ing the T-MOF-5 content in PEI, plastic deformation of the poly-
mer occurred. According to the present results, the H2, CO2, CH4

and N2 permeability, diffusivity and solubility were increased at dif-
ferent levels with T-MOF-5 loading. Also, by incorporation of T-
MOF-5 content in PEI the ideal selectivity (αp

i, j) of H2/CO2, H2/
CH4 and CO2/CH4 were increased (at low and high loading of filler).
CO2 and CH4 permeability and also N2 permeability are strongly
affected by the solubility and diffusivity coefficient, respectively.
Considering the speculations about diffusivity and solubility of mem-
branes containing T-MOF-5 and C-MOF-5, with changing the filler
structure from cubic to tetragonal, we will see the lowest permea-
bility drop for H2. The permeations of H2, CO2, N2 and CH4 through
T-MOF-5/PEI MMMs were fitted on Higuchi model and the new
adjustable k value for Higuchi model was selected. The incorpora-
tion of T-MOF-5 in the PEI, can lead to an overall improvement
in performance of permselectivity in relation to the Robeson upper
line. In other words, the T-MOF-5 nanocrystals have potential to
enhance H2 separation from CO2 and CH4 (H2/CO2 and H2/CH4).
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