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Abstract—In this study, cubic and tetragonal structures of MOF-5 (C-MOF-5 and T-MOF-5) were success-
fully synthesized, characterized and incorporated into cellulose acetate (CA) polymer matrix in the range of
6, 9 and 12 wt % to fabricate mixed matrix membranes (MMMs). The effects of smaller pore size of T-MOF-
5 and more ZnO molecules in T-MOF-5, on the H, and CO, permeation properties of C-MOF-5/CA and
T-MOF-5/CA MMMs were investigated. The all novel MMMs were prepared using the solution
casting method and characterized by FTIR, TGA and SEM. SEM images as well as results of FTIR and TGA
analyses confirmed good adhesion between both MOF-5s and CA matrix. Addition of both C-MOF-5 and
T-MOF-5 into the CA improved the gas transport properties of the CA, especially in H, separation. The
H,/CO, selectivity continued the increasing trend at 9 wt % and did not significantly reduce even at 12 wt %
due to good adhesion between both MOF-5s and CA. The highest H,/CO, selectivity was obtained
at 12 and 9 wt % loading of C-MOF-5 and T-MOF-5, respectively. By changing the filler from C-MOF-5 to
T-MOF-5, the increasing and reducing of adsorption site of H, and CO, (respectively), and also reducing in
pore size, caused the appearance of H, permeability to not change much but the CO, permeability to reduce.
Accordingly, the H,/CO, selectivity in all T-MOF-5/CA MMMs is higher than that in all C-MOF-5/CA
MMMs. According to obtained results, the activated MOFs (i.e., C-MOF-5 in this study) are not always the
best choices for separation process.
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INTRODUCTION

Hydrogen has many applications in some areas
such as hydrogenation of fuels, increasing the calorific
value of gas streams, power fuel cell vehicles and gen-
eration of electrical energy. Currently, the majority of
H, is produced by natural gas reforming (steam-meth-
ane reforming (SMR)). Before H, can be used, it
should be purified of the resultant SMR gas mixture
which basically contains CO, [1]. Also, highly pressur-
ized pre-combustion streams have important advan-
tages over post-combustion in Carbon capture and
storage (CSS) with membranes. Accordingly, the
H,/CO, separation is very important in CSS [2, 3].

Therefore, a process to separation of H, from CO,
is required [4]. Among various techniques, membrane
separation processes have been widely used. The main
advantages of membranes are their low capital cost

! The article is published in the original.

and low energy requirements compared to those of
other conventional separation techniques [5].

It is clear that research efforts must focus on
improving the technologies for H,/CO, separation.
However, the fabrication of good H,-permselective
membranes is still a big challenge.

Several membrane technologies have been
reported for H,/CO, separation, including metallic
[6—9], inorganic [10—12] and polymeric membranes
[13, 14]. Polymeric membranes bring down the pro-
duction costs and can be easily developed to hollow
fiber modules or spiral wound. Permeability and
selectivity are the two basic criteria of membranes and
there is a trade-off limitation for polymeric mem-
branes between these two parameters. The polymeric
membranes have lower permeability and selectivity
than inorganic membranes for gas separations [15, 16].
To improve polymeric membrane performance, con-
siderable research has focused on the addition of vari-
ous organic and inorganic nanomaterials such as car-
bon molecular sieves, zeolite, silica, titanium dioxide,
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Fig. 1. Schematic pore structure of C-MOF-5 and T-MOF-5.

graphite derivatives, and metal organic frameworks
(MOFs), into polymer matrices to form mixed matrix
membranes (MMMs) in order to enhance the trade-
off limits for separation of various gases [17—31].

Metal-organic frameworks (MOFs), consisting of
organic linkers and inorganic joints, have attracted
much attention in the past decade due to their poten-
tial applications in gas adsorption and storage, drug
delivery, and catalysis [32].

As an archetype and representative of MOFs,
MOF-5 ([structural formula Zn,O(BDC);, BDC
denotes 1,4-benzenedicarboxylate] received wide-
spread investigations. This framework has
potential applications for hydrogen and CO, adsorp-
tion [33—43].

Skoulidas and Sholl [44] used theoretical tech-
niques and showed that the diffusion of H, was much
higher than CO, and in low pressure, no significant
increase of adsorption happened for H, and CO,,
while in high pressure, only CO, adsorption was
increased. Spencer et al. [45] showed that the inor-
ganic cluster of MOF-5 (ZnO) has the primary role for
the H, adsorption while the organic ligand (BDC)
plays only a secondary role. Zhang and Hu [46]
reported that there are two types of MOF-5 (Fig. 1):
the cubic (C-MOF-5 or activated MOF-5) and tetrag-
onal (T-MOF-5 of non-activated MOF-5) structures,
with the composition formulas Zn, ,30,, ¢C,,H/; 3 and
Zn,03CyH 5 (Zn0), 59(H,0) 74, respectively. The
results showed that the composition formula of
C-MOF-5 is consistent with the novel MOF-5
(Zn,0;C5,H,). Sarmiento-Perez et al. [47] reported

a wonderful impact of the BDC organic linker on CO,
adsorption.

In our previous work [48] we reported that, since
T-MOF-5 had more ZnO molecules than the
C-MOF-5, the T-MOF-5 had lower porosity, more
uniform and smaller pore size and lower surface area
than C-MOF-5. The differences between the cubic
and tetragonal structure of MOF-5 nanocrystal bring
about different behaviours in adsorption and MMMs
(as filler) applications. In two other works done by our
group [25, 26], we reported synthesis and characteri-
zation of C-MOF-5/PEI and T-MOF-5/PEI MMMs
to investigate the H,, CO,, CH, and N, permeability,
diffusivity and solubility. According to obtained
results, the C-MOF-5 and T-MOF-5 show different
separation behaviors in MMM s. Finally in a supple-
mentary study, we [43] reported thermogravimetric
analysis and adsorption measurements of H, and CO,
on C-MOF-5 and T-MOF- 5 to estimate the amount
of increase of ZnO molecules in T-MOF-5 compared
to C-MOPF-5 and to investigate the effect of more ZnO
molecules in T-MOF-5 than those in the C-MOF-5
structure on the gas adsorption properties. According
to obtained results, the CO, adsorption capacity of
C-MOF-5 is more than T-MOF-5 and the H, adsorp-
tion capacity of C-MOF-5 is less than T-MOF-5 (at
298 K and 25 bar). This behaviour was attributed to
more ZnO molecules in T-MOF-5 than C-MOF-5.
The results of this study confirm all previous claims
[25, 26, 43, 48]. Table 1 summarizes the pore textural
property of C-MOF-5 and T-MOF-5 [43].
PETROLEUM CHEMISTRY  Vol. 58
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In this work, we focus on H,/CO, separation using
both C-MOF-5 and T-MOF-5 nanocrystals into a
cellulose acetate (CA) matrix. Because of its availabil-
ity, favorable characteristics, excellent hydrolytic
resistance, strong membrane structure for durability,
compaction-resistant sublayers, wide operating pH
and temperature range and ease of manufacturing, CA
membrane could be a favored candidate for gas sepa-
ration (Fig. 2). In order to increase the permeability
and improve the selectivity of this polymer, the addi-
tive is used in the polymer phase. Also in the selection
of polymer materials for fabrication of MMMs, in
addition to gas separation properties, the adhesion
between polymer and filler must be considered. In fact
the C=0 and C—OH groups in CA can provide poly-
mer with good compatibility and good affinity to filler
for fabrication of MMMs. For these reasons, the CA
was chosen as a polymer matrix for fabrication of
MMDMs containing C-MOF-5 and T-MOF-5. The
effects of more ZnO molecules in the structure of T-
MOF-5 compared with C-MOF-5 are the purpose of
this study. The prepared MOF-5s and MMMs are
characterized using powder X-ray diffraction (XRD),
fourier-transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), TGA and sin-
gle gas permeation.

EXPEIMENTAL
Synthesis of Cubic and Tetragonal MOF-5s

Before synthesis of both MOF-5s, Zinc nitrate
hexahydrate (Zn(NO;), - 6H,0, >99%, Sigma-
Aldrich) was stored under nitrogen atmosphere to
reduce exposure to moisture.

The C-MOF-5 nanocrystals (activated MOF-5)
were synthesized using a method developed by Huang
et al. [38]. 0.45 g of Zn(NO;), - 6H,0 and 0.083 g of
Benzene-1,4-dicarboxylic acid (H,BDC, >99%,
Sigma-Aldrich) were dissolved in a mixing of 49 ml of
N,N-dimethylformamide (DMF, 99.8%, H,0 <
0.15%, Sigma-Aldrich) and 1 mL of H,O inside a
100 mL Pyrex media bottle with a Teflon lined lid and
then heated to 70°C, under strong agitation. After-
wards, the contents of Pyrex dish were placed in an
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Table 1. Pore textural properties of C-MOF-5 and T-MOF-5
nanocrystals [43]

BET specific
. Pore Pore volume,
Species surface area, diameter. A y
9 Cm
m2/g g
C-MOF-5 2387 8.67 0.99
T-MOF-5 1280 6.30 0.58

oven at 100°C for 15 h to obtain large cube-shaped
crystals. The reaction vessel was then removed from
the oven and allowed to naturally cool down. After fil-
tration, the remained large cube-shaped powder was
washed and soaked six times with 60 mL of anhydrous
DMEFE. Then, the DMF was elutriated and the
remained powder was washed and soaked six times
with 60 ml of anhydrous dichloromethane (CH,Cl,,
>99.8%, Sigma-Aldrich). Finally, the remained acti-
vated MOF-5 (C-MOF-5) was dried under vacuum
condition at 125°C for 24 h, until white powders were
achieved.

Also the T-MOF-5 nanocrystals (non-activated
MOF-5) were synthesized via the approaches devel-
oped by Kaye et al. [49]. Accordingly, 1.19 g of
Zn(NO5), - 6H,0 and 0.34 g of H,BDC were dissolved
in a solution containing 40 ml of DMF in a 100 mL
Pyrex media bottle with a Teflon lined lid, during stir-
ring at room temperature. Then, three drops of
Hydrogen peroxide (H,0,, Sigma-Aldrich) were
added into reaction vessel. Afterwards, 2.3 mL of tri-
ethylamine (TEA, Sigma-Aldrich) was slowly added
dropwise into the reaction vessel under strong agita-
tion at 70°C for 2 h. Then the reaction vessel was
placed in an oven at 100°C for 15 h. Thereafter the
reaction vessel was removed from the oven and
allowed to naturally cool down. After elutriation of
DMF, the remained powder was washed and filtered
with DMF. Finally, the sample (T-MOF-5 or non-
activated MOF-5) was dried at 125°C for 24 h under
vacuum condition.
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Fig. 2. Structure of CA.
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Fig. 3. Schematic of single gas permeation experimental set up.

Fabrication of Pure CA Membrane and MM Ms

To obtain the pure CA membrane solution
(15wt %), 0.75 g of the CA (with density of 1.3 g/mL,
Sigma-Aldrich) was dissolved in 4.25 g of N-Methyl-
2-pyrrolidone (NMP) and stirred for 24 h at 30°C. To
fabricate the MOF-5/CA MMMs solution (for both
C-MOF-5 and T-MOF-5), the 0.06 g (6% loading),
0.09 g (9%) and 0.12 g (12%) of MOF-5 nanocrystals
were added to 3.6 g of NMP and stirred in an ultra-
sonic water bath for 4 min. Approximately 10%
of polymer solution (0.5 g) was then added to the
MOPF-5s suspension to“prime” the MOF-5s particles.
In fact the“priming” technique, which is the adding of
low amounts of polymer to the filler suspension before
incorporating the particles into the polymer solution
to make the particles more compatible with the bulk
polymer matrix, promotes greater affinity between the
MOPF-5s and the CA and usually improves the perm-
selectivity properties of the MMMs [21, 50]. The
slurry was agitated for 6 h. After good homogeniza-
tion, the remaining amount of the polymer solution
was added to the slurry and the final suspension was
agitated again for 1 day. After priming of the MOF-5,
0.84 g (for loading 6%), 0.81 g (9%) and 0.78 g (12%)
of CA were added to solution under extreme mobility
for 24 h. After placing the pure CA, C-MOF-5/CA
and T-MOF-5/CA solutions into three glass vessels
overnight, uniform films were casted using a casting
knife with thicknesses of 30—40 um on a glass plate.

The glass plates (containing membranes) were
thereafter placed in a vacuum oven at 70°C for 48 h,
and the obtained membranes were finally slowly
cooled down to ambient temperature in the oven and
stored in desiccators before characterization.

Instrumentation and Methods

The XRD, FTIR, SEM, TGA, N, adsorption, sur-
face area measurement and pore textural property of
both MOF-5s were presented in our previous articles

[25, 26, 43, 48]. In this article, SEM images of MM Ms
were taken using a Cam Scan SEM model
KYKYEM3200 microscope. FTIR spectra of the
MMMs were recorded at room temperature on a
Thermo Nicolet Avatar 370. TGA analyses of MMMs
were performed in N, atmosphere with TGA-50 Shi-
madzu.

The pure gas transport properties were measured by
the variable-volume/constant-pressure method at
25°C and pressure of 6 bars. The H, and CO, gas cyl-
inders were obtained from Air Liquid for the perme-
ation experiments. For CO,, the purity of the gas was
greater than 99.5% and for H,, it was greater than
99.99%. The schema of experimental set-up and
membrane module used in this study is shown in
Fig. 3.

At steady state condition, gas permeability of spe-
cies 7 (P.) was calculated using the following equation:

) o

P P
of, =1, @
)= )

where P; (P) represents the gas permeability of pene-
trant i (j) (Barrer), AP is the transmembrane pressure
drop (cm Hg), /is the membrane thickness (cm), A4 is
the effective membrane area (cm?), dV,/dt is the per-

meation rate (cm’(STP)/s) and ocf ; represents the
selectivity of species i over species/ (separation factor).
The gas permeabilities of prepared membranes were
reported in barrer unit, where:

_ipem’ (STP)em

P(1 barrer) = 10 3 .
cm” scm Hg

3
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Or, in ST unit:

_iscm’ (STP)m
—_—

P(1 barrer) = 7.50062 x 10
m” s Pa

C))

RESULTS AND DISCUSSION

As mentioned above, all essential analyzes (such as
XRD, FTIR, SEM, TGA and N, adsorption), surface
area measurement and pore textural property of both
MOF-5s were presented in our previous works [25, 26,
43, 48]. In the following, the impact of incorporation
of C-MOF-5 and T-MOF-5 into CA on the gas sepa-
ration performance will be investigated.

Membrane Characterization
Morphology by SEM Analysis

Figure 4 shows cross-sections and air-surfaces
of the neat CA membrane and the 9 and 12% (w/w)
C-MOF-5/CA and T-MOF-5/CA MMMs. As shown
in Figs. 4a, 4f, 4k, the neat CA membrane has a
smooth surface and cross-section with a dense struc-
ture. According to results of air-surfaces and cross-
sections of the MMMs, it is clear that both MOF-5
nanocrystals are well-distributed on the membrane
surface (due to ultrasonic homogenization and prim-
ing technique) and polymer morphology changes with
MOF-5 loading. As shown in Figs. 4k—4o0, there are
no significant agglomerates or defects to degrade the
properties of the MMMs. However, there is a propen-
sity of agglomeration of both MOF-5 particles at high
loading. In other word, by increasing the both MOF-
58’ content to 12 wt %, some parts of the MOF-5
nanocrystals are agglomerated with each other and
some cavities appear inside the MM Ms. At high load-
ing, the cavities become more evident in both surface
and cross-section. According to results of cross-sec-
tions and air-surfaces of the neat CA membrane and
MMMs, it can be argued that the C-MOF-5/CA and
T-MOF-5/CA contact is acceptable as also is certified
by the CO, and H, permeation results.

FTIR Analysis

The FTIR spectra of the 6,9 and 12 wt % C-MOF-
5/CA and T-MOF-5/CA as well as the spectra of pure
CA are shown in Fig. 5. As shown in Fig. 5, all the
characteristic peaks of both CA and MOF-5s are pres-
ent in the MMMs patterns. The neat CA presents
bands at 3484 cm™!' (OH™ stretching vibrations of the
hydroxyl group), 1637 cm™! (interlayer stretching and
bending vibration modes of molecular water),
1738 cm™! (C=O0 stretching), 1368 cm™' (CH; sym-
metric deformation), 1220 cm™' (acetate C—C—O
stretching), and 1035 cm™! (C—O stretching) [51, 52].
The peaks around 1590 and 1504 cm™! (two peaks),

PETROLEUM CHEMISTRY Vol. 58
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1391, 700—1200 and 1010—1250 cm~' (small peaks) are
attributed to symmetric stretching of COO groups,
asymmetric stretching of COO groups (in carboxylic),
terephthalate compounds and C—H group present in
the benzene ring of the BDC linker, respectively [38,
53—55]. According to the results, the absorption bands
of CA and both MOF-5s were observed in all nano-
composite membranes with slightly shifts in peaks’
frequencies. Also the bands at 400—530 cm~! in MOF-
5s/CA patterns can be related to stretching of Zn=0
[53-56].

Thermal Analysis

The TGA curves of the pure CA and 6, 9 and
12wt % C-MOF-5/CA and T-MOF-5/CA MMMs
are presented in Fig. 6. Three weight loss steps were
observed for pure CA: the first step was related to
vaporization of water and excess solvent, occurred
in the range of 30—260°C; the second step occurred
in the range of 260—450°C and was related to the
initial thermal decomposition of the polymer
chains; and finally, the third step began at about
500°C and was related to the final thermal decom-
position of the polymer chains (containing
remained carbon). The TGA curves of the MMMs
indicate that the weight loss process in MMMs
includes more than three steps (containing four
steps). This additional step began at about 400°C
and was related to decomposition of MOF-5s nano-
crystals. Also according to obtained results, it is
clear that, addition of both cubic and tetragonal
structure of MOF-35, increases thermal resistance of
the polymer (CA) matrix. The increase in thermal
resistance is attributed to adhesion between MOF-
5s and CA matrix and good thermal stability of the
MOF-5s. In addition, according to that, C-MOF-5
is more stable than T-MOF-5 [43], and
therefore, the C-MOF-5/CA MMMs are more sta-
ble than T-MOF-5/CA MM Ms.

Gas Permeation

Pure H, and CO, (see Table 2) permeabilities mea-
surements were performed for neat CA, C-MOF-5/CA
and T-MOF-5/CA MMMs. Permeability and ideal
selectivity of CA and the all MM Ms were summarized
in Table 3. In this study, due to the different mem-
brane preparation conditions, the permeability results
for pure CA are somewhat different from those previ-
ously reported by other research groups [57, 58].

Also the variations in the pure H, and CO, perme-
ability of the manufactured membranes with respect to
C-MOF-5 and T-MOF-5 loading are shown in Fig. 7.
According to obtained results, incorporating both
C-MOF-5 and T-MOF-5 fillers led to increase in the
H, permeability, while the CO, permeability was ini-
tially reduced (in low loading) and then (in high load-
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Fig. 4. SEM images of the air-surface (a, b, c, d, and e), cross-section at low magnification (f, g, h, i, and j), and cross-section at
high magnification (k, 1, m, n, and o) of 0, 9, and 12 wt % C-MOF-5/CA and T-MOF-5/CA MMMs, respectively.

ing) increased. As reported in the previous study [25,
43], for CO, gas, the permeability is strongly affected
by the solubility and less affected by the diffusion. Also
for H, gas, relative permeability is more affected by the
diffusion than solubility. In other word, the reduction

of CO, permeability in low loading of both MOF-5s is
related to reduction of CO, solubility. It is essential to
note that, even for CO, gas (that its permeability is
strongly affected by the solubility), access into the cav-
ities of MOF-5s is a necessary condition. So it is pos-

PETROLEUM CHEMISTRY Vol. 58 No.4 2018



STUDY OF SEPARATION BEHAVIOR

a2

o V“/\J\ J\/Vf\J

323

1
1
1
1
1
1
Pure CA :
— ¢ KA/ AN ‘\' 1 A b’fg TN Y LN
T=1-17T (\ |} YO\ o
1 Ty
f 1 1 |
| 1 1 1
YA | ! [
6% C-MOF-5/CA T -
T ¢ WA, NIy A
~a T-_ Al ‘\\ ' ,'\' : :
1 r : 1
I I ¥ I l
. I 1 1 1
6% T-MOF-5/CA 1 oo
Y ’—_"u“ " ’71? ,"7"
8 j ’\L v ) | ‘( /7 ‘l ‘ : Y |
“r- N ”I 1
g 1 A | /1 i
h=1 1 1 I i
g 1 I : 1
2 19% C-MOF-5/CA . I L1
e TN l" Y, ’ﬁ \‘ \ ,' ‘rﬁ\ ||
= \ \, | { N
‘\~_i_—>“ \'\_‘, 1
| v
1 : 1 1
9% T-MOF-5/CA ! " ! :
'\“'_“ "‘ [} ‘ I“i V \ : . ]
| e oA
| - \ |
X ; f -: ! \-.I.-, : |
12% C-MOF-5/CA . 1 11
T PRainii g T ' *
\ \‘ ' A A | *, : :
\ I 1 V) J |A[ |\,!| 1
. ™ ;, ' \ \\ ,' ] 1
12% T-MOF-5/CA - TN L2
- ; - |Eﬂect of ZnO bonds (in MOF-5s)
Symmetric and asymmetric stretching
of COO groups in MOF-5s |C—H group present in the benzene ring of the MOF‘-SS‘
1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, cm™

1

Fig. 5. FTIR spectrums of pure CA, C-MOF-5/CA and T-MOF-5/CA MMMs.

sible that in low loadings of both MOF-5s in CA, a
part of pores in MOF-5 can get clogged with polymer
chains. This speculation is given credence by H, per-
meability results (low increasing) in low loading of
MOF-5s. In other word, since the reducing the size of
pores from cubic to tetragonal has little effect on
smaller molecule (H,), it can be expected that the bet-
ter permeation behavior of H, (compared to CO,) in
MMMs (in low loading) is attributed to low
diameter of H, versus CO,. As shown in Fig. 7, for
both C-MOF-5/CA and T-MOF-5/CA MMMs, the
H, and CO, permeabilities have been substantially
increased due to the increase of both C-MOF-5 and

PETROLEUM CHEMISTRY Vol. 58
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T-MOF-5 from 9 to 12%. The mutations in permea-
bility (in high loading) are attributed to increased dif-
fusivity and solubility for H, and CO,, respectively.

The content expressed can be better realized by
studying the H,/CO, selectivity coefficient, according
to Fig. 8 and Table 3. According to obtained results,
for all C-MOF-5 and T-MOF-5 loadings, the H,/CO,
selectivity was more than the pure CA membrane.
However, with increasing the T-MOF-5 loading from
9 to 12%, the H,/CO, selectivity was decreased as a
result of the agglomeration of T-MOF-5 nanocrystals
and some cavities appeared within the 12 wt %
T-MOF-5/CA MMM. Also for C-MOF-5/CA
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Fig. 6. TGA curves of pure CA and 6, 9, and 12 wt % C-MOF-5/CA and T-MOF-5/CA MMMs.

MM Ms, the rate of increase in H,/CO, selectivity for
changing the loading from 9 to 12 wt % is lower than
that for changing the loading from 6 to 9 wt % (and
from neat CA to 6 wt % C-MOF-5/CA MMM). Sim-
ilar to 12 wt % T-MOF-5/CA MMM, this negative
behaviour for 12 wt % C-MOF-5/CA MMM was
attributed to some cavities between CA and C-MOF-5
and agglomeration of C-MOF-5 nanocrystals. How-
ever for all fabricated MMMs, the H,/CO, selectivity
for 12 wt % MOF-5s/CA MMMs is higher than the
pure CA membrane and 6 wt % MOF-5s/CA MM Ms.
The results of H,/CO, selectivity show that the muta-
tions in H, and CO, permeability (by increasing the
loading of MOF-5s from 9 to 12 wt %) are not
false and this indicates the availability of the both
C-MOF-5 and T-MOF-5 pores.

Although there are many similarities between
incorporation of C-MOF-5 and T-MOF-5 nanocrys-
tals into CA matrix, but because the T-MOF-5 has
more ZnO molecules in its own_structure [46, 48],
the study of differences in transition behavior
(permeability and selectivity) for C-MOF-5/CA and
T-MOF-5/CA MMMs is very important.

According to Fig. 7a, by changing the filler from
C-MOF-5to T-MOF-5, the appearance of H, perme-
ability did not change much, but the CO, permeability

Table 2. Molecular gas properties [44]

Critical Critical volume, Kinetic
Gas | temperature, T 3 .
V,,cm3/mol | diameters, A
(K)
H, 33.20 64.90 2.89
CO, 304.20 91.90 3.30

was reduced. The reasons of these behaviors were
attributed to two factors: pore size of both MOF-5
nanocrystals and the presence of more ZnO molecules
in T-MOF-5 nanocrystals.

In other word, by changing the filler morphology
(from cubic to tetragonal), the pore size of filler was
reduced. Because the kinetic diameter of CO, is more
than H,, it can be expected that, changing the pore
size from C-MOF-5 to T-MOF-5 has more effect on
the CO, diffusivity. However, by changing the filler
from cubic to tetragonal, due to the presence of more
ZnO molecules (main adsorption site of H,) and
less BDC molecules (main adsorption site of CO,) in
T-MOF-5 (than C-MOF-5), the adsorption site of H,
in T-MOF-5 is more than that in C-MOF-5 and also
the adsorption site of CO, in T-MOF-5 is less than
that in C-MOF-5. By changing the filler structure
from C-MOF-5 to T-MOF-5, reducing of pore size
and also increasing of adsorption site of H, (and
reduction of adsorption site of CO,), caused that the
appearance of H, permeability did not change much
but the CO, permeability was reduced.

This behavior is well evident in Fig. 8. According to
Fig. 8, The H,/CO, selectivity in all T-MOF-5/CA
MMMs is higher than all C-MOF-5/CA MMMs.

Furthermore, Table 4 shows a comparison of the
results obtained in this study and those of other studies
in which MMMs were modified with polymers com-
bined with filler materials. A comparison between the
H,/CO, separation performances of our CA/MOF-5
MM Ms and literature data shows that our approach is
promising (given the about 70% increase in H,/CO,
selectivity). Although our CA/MOF-5 MM Ms are not
quite the best yet, in terms of H,/CO, separation factor
PETROLEUM CHEMISTRY  Vol. 58
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Table 3. Gas permeability (barrer) and selectivity of H, and
CO, through the neat CA and MMMs

Samples H, CO, H,/CO,
Neat CA 4.30 £0.52|3.90 £ 0.64 1.10
6wt % C-MOF- |4.98+0.50|3.37+0.50 1.48
5/CA MMM
9wt % C-MOF- |6.19+£0.40|3.64 £0.50 1.70
5/CA MMM
12wt % C-MOF- [14.95 + 0.70| 8.41 £ 0.60 1.78
5/CA MMM
6 wt T-MOF- | 4.65+0.40|2.69 = 0.50 1.73
5/CA MMM
9wt % T-MOF- |6.08 £0.60| 3.19 £0.10 1.91
5/CA MMM
12 wt % T-MOF- [13.90 £0.70| 7.77 = 0.60 1.79
5/CA MMM

and permeability, it offers a lot of potential for
improvement.

Evaluation of Gas Permeation Performance

A review on the permeability/selectivity data shows
an upper bound relationship for polymeric membrane
as defined by a Robeson’s upper bond trade-off line.
The C-MOF-5/CA and T-MOF-5/CA MM Ms fabri-
cated in this work reside below or close to the Robe-
son’s upper bond trade-off line for H,/CO, separation
(Fig. 9). According to Fig. 9, the incorporation of both
C-MOF-5 and T-MOF-5 in neat CA membrane
increases the H, separation ability of MMMs for
H,/CO, separation and this means the fabricated
MM Ms provide better separation factor than neat CA
membrane. As the C-MOF-5 and T-MOF-5 content
in CA is increased, the H, permeability is increased

Table 4. Comparison of modified polymer by different filler for H, and CO, separation

Polymer Filler wt % bf;rze’r bPa(lzr?ze ’r H,/CO, Ref.

PES SAPO-34 20 12.6 5.1 2.4 [59]

Matrimid9725 Zeolite 4A 10 28.2 12.8 2.2 [60]
30 101.6 48.3 2.1

Matrimid5218 g;ls;)r];(s)r((l)\l/llssgilica 8 46.9 15 31 [61]

PEI C-MOFEF-5 25 28.32 5.39 5.25 [25]

Co-polyimide (6FDA-durene) | ZIF-8 15 2136.6 1552.9 1.4 [62]

%)Flg(/;l:yll)rgllc)l/ewM PD:4,4-SDA) 1_\11\/][{11_101 10 114.0 70.9 1.6 [63]

PPO Silica 10 548.7 154.1 3.6 [64]
33.5 103.0 51.0 1.81 [65]

Matrimid® MIL-53-ht 37.5 66.0 40.0 2.02

Matrimid® C-MOF-5 30 53.8 20.2 2.66 [66]

PI MIL-53(Al) 5 0.416% 0.2122 1.96 [67]

PI MOE-5 5 0.2392 0.2672 0.89 [67]

PI Cu;3(BTC), 5 0.4372 0.324% 1.35 [67]

CA C-MOF-5 9 6.19 3.64 1.70 This work
12 14.95 8.41 1.78

CA T-MOF-5 9 6.08 3.19 1.91 This work
12 13.90 7.77 1.79

2 GPU.
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Fig. 7. Plot of permeability versus MOF-5s loading (0, 6, 9, and 12 wt %) for (a) H, and (b) CO, in both C-MOF-5/CA and

T-MOF-5/CA MMMs.

while the selectivity of H,/CO, is slightly increased.
Also as shown in Fig. 9, as a result of the more H,
adsorption site, the T-MOF-5/CA MMMs provide
better H,/CO, separation performance than C-MOF-
5/CA MMM:s.

This research indicated that, the activated MOFs
(i.e., C-MOF-5 in this study) are not always the best
choices for separation process. In fact this is a qualita-
tive, exploratory study in which the authors are laying
the groundwork for future researches on this subject. It
is exploratory because no other researches have been
conducted on this specific subject.

CONCLUSION

MMDMs containing C-MOF-5 and T-MOF-5
nanocrystals and CA polymer were successfully
fabricated with excellent adhesion between the both
MOF-5s and CA and without sedimentation or
agglomeration (at surface) of MOF-5s by controlling

of fabrication conditions. The conclusions can be
summarized out as follows: (1) according to SEM
results of the neat CA membrane and MMMs, it can
be argued that the C-MOF-5/CA and T-MOF-5/CA
contact is acceptable, (2) addition of both MOF-5s,
increases thermal resistance of the CA polymer,
(3) the increase in thermal resistance of MMMs is
attributed to good adhesion between MOF-5s and
CA polymer and good thermal stability of the both
MOF-5s, (4) the C-MOF-5/CA MMMs
are more stable than T-MOF-5/CA MMMs (because
C-MOF-5 is more stable than T-MOF-5), (5) incor-
porating both MOF-5s in CA leads to increase in the
H, permeability, while the CO, permeability is initially
(at 6 wt % of loading) reduced and then (at 9 and
12 wt %) increased, (6) the better permeation behavior
of H, (compared with CO,) in MMMs was attributed
to lower diameter of H,, (7) for both C-MOF-5/CA
and T-MOF-5/CA MMMs, the H, and CO, permea-
bilities have been substantially increased at high load-
No. 4
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Fig. 8. Ideal selectivity plots of neat CA and 6, 9, and 12 wt % C-MOF-5/CA and T-MOF-5/CA MMMs for H,/CO,.
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Fig. 9. H,/CO, separation performance of CA, C-MOF-5/CA and T-MOF-5/CA MMMs in comparison to Robeson’s upper
line.
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ing of MOF-5s (these mutations were attributed to
increasing of diffusivity and solubility of H, and CO,,
respectively), (8) the results of H,/CO, selectivity
show that the mutations in H, and CO, permeability
are not false and this demonstrates the availability of
the both MOF-5s pores, (9) because of the presence of
more ZnO molecules in T-MOF-5, by changing the
filler from C-MOF-5 to T-MOF-5, the appearance of
H, permeability did not change much, but the CO,
permeability was reduced, (10) the presence of more
ZnO molecule in the T-MOF-5 structure could lead
to increase the H,/CO,.
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