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Abstract: Mixed matrix membranes (MMMs) containing zeolitic imidazolite framework-8 (ZIF-8)
and UiO-66 as microporous fillers were prepared and evaluated their potential for the separation of a
gas mixture produced by a methane reforming process. Hydrothermal synthesis was performed to
prepare both the ZIF-8 and UiO-66 crystals, with crystal sizes ranging from 50 to 70 nm for ZIF-8 and
from 200 to 300 nm for UiO-66. MMMs were prepared with 15% filler loading for both MMM (ZIF-8)
and MMM (UiO-66). MMM (UiO-66) exhibited H, permeability of 64.4 barrer and H, /CHy, selectivity
of 153.3 for single gas permeation, which are more than twice the values that were exhibited by a
neat polymer membrane. MMM (ZIF-8) also showed better separation properties than that of a neat
polymer membrane with H, permeability of 27.1 barrer and Hy /CHy selectivity of 123.2. When a gas
mixture consisting of 78% Ar/18% Hjy /4% CH,4 flowed into the membranes at 5 bar, the H; purity
increased to as high as 93%. However, no improvement in the mixture gas separation performance
was achieved by the MMMs as compared to that of a neat polymer membrane.

Keywords: mixed matrix membrane; metal oxide framework; gas separation; ZIF-8; UiO-66

1. Introduction

Reformation of carbonaceous gases, such as CO, and CHy [1], is considered a promising approach
for addressing global warming problems. The products of the reforming processes can be valuable
resources for energy generation and chemical production. Over the past few decades, various studies
on catalyst design, reforming reaction engineering, and device development have been conducted
to optimize certain reforming reactions. However, because both CO, and CHy are chemically
stable, it is difficult to convert all feed gas into usable products during reformation [2]. In most
commercially viable reforming reactions, only a fraction of CO, and CH, gases participate in the
reactions, while the remainder do no react and instead form a mixture with the products. Therefore,
a gas separation process must be performed to separate unreacted CO, and CHy from the reformate
gases for further use.

While conventional gas separation processes [3], such cryogenic distillation, absorption, and
adsorption, have been utilized for separation, membrane-based gas separation can be a strong
alternative based on its low energy consumption and simple configuration [4]. Such features also lead
to easy hybridization with existing reaction systems. A membrane separates gas mixtures that are
based on permeability differences originating from diffusivity and solubility differences [5]. Based on
the reforming reactions of CO, and CHy, it is known that gases, such as hydrogen, ethylene, propane,
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acetylene, and even large benzene can be produced. Such reformates have different physicochemical
properties when compared to CHy and CO, gases, meaning that they can be separated by membrane
processes based on diffusivity and solubility differences.

Currently, the main membrane materials utilized for gas separation are polymers. Membrane
systems that are based on polymers have already been commercialized for many applications, including
hydrogen recovery, natural gas treatment, and vapor recovery [6,7]. However, in a separation process
where a large condensable gas is contained in the feed gas or large molecules are to be permeated
through the membrane [8], the performance of polymer membranes is significantly degraded by
swelling and the small fractional free volume of polymers. As mentioned above, because gas mixtures
following the reformation of CO, and CH, contain large and condensable gases, polymer membranes
have difficulty separating such gas mixtures, meaning that the development of novel membrane
materials is required.

To overcome the limitations of polymer membranes, microporous membranes utilizing carbon
molecular sieves, zeolite, and metal oxide frameworks (MOFs) film have been studied [9]. However,
creating such membrane materials on a large scale is a challenging problem. In contrast, mixed
matrix membranes (MMMs) can be easily scaled up and provide excellent separation performance
and long-term operational stability as compared to polymer membranes [10]. An MMM is prepared
by blending polymers with microporous material fillers, such as porous carbon, carbon nanotubes,
zeolite, and MOFs [11-16]. Among the fillers for MMMSs, MOFs have attracted significant attention
based on their tunable pore structures and flexible frameworks, which have excellent compatibility
with polymer matrices. The zeolitic imidazolite framework-8 (ZIF-8), a sub-family of MOFs, was
mixed with polyimide and the resulting MMM was studied for various gas separation processes,
including H, /CO,, CO, /Ny, Hy /CHy, and CO, /C3Hg separation [17,18]. The synthesized MMMs
exhibited higher gas permeability and selectivity when compared to a neat polyimide membrane
and even showed molecular sieving characteristics at higher ZIF-8 loadings (>50% (w/w)). UiO-66
was also utilized as a filler and blended with polyimide, PIM-1, and polyether block amide for
MMM fabrication [14,19,20]. High crystal dispersibility and CO; affinity were exhibited by the MMM
containing amine-functionalized UiO-66. A cross-linkable co-polyimide/ZIF-8 MMM was prepared
and tested for CO,/CHy and propylene/propane separation [21,22]. The MMM was exhibited
plasticization suppression based on the cross-linking reaction between the MOFs and polymer matrix.

Although there have been many studies on MMMs utilizing MOFs, most MMM studies have
focused on CO; separation and MMM performance has been characterized by single gas permeation.
Following carbonaceous gas reformation, the reformate mixture often contains three or more gases,
including unreacted CO, and CHy. Therefore, the separation performance of MMMs should be
studied with multicomponent gas supplies. Based on this motivation, MMMs containing MOFs were
synthesized, and their gas separation characteristics was studied for feed gases containing three gas
components: Hy, Ar, and CHy. ZIF-8, and UiO-66, which are mainly utilized in MMM research, were
employed as fillers and a polyimide (Matrimid 5218®) with high intrinsic gas selectivity was utilized
as a polymer matrix in this study.

2. Materials and Methods

2.1. Crystallization of ZIF-8 and UiO-66

ZIF-8 was prepared through a conventional solvothermal method [23], where 2-methylimidazole
(304 mg, 8 mmol) and Zn(NOs3),-6H,0 (663 mg, 1 mmol) in 22.2 mL of methanol were mixed in a
Teflon vessel and then reacted at 65 °C for 12 h. Following solvothermal synthesis, the products
were purified via centrifugation and washed with methanol three times to remove any unreacted
agents. Finally, the products were dried overnight in a 100 °C oven. UiO-66 was synthesized under
typical reflux conditions. A mixture of zirconium(IV) oxychloride octahydrate (560 mg, 3.43 mmol)
and 1,4-benzenedicarboxylic acid (380 mg, 3.43 mmol) in 20 mL of N,N-dimethylformamide (DMF)
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was placed in a round vessel equipped with condenser and reacted at 120 °C for 24 h. Following
synthesis, the products were purified via centrifugation and washed with DMF and ethanol to remove
any unreacted agents. Finally, the products were dried overnight in a 100 °C oven.

2.2. Mixed Membrane Preparation

MMM films were prepared utilizing the solution-casting method. ZIF-8 and UiO-66 were dried at
100 °C under vacuum for 12 h, then added to N-methyl-2-pyrrolidone (NMP, BASF, Ludwigshafen,
Germany), and sonicated for 120 min. Commercial polyimide (Matrimid 5218, Huntsman International
LLC, Salt Lake City, UT, USA) was then dissolved in the NMP solution. The weight ratio of
MOFs/polyimide in the NMP solutions was 15% (w/w). The solutions were stirred for 12 h at
60 °C, then sonicated for 60 min. The solutions were subsequently casted onto a glass plate under dry
air flow and dried at 35 °C for 48 h. The casted films were then annealed at 180 °C in a vacuum oven
for 24 h, after which they cooled naturally. The final thicknesses of membranes ranged from 40-60 pm,
as measured by a digital micrometer.

2.3. Characterizations

Scanning electron microscopy (SEM) images were obtained by utilizing a Tescan Mira 3 LMU FEG
with an acceleration voltage of 10 kV (TESCAN, Kohoutovice, Czech Republic). The samples were
coated with platinum for 2 min in a Quorum Q 150T ES and their N, isotherm curves was measured
at the temperature of liquid nitrogen (77 K) by utilizing a Micromeritics Tristar 3020 (Micromeritics,
Norcross, GA, USA). Degassing was then performed at 423 K for 12 h under vacuum (~10~° Torr)
prior to N; sorption analysis. The specific surface areas of the samples were calculated utilizing the
Brunauer-Emmett-Teller (BET) equation and their pore volumes were calculated to be P/Py = 0.95.
Thermogravimetric analysis (TGA) was performed with a Sinco TGA-N 1000 (Sinco, Daejeon, Korea).
Prior to TGA, the samples were kept in a chamber that was maintained at 80% relative humidity with
an NH,4Cl salt solution for 12 h. Thermal analysis was conducted at a heating rate of 5 °C/min up to
700 °C under a constant flow of nitrogen (30 mL/min). The single gas permeability of the MMMs was
measured based on the variable pressure method that was provided by Airrane Co. Ltd. (Daejeon,
Korea). The membranes (9.6 cm?) were mounted in a permeation cell and the permeation pressure on
the permeate side was measured when it reached a steady state. The permeability coefficient (P, in cm?
cm/cm? s cm Hg) was determined by

p2414 1V dp
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where A is the membrane area (cm?), 1 is the membrane thickness (cm), Ap is the pressure difference
between the feed side and permeate side (psi), V is the permeate side volume (cm?), R is the universal
gas constant (6236.56 cm® cm Hg/mol K), T is the absolute temperature (K), and %’ is the permeation
rate (psi/s). The diffusion coefficient (D) was calculated using the time-lag method:
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where 0 is the time-lag (s). The solubility coefficient, S, can be calculated using the following relationship:
P=DxS 3)

Finally, ideal gas selectivity was calculated by

o ij="P_i/P_j= (D_i/D_j)(S_i/S_j) 4)

where Pi and Pj are the gas permeabilities of gases i and j, respectively.
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The gas flow system that is illustrated in Figure 1 was utilized to characterize mixed gas
permeation performance of the MMMs. MMMs with effective membrane areas of 201 cm? were
loaded into the permeation cell. The feed gas consisted of Hy /CH,/Ar and the permeate flow rate
was altered by controlling the flow control meters on both the retentate side and permeate side. Feed
pressure was set at 5 bar. A gas chromatograph (GC-2014, Shimadzu, Kyoto, Japan) was utilized to
measure the concentrations of gases on the permeate side of the membranes.

PG PG

®

MFC Permeate

NV Retentate

PG : Pressure Gauge
NV : Needle Valve
MFC : Mass Flow Controller

GC : Gas Chromatography I Bubble
flow meter

)

Figure 1. Gas flow system for measuring multicomponent gas separation through membranes.

3. Results and Discussion

3.1. Characterization of ZIF-8 and UiO-66

The morphologies and crystal structures of the synthesized ZIF-8 and UiO-66 crystals were
confirmed via SEM, X-ray diffraction (XRD, Rigaku, Tokyo, Japan), and nitrogen isotherms. The results
are presented in Figure 2. As shown in Figure 2a, the particle size of the ZIF-8 was 50-70 nm. The XRD
of the samples shown in Figure 2b indicated pure-phase ZIF-8 crystals with no other crystalline
structures. Slight peak broadening was observed in the XRD results because of the small crystal size.
The nitrogen isotherm of ZIF-8 was a type I isotherm, as shown in Figure 2c. The first volume uptake
of nitrogen at very low pressures indicates the presence of micropores and the second adsorption
of nitrogen beginning at a relative pressure of 0.8 was likely caused by mesopores generated by the
packing of nanocrystals. The texture properties of ZIF-8 showed a BET surface area of 1630 m?/g
and total pore volume of 1.08 cm3/g, similar to the values that are reported in the literature [24].
The crystal size of UiO-66 was 200—400 nm, as shown in Figure 2d, which is larger than the ZIF-8
crystals. One can see from Figure 2e that the XRD of UiO-66 revealed a pure crystalline phase of the
UiO-66 framework, where the peak was a bit shaper than that of the ZIF-8 because of the larger crystal
size. The nitrogen isotherm of UiO-66 was also a type I isotherm, as shown in Figure 2f, but the second
nitrogen adsorption was smaller when compared to that of ZIF-8. The BET surface area of the UiO-66
was calculated to be 1317 m?/g and the total pore volume was 1.57 cm®/g, which are also similar to
the values in the literature [25].
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Figure 2. Physical properties of synthesized zeolitic imidazolite framework-8 (ZIF-8) and UiO-66
crystals. (a) Scanning electron microscopy (SEM) image; (b) X-ray diffraction (XRD); and (c) nitrogen
isotherm of ZIF-8 and (d) SEM image; (e) XRD; and (f) nitrogen isotherm of UiO-66.

3.2. Characterization of Membranes

The MMMs were prepared utilizing the synthesized ZIF-8 and UiO-66 with loadings of 15%.
By considering film processability and physical flexibility, filler loading of 15% was selected for both
MMM (ZIE-8) and MMM (UiO-66), though more fillers could be incorporated into the polyimide.
As described elsewhere, MMM with higher filler loading exhibited improved gas permeability.
However, the membrane was less reproducible and slightly fragile. Furthermore, a large membrane
area (>15 cm? in diameter) was required to obtain detectable gas flux both by GC and using gas flow
meter in this study. Therefore, MMM with 15% filler loading was chosen, which was reproducible and
physically stable. Figure 3 presents SEM images of MMM (ZIF-8) and MMM (UiO-66). The average
thickness of the MMMs was 40-60 um, as shown in Figure 3b,d. Our membranes were flexible and
they did not break when folded in half. Dried powders of both ZIF-8 and UiO-66 were dispersed into
NMP solutions for MMM preparation. Several previous articles reported that MOF particles were not
redispersible at higher loadings, leading to the formation of grape-like morphologies [26]. However,
as shown in Figure 3, after the dispersion of particles into solvent by assist of sonication, both fillers
were well dispersed into the polymer matrix at a loading of 15% in this study. Even the ZIF-8 filler,
whose average crystal size was less than 70 nm, exhibited uniform dispersion into the polymer matrix,
as shown in Figure 3a. As an example, when ZIF-8 filler with particles of < 50 nm was employed, the
dispersion of ZIF-8 powder was poor. Furthermore, defects originating from poor interactions between
the polymer and fillers were not observed in either sample, as shown in the insets in Figure 3b,d,
which reflects desirable MOF and polymer interactions, as reported in previous articles [27]. Thus, it is
thought that both MMMs were successfully prepared from our approach.

The thermal stability of all samples, namely ZIF-8, UiO-66, the neat polymer film, MMM (ZIF-8),
and MMM (UiO-66), was further analyzed via TGA, as shown in Figure 4. As shown in Figure 4a,
The ZIF-8 powder showed small loss below 200 °C, because of trapped gases and solvents. This
weight loss plateaued at 400 °C. Decomposition of the ZIF-8 occurred at approximately 400 °C and
only 25% of the material remained following the TGA measurements. The UiO-66 showed weight loss
in the range of 25-200 °C because of trapped molecules, but the amount was much larger than that of
ZIF-8. Additional weight loss occurred in the range of 200-300 °C as a result of the dihydroxylation of
Zrg04(OH),4 into ZrgOg. Gradually, weight loss also continued after 500 °C based on the removal of
benzene moiety in the UiO-66 framework. In the case of the polymer film, no noticeable weight loss
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occurred below 450 °C, after which polymer deposition began to decompose. Over the temperature
range 500-700 °C, continuous weight loss was observed due to the degradation of the polymer,
followed by evaporation of light gases, like hydrogen, carbon dioxide, and methane from the polymer
backbone [28]. Thermal decomposition features associated with MOFs and polymer films appeared
in the TGA results for MMM (ZIF-8) and MMM (UiO-66), as shown in Figure 4. In the case of
MMM (UiO-66), the first weight loss temperature originated from polymer chain decompositions that
occurred at lower temperatures when compared to that in the neat polymer film shown in Figure 4b.
These results indicate that favorable interactions between the Matrimid 5218® and UiO-66 enhanced
the thermal stability of the membranes, which matches observations in the literature [29]. However,
the favorable interaction was not clearly revealed with MMM (ZIF-8), because decomposition of ZIF-8
started first and overlapped with the temperature of polymer film decomposition.

Figure 3. SEM images of mixed matrix membranes (MMMs). (a) Top view of MMM (ZIF-8);
(b) cross-sectional view of MMM (ZIF-8); (c) top view of MMM (UiO-66); and (d) cross-sectional
view of MMM (UiO-66).

(a)100_ (b) 100
80+ 804
g 9
E 60 :T 60
5 5
) o
2 40+ 2 40-
209 ___7iF-8 (powder) 209 ul0-66 (powder)
——neat (membrane) ——neat (membrane)
- ——ZIF-8 + neat (membrane) 0 ——UIO-66 + neat (membrane)
T T T T T T
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C)

Figure 4. Thermogravimetric analysis (TGA) of ZIF-8, UiO-66, polyimide, MMM (UiO-66), and MMM
(ZIF-8). (a) TGA of ZIF-8, polyimide, and MMM (ZIF-8) and (b) TGA of UiO-66, polyimide, and
MMM (UiO-66).
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3.3. Single Gas Permeation Through Membranes

Figure 5 presents the single gas permeation results for membranes that were prepared from pure
polyimide and MMMs with 15% loadings of ZIF-8 and UiO-66. As shown in Figure 5a, gas permeability
decreased as the kinetic diameter of the gas increased for all membranes, following typical trends for
gas separation membranes. Figure 5a,b clearly demonstrate that the presence of MOFs in the polymer
matrix led to improvements in both gas permeability and ideal gas selectivity for Hy /CHy4, CO,/CHy,
and Ar/CHjy. These increases in gas permeability and ideal gas selectivity indicate that the MMMs
were successfully prepared without defects and that ZIF-8 and UiO-66 are effective fillers for MMM,
as suggested in the literature. The gas permeability of MMM (UiO-66) was greater than that of ZIF-8
for all gas flow tests, because the window diameter of UiO-66 (¢ ~ 0.60 nm) is larger than the pore
aperture of ZIF-8 (¢ ~ 0.34 nm). Gas permeation was further analyzed by calculating the diffusion and
solubility coefficients of penetration, which are listed in Table 1. Interestingly, the gas permeability
of MMM (ZIF-8) for N, and CHy is greater than that of polyimide, even though the pore aperture
size of ZIF-8 is approximately 0.34 nm, which is impermeable for N, and CHy4. As shown in Table 1,
the solubility of both N, and CH4 for MMM (ZIF-8) was greatly increased as compared to that for
polyimide. Therefore, it seems that the flexible structure of ZIF-8, referred to as the “gate-opening”
effect [30], rather than defects in the separation membrane, contributes to increased permeability for
N, and CHy. Additionally, the gas permeability of MMM (UiO-66) was greater than that of MMM
(ZIF-8). This increase originated not from diffusivity, but from solubility, despite the larger pores
of MMM (UiO-66). It is postulated that the existence of linker vacancies in the UiO-66 framework
may enhance adsorption of gas molecule, leading to improved solubility of gas molecules in MMM
(Ui0-66) [31].

Table 1. Solubility and diffusivity of membranes.

Sample Gases Diffusivity Solubility Permeability
(cm?/s) (cm3(STP)/cm®cmHg) (barrer)

H, N.D.* N.D.* 11.7

CO, 8.22 x 1077 6.24 x 108 5.1

PI Ar 2.83 x 1078 1.28 x 107 0.36

N, 897 x 1077 1.58 x 107 0.14

CH,4 2.81 x 1077 5.04 x 107 0.14

H, N.D. * N.D.* 64.4

CO, 7.10 x 102 3.81 x 10° 27.1

MMM(UiO-66(15%)) Ar 1.51 x 1077 9.01 x 10° 1.4
N, 6.92 x 1077 7.40 x 107 0.51

CHy 1.25 x 10~° 3.32 x 108 0.42

H, N.D. * N.D. * 27.1

CO, 8.02 x 10~? 1.16 x 10° 9.3

MMM(ZIF-8(15%)) Ar 113 x 1078 5.31 x 107 0.60
N, 6.68 x 1077 3.34 x 107 0.22

CH,4 1.66 x 107° 1.33 x 108 0.22

* N.D.: Not Determined. Hydrogen permeated though membranes too fast to calculate time-lag.

The Robson plots of MMM (UiO-66) and MMM (ZIF-8) for CO,/CH,4 and H; /CHy separation
(Figure 6) show that the membranes designed herein exhibited comparable performance with reported
mixed matrix membranes. However, our membranes did not exceed the upper bound of polymeric
membranes (2008), possibly due to relatively low filler loading (15%) [32].
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Figure 5. Single gas permeation of polyimide, MMM (UiO-66), and MMM (ZIF-8). (a) Single gas
permeability of gas molecules and (b) ideal gas selectivity.
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Figure 6. Upper bound of membranes for gas separation. (a) CO,/CHy and (b) Hp /CHy separations.

3.4. Multiple Gas Mixture Permeations Through MMMs

One can see from Figure 5 that the MMMSs have superior gas separation properties when compared
to a pure polymer membrane. Therefore, the MMMs were applied to separate multiple gas mixtures
that were produced by a methane reforming reaction. Figure 7a depicts a methane reforming process
and subsequent separation process [33]. This process reforms methane via Ar plasma reaction into
hydrocarbons, such as ethane and acetylene. Following the reaction, several components are present in
the product stream, including hydrogen and hydrocarbon as products, along with unreacted argon and
methane. Hydrocarbons from the gas mixture can be easily recovered via pressure swing adsorption or
distillation processes, after which hydrogen, argon, and methane remain. When membrane separation
is utilized, it may be possible to simultaneously purify hydrogen and recycle argon and methane from
the initial plasma reaction, as shown in Figure 7a. Based on this concept, the separation performances
of the MMM s were tested at 5 bar with a mixed gas flow (78% Ar, 4% CHy, and 18% Hj) selected from
one of the methane reforming reactions. The gas compositions on the permeate side were characterized
via gas chromatography. The results are presented in Figure 7b. As shown in Figure 7b, the hydrogen
concentration significantly increased following membrane separation for all membrane materials.
However, when compared to the polyimide membranes, the MMMSs showed no advantages in terms
of mixed gas separation performance. In fact, the polyimide membrane was better at separating
hydrogen from argon and methane compared to the MMMSs, which is inconsistent with previous
single gas measurement data. Furthermore, the performance of MMM (UiO-66) was the lowest overall,
despite showing the best results for single gas permeation. This experiment repeated more than
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10 times by changing membranes and tuning parameters to check for possible errors in measurement
or membrane preparation. All of the data followed a similar trend. Therefore, it is postulated that the
interactions between diffusing molecules must have affected the separation dynamics of the membrane
and eventually affected separation performance.

(b) Feed mixture
78.0% (Ar)
(@) 4.0% (CH,)
CH,, Ar 18.0% (H,) I
lMembrane
CH,—» Membrane [—— H, Polyimide MMM_Ui0-66 MMM_ZIF-8
I CH4 ,H2, Ar
HC*, SepSral-ltion " HC* I
CH, ,H,, Ar e B
6.5% (Ar) 11.1 (Ar) 68% (Ar)

N.D.(CH,)  04%(CH,) N.D.(CH,)

935% (H,)  88.5% (Hy)  93.2% (Hy)
Figure 7. Multicomponent mixture gas separation system. (a) Conceptual hybrid system with methane
reforming reaction and membrane-based gas separation; (b) Mixed gas separation properties of
polyimide, MMM (UiO-66), and MMM (ZIF-8). * HC: hydrocarbon.

Additional research to understand changes in membrane performance based on the composition of
mixed gases is underway by tuning operation parameters, such as pressure, temperature, and stage-cuts.

As shown in Table 2, both gas permeability and selectivity under mixture gas flow were lower than
those for a single gas. To obtain sufficient gas flux for characterization of gas permeate composition
by GC, 5 bar of feed pressure was applied, which is much higher than that required for single gas
measurement. As for the “dual sorption model”, total gas sorption into a membrane is decreased with
increasing feed pressure because “Langmuir Sorption” becomes saturated at high pressures [34,35].
Thus, the decrease in sorption may result in some corresponding decrease in gas permeance of Hj, Ar,
and CHy4. However, each gas exhibited a different degree of reduction in gas permeance. The reduction
for CHy was less than those for the other two. The critical temperature for CHy (190.6 K) is higher
than those for H, (33.2 K) and Ar (158 K), reflecting that CH, sorption is greater than H, and Ar
sorption [35]. Thus, strong sorption of CH, on polymer should competitively reduce the sorption of Hp
and Ar, leading to further reductions in H, and Ar permeabilities. The bulkier methane gas adsorbed in
micropores of MOF fillers could also slow down the diffusion of H, and Ar through MMMs. However,
the extent of reduction in permeance for each gas also depended on the type of membrane. It is
thought that the difference is originated from the frameworks of fillers. Further research is underway
to understand changes in the membrane performance in terms of membrane materials.

Table 2. Mixture gas permeability and selectivity.

b Mixture Gas Permeability (barrer) Mixture Gas Selectivity Ideal Gas Selectivity
Membrane
Hz Ar CH4 H2/CH4 Hz/Al‘ AI‘/CH4 Hz/CH4 Hz/Al‘ Al‘/CH4
9.1 0.15 .
PI (—22%) (—58%) N.D. - 62.3 - 85.7 325 2.6
MMM 18.3 0.52 0.37
(Ui0-66) (=72%) (—63%) (—12%) 49.2 349 14 153.3 46.0 3.3
MMM 14.5 0.24 "
(ZIF-8) (—46%) (—60%) N.D. - 59.4 - 123.2 45.2 2.7

* N.D.: Not Determined. Methane concentration was below the detection limit of GC. Numbers inside parentheses
indicated percent changes of gas permeability, with respect to single-gas permeation measurements by the
time-lag method.
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4. Conclusions

MMMs, including MOFs as fillers, were prepared to study membrane-based multicomponent
gas separation of the products of methane reforming reactions. ZIF-8 and UiO-66 were prepared
for the MMMs and exhibited well-developed crystalline structures with monodisperse crystal size
distributions based on XRD, SEM, and nitrogen isotherm analysis. Based on desirable interactions
between MOFs, polyimide, and NMP, individual MOF crystals were uniformly dispersed over a
polymer matrix; no large clusters or aggregates were observed by SEM. MMM (UiO-66) exhibited
a higher gas flux and gas selectivity based on single gas permeation measurements than those of
a pure polymer film, MMM (ZIF-8), and MMM (UiO-66). However, when a mixed gas containing
H;/Ar/CHy4 was separated by the membranes, no major differences were observed in the separation
performance. This result was very different from the single gas permeation result, which indicates that
there were multiple diffusant-diffusant and diffusant-molecule interactions. An MMM may provide
a very complex gas diffusion route, because both solution diffusion and surface pore diffusion may
occur simultaneously when the membrane is in use. An in-depth study of multicomponent separation
via MMM is essential for their commercialization.
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