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Metal-organic framework 5 (MOF-5) nanocrystals with a high surface area (3000 m?/g) and high thermal
stability (up to 400 °C) were synthesized and added to Matrimid® to form mixed-matrix membranes for
gas separations. Scanning electron microscopy (SEM) images of the membrane cross-sections revealed
significant plastic deformation of the polymer matrix owing to the strong affinity between the MOF-5
and Matrimid®. At 30% MOF-5 loading, the permeabilities of the gases tested increased 120% while the

ideal selectivities remained constant compared to Matrimid®. Residual gas analysis of permeates of gas
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blends with different mixture ratios revealed an increase in selectivity for CHs.
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1. Introduction

As polymer-based gas separations have seemingly reached the
limit of the permeability-selectivity tradeoff reported by Robe-
son [1], new materials and procedures for membrane fabrication
are being investigated in order to improve performance. Inorganic
membranes have been used widely due to their high permeability
and selectivity [2,3]; however, elaborate manufacturing procedures
(e.g. support treatment, zeolite crystallization, thermal program-
ming for pyrolysis, and a controlled inert gas atmosphere in terms of
flow, pressure, and composition [2-5]), low reproducibility of prop-
erties [6], high cost [7], and low mechanical resistance make their
production difficult. These technical difficulties and other prob-
lems inherent to inorganic membranes are reviewed by Julbe [3]
and Saracco et al. [8]. In contrast, polymer membranes incur lower
manufacturing costs and have higher mechanical resistance, but
they have comparatively low permeability and selectivity making
them less attractive than inorganic membranes for gas separa-
tions. As an alternative to inorganic and polymer membranes,
mixed-matrix membranes (MMM) [9] have begun to attract the
attention of researchers. These hybrid membranes combine the
superior permeability and selectivity of inorganic membranes with
the processability of polymer membranes; additionally, MMMs
are mechanically more resilient than inorganic membranes. Other
important features that MMMs possess are more reproducible
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properties and facile [10] and low cost of fabrication. Compared
to inorganic membranes, where the membrane cost per m? is on
the order of thousands of dollars [7], MMMs using metal-organic
frameworks (MOFs) could reduce the cost by an order of magnitude
[11].

MMMs, however, are not exempt from challenges. The low affin-
ity of the polymer for the inorganic additive can result in the
formation of non-selective voids at the polymer-additive interface
that degrade the performance of the membrane [12,13]. Evidence
of poor wetting by the polymer and debonding of the additives has
been presented in scanning electron microscopy (SEM) images of
membrane cross-sections [13-15] and polymer composites [16,17];
in these images, little or no plastic deformation of the polymer
matrix at the additive-polymer interface is observed owing to poor
contact between the organic and inorganic phases. Attempts to
fabricate MMM s using zeolites, which are ideal gas separation can-
didates due to their thermal stability and separation and transport
properties, proved to be problematic owing to their inadequate
interaction with the polymer and, in some cases, behavior as fillers
[15,18-20]. Another challenge that MMMs could face is partial
blockage of the additive pore by polymer chains rendering the addi-
tive as a filler. This result was observed in a recent study of zeolites
3A, 4A, and 5A in polyethersulfone MMMs in which the permeabil-
ities of the gases decreased with additive loading. Only zeolite 5A
reached constant (still lower than the pure polymer) permeabil-
ity for H, and O, above a 20% zeolite loading [14]. Mesoporous
MCM-41 was employed as an additive in order to enhance the
polymer-additive interaction through polymer chain penetration
of the mesopores [21]. In terms of interaction, this strategy proved
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to be effective. Gas separation studies of MCM-41/polysulfone
MMMs demonstrated that gas permeability increased with an
increased loading of MCM-41 while the selectivity remained con-
stant. The large pores of this material may be easily blocked by the
polymer chains leaving the inner pores inaccessible.

Based on the above-mentioned challenges that MMMs face,
we have looked for alternative additives that could help mit-
igate these problems and increase membrane performance.
The incorporation of metal-organic frameworks into a poly-
mer matrix for the fabrication of MMMs for gas separations,
first explored by Yehia et al. [22] with the incorporation of
copper(Il) biphenyl dicarboxylate-triethylenediamine in poly(3-
acetoxyethylthiophene), showed improvements in CHy selectivity.
From this pioneering work, we found that MOFs are good candidates
as additives for gas separation since they consist of a combination
of an inorganic cluster (also known as a secondary building unit
or SBU) and an organic bridge [23,24]. This combination of inor-
ganic and organic components increases enormously the variety of
MOFs that could be employed in the fabrication of MMMs; virtual
libraries of SBUs, based on metals and ligands, have been built based
on molecular modeling studies [25]. These libraries could become
very important in the selection of proper SBUs for the synthesis of
crystals targeting gas separations, once the effective combinations
of metals and organic linkers are determined for specific gas pairs.
More recently, MOFs have been used successfully in the separation
of CO,/CH4 by pressure swing adsorption taking advantage of the
differencesin sorption/desorption pressures of the gases in the MOF
and of the large storage capacity of the same [26].

Metal-organic frameworks have been studied extensively
mainly for three reasons. First, these materials possess high surface
areas (e.g. MOF-177 =4500 m2/g [27], MOF-5=3000 m?2/g [28,29],
and Cu-MOF=3200m?/g [30]) and controlled porosity, which
makes them good candidates for gas storage [31] and catalysis
[32]. Second, some MOFs may have affinity for certain gases and,
therefore, could be used in gas separation (e.g. Seki’s Cu-MOF that
has a methane sorption capacity of 212 cm3sp g1, which is supe-
rior to the sorption capacity of zeolite 5A and nearly the same as
activated carbon AX-21 [30]). Third, MOFs are highly flexible in
terms of chemical composition, allowing the addition of functional
groups that could change the pore size and chemical properties
of the MOF [33]. The potential benefits that MOFs could bring to
MMMs depend largely on a thorough examination and demon-
strated reproducibility of the MOF properties [34,35]. For example,
high temperature resistance is a critical property of a MOF that is
subjected to high annealing temperatures to remove casting sol-
vent from a mixed-matrix membrane. These high temperatures
are required because of the strong interaction between MOFs and
certain solvent molecules. For example, Huang et al. have shown
that MOF-5 nanoparticles can retain H,O up to 162 °C, that ethanol
is desorbed at 192°C, and that other organic solvents, such as
toluene and xylene, have shown similar increases (40 and 27°C,
respectively) in desorption temperatures above their boiling points
[36].

Recently, Yaghi et al. have reported a series of MOFs based on
zinc SBUs of which IRMOF-1 or MOF-5 (Fig. 1) presented a high
H, storage capacity (4.5 wt%) at liquid N, temperature suggesting
affinity for H,. This high sorption capacity is attributed to the high
surface area of the MOF and to interactions between H, and the
inorganic cluster and the organic bridge (the two main sorption
areas that were detected by inelastic neutron scattering [29,37]
and by molecular modeling [38,39]). Molecular dynamics simula-
tions concluded that molecular diffusion in MOF-5 was comparable
to that in zeolites and, due to the larger pore size of MOF-5, was
most likely attributed to both Knudsen and surface diffusion [40].
These results indicate that the organic linker of the MOF may play
a role in the diffusion of gas molecules in addition to interacting

Fig. 1. MOF-5 crystal structure generated from single crystal X-ray diffraction data
[28].

with the polymer. MOF-5 is made from Zn4O clusters linked by
three 1,4-benzenedicarboxylate molecules. It exhibits a cubic three-
dimensional structure with a pore size of 8 A that holds a volume
equivalent to a surface area of 3000 m?/g (surface area in these
materials arise from pore filling by the probe molecule). MOF-5
nanocrystals possess high thermal stability (up to 400°C) which
expands the use of MOF-5 in membrane fabrication [41].

In this work, MOF-5 nanocrystals were incorporated into a
polymer matrix for the separation of gases and binary mixtures.
In addition, the synthesis procedure for MOF-5 nanocrystals was
improved to solve the problem of zinc salt hydration that can lead
to the formation of two distinct crystal phases. The properties of
the nanocrystals are highly reproducible and comparable to those
reported in the literature [28,41,42]. Because high thermal stability
ofthe polymer is desired in order to remove casting solvent from the
pores of the crystal [15], Matrimid® 5218 (Tg = 350 °C) was chosen;
additionally, this polymer is commercially available and its per-
meability and selectivity properties have been reported elsewhere
in the literature. Fig. 2 shows the structure of this polyimide. The
membranes were characterized by SEM, powder X-ray diffraction
(XRD), thermogravimetric analysis (TGA), and gas permeation.

2. Experimental
2.1. Materials

Benzene-1,4-dicarboxylic acid (BDA, >99%) and zinc nitrate hex-
ahydrate (Zn(NOs3),-6H,0, >99%) were obtained from Fluka and
used without further treatment. Zn(NOs ),-6H,0 was stored under
nitrogen to reduce exposure to moisture. HPLC grade water was
obtained from Fisher and used as received. 4A molecular sieves
4-8 mesh (Sigma-Aldrich) were washed with HPLC grade water,
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Fig. 2. Structure of Matrimid® 5218.
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activated at 400°C for 1 d, cooled to room temperature in a vac-
uum oven at low pressure, and stored in capped bottles filled
with nitrogen for later use. Chloroform (99.9%, H,O <0.002%)
and acetone (99.7%, H,0=0.3%) were purchased from Fisher;
N,N-dimethylformamide (DMF, 99.8%, H,0 <0.15%) was obtained
from EMD; triethylamine (TEA, 99%) and anhydrous N-methyl-2-
pyrrolidone (NMP, 99.5%, H, 0 <0.005%) were acquired from Aldrich.
All organic solvents were dried over activated 4A molecular sieves
for 1d before use. Matrimid® 5218 was acquired from Ciba Specialty
Chemicals, dried at 240°C for 1 d in a vacuum oven, and stored in
nitrogen before use. For membrane casting, Mylar® A92 sheets were
purchased from Active Industries. For the permeation experiments,
nitrogen, oxygen, hydrogen, methane, carbon dioxide, and their cer-
tified mixtures H,/CO; (75/25, 50/50, 25/75), CH4/N, (94/6, 50/50,
25/75), and CH,4/CO; (90/10, 50/50, 25/75) were obtained from Air
Liquide. The purity of the gases was greater than 99.5% for CH4 and
0O,; the rest of the gases were greater than 99.99% pure.

2.2. Synthesis of MOF-5 nanocrystals

Metal-organic framework 5 (MOF-5) nanocrystals were syn-
thesized in gram quantities by modifying published procedures
[36,41,43] to control the water content in the reaction mixture. This
procedure can be easily scaled up to larger quantities. In a typical
synthesis, 4.00 g (13.50 mmol) of Zn(NOs),-6H,0 was dissolved in
250 mL of DMF in a round bottom flask. To remove the excess water
adsorbed by the zinc salt, 12.8 g of activated 4A molecular sieves
4-8 mesh were added to the DMF solution. After drying for 1 h, the
molecular sieves were removed and then BDA (1.30g, 7.80 mmol)
was added to the DMF solution. The solution was heated to 70°C
and, under strong agitation, TEA (5.05g, 50.50 mmol) was added
drop wise over the course of 10 min to produce a white precip-
itate; the solution was then left to react for 10 min and cooled
to room temperature while stirring continuously. As-synthesized
MOF-5 nanocrystals were obtained by filtering the white solution
and then washing the white powder with three 30 mL aliquots of
DMF. The white powder was dried for 1 d at 80°Cin a vacuum oven
at low pressure. Activated MOF-5 nanocrystals were obtained by
filtering and washing the powder with a continuous flow of three
30 mL aliquots each of DMF, CHCl3, and acetone in that order. The
activated material was dried in a vacuum oven at 240°C for 1 d at
low pressure. MOF-5 was recovered (2.2 g, 80% yield based on Zn)
and stored in a capped vial filled with nitrogen.

2.3. Fabrication of MOF-5/Matrimid® mixed-matrix membranes

Flat0, 10,20, and 30% (w/w) activated MOF-5/Matrimid® mixed-
matrix membranes were fabricated. Two solutions were prepared
by dissolving 0.50g of Matrimid® in 4.50 ¢ of CHCl; and by dis-
persing 0.05 g (10%),0.10 g (20%), or 0.15 g (30%) of activated MOF-5
in 4.5g of CHCl5. The two solutions were bath sonicated for 4h
and stirred for 1 d and then were mixed by pouring the poly-
mer solution into the MOF-5 solution. The combined solution was
stirred and bath sonicated for 1 more hour and then concentrated
by purging the excess solvent with a stream of nitrogen until the
polymer/CHCl; concentration reached 10% (w/w). In a laminar flow
hood, an AcculLab Jr.”™ Drawdown casting table with rod 2.5 was
used to cast the membranes onto Mylar® A92 films. The freshly cast
membranes were immediately covered with a watch glass to slow
solvent evaporation. After 30 min, the watch glass was removed to
allow the solvent to evaporate completely. When dried, the mem-
branes were removed from Mylar® and then annealed in a vacuum
oven at 240°C and low pressure for 1 d. After annealing, the mem-
branes were stored in a desiccator filled with nitrogen. The average
membrane thickness was 35 pm.

2.4. Characterization

2.4.1. X-ray diffraction, thermogravimetric analysis, surface area,
and SEM

Nanocrystal structures of as-synthesized and activated MOF-5,
as well as of MOF-5/Matrimid® mixed-matrix membranes, were
confirmed by X-ray diffraction with a Rigaku Ultima Il diffrac-
tometer using Cu Ko X-ray radiation. Thermogravimetric analysis
of the MOF-5 nanocrystals and of the mixed-matrix membranes
was performed using a PerkinElmer Pyris-1 TGA; the analyses
were run in nitrogen from 100 to 1300°C at a heating rate of
10°C/min. All TGA analyses were carried out after drying the crys-
tals or annealing the membranes. Nitrogen sorption was performed
at liquid nitrogen temperature using Quantachrome’s Autosorb-1
instrument. MOF-5 BET surface area and HK pore size were cal-
culated using sample weights after degassing for 1 d at 150°C.
To acquire SEM images, the MOF-5 nanocrystals and the mem-
branes were coated with Au/Pd using a Denton Vacuum Desk II
sputter-coater. The coated samples were then imaged using a LEO
1500 series SEM equipped with a field emission gun operated at
10 keV.

2.4.2. Permeation: single gas and gas mixtures

Single gas (N, Oy, CHy4, CO,, and Hy) and gas blend [H,/CO,
(75/25, 50/50, 25/75), CH4/N, (94/6, 50/50, 25/75), and CH4/CO,
(90/10, 50/50, 25/75)] permeation/separation measurements were
carried out using a custom-built permeameter described pre-
viously [21,44]. The permeameter is equipped with an MKS
PPT-200 quadrupole residual gas analyzer unit (RGA, mass range
1-200amu) and a leak valve that controls the feed to the RGA.
The system (valve actuation, pressure monitoring, gas feed, and
data acquisition) is controlled by Labview 7.1 software (National
Instruments). In a typical experiment, a 2 cm? membrane piece was
assembled in a stainless steel cell that exposed one side of the mem-
brane to a pressurized feed (2000 Torr) and the other side to an
evacuated line (1 mTorr). The entire system was evacuated for at
least 6 h at 35°C and 1 mTorr before a leak rate test was performed
after which permeability experiments were conducted. Ideal selec-
tivities (a;j) were calculated from the ratio of the permeabilities
(P, Barrers) of the gases P;/P; following the solubility-diffusivity
model [45,46]. The determination of P was performed using the
last 60% of the pressure-time curve data in the steady state region.
The diffusivity, D, was calculated from the relationship D= ¢2/60
where £ is the membrane thickness and 6 the time-lag. The appar-
ent solubility of the gases in the membrane was calculated from
the relationship S=P/D [47-50]. The time lag method for the cal-
culation of diffusivities and solubilities of slow diffusing gases can
be reliably used if degassing times are in the range of 4-660 [51,52].
However, H, diffusivity and solubility cannot be calculated reliably
with this method due to the short time lag of this gas in the mem-
branes. In this work, a minimum of 460 membrane degassing times
were used before permeation experiments began.

For the compositional analysis of the permeates, the RGA was
calibrated according to published procedures and recommenda-
tions [53,54] using the mixture standards obtained from Air Liquide.
Prior to analysis, the RGA was allowed to reach thermal stabil-
ity (filament on for at least 2 h) and high vacuum (<8 x 10~° Torr,
measured with an MKS cold cathode gauge). Response curves for
H,/CO,, CH4/CO,, and CH4/N, blends, at different compositions,
were obtained by recording the response of the RGA from 1 to
50 amu as a function of the pressure in the RGA chamber, as mea-
sured by the cold cathode gauge. Response curves for the pure gases
were also recorded. At least 12 RGA scans (four per decade) at pres-
sures ranging from 2 x 108 to 1 x 10~6 Torr were recorded for the
pure gases and the blends to generate response curves for each com-
position. Slopes for each gas in the blends at different compositions
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Fig. 3. MOF-5 X-ray diffraction patterns: (a) simulated from single crystal X-ray data
[28], (b) as-synthesized, (c) activated, (d) 30% activated MOF-5/Matrimid® mixed-
matrix membrane, and (e) activated MOF-5 exposed to moisture.

were calculated using linear regression analysis. The peak intensity
at the mass of the intact molecule was used, except in the case of the
CH4/CO, blend, where m/z =15 for CH4 was used due to an interfer-
ence at m/z=16 from CO, fragmentation. The calibration curve for
each component of the blend was obtained by performing a linear
regression of the slope of the component as a function of its con-
centration in the blend. Following this procedure, RGA responses
for each gas blend tested were acquired and the slope for each
gas component of the blend was calculated by linear regression.
Then, using the corresponding calibration curve and the calculated
slopes, the concentrations of the components in the permeate were
determined.

3. Results and discussion
3.1. MOF-5 nanocrystals

X-ray diffraction of as-synthesized and activated MOF-5
nanocrystals (Fig. 3) confirmed that both materials were MOF-5
crystals [28] (Fig. 3a) and that the presumed hydroxylated phase
(Fig. 3e), that results from the exposure to moisture [36], was
not present. Interestingly, X-ray diffraction shows a difference
in the intensities of the first two main reflections between the
as-synthesized (Fig. 3b) and activated (Fig. 3¢) crystals. For the as-
synthesized MOF-5 nanocrystals, the reflection at 260 =9.6° is more
intense than the reflection at 260 =6.7° (Ig7- = 30% I - ); in the case of
the activated MOF-5 nanocrystals, the reflection at 26 =9.6° is less
intense than the reflection at 20 =6.7° (Ig g- = 20% I 7- ). These obser-
vations were initially reported by Perez et al. [55] and have been
recently confirmed by Hafizovic et al. [56] and Chen and co-workers
[35]. It is believed that guest molecules occupy the pores of the as-
synthesized crystals [43,57], causing a destructive interference in
the XRD pattern and that, through activation, these molecules are
removed causing a reverse in the peak intensities.

Thermogravimetric analysis of as-synthesized MOF-5 nanocrys-
tals (Fig. 4a) showed that up to 20% of material is lost at 200°C,
which is attributed to trapped solvent in the pores and to coordi-
nation solvent. The crystals remain stable up to 400°C and, above
this temperature, the crystals start to decompose. Activated MOF-5
nanocrystals (Fig. 4b) followed a similar trend except that weight
loss began at 400 °C owing to crystal decomposition.
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Fig.4. TGA of (a) as-synthesized MOF-5, (b) activated MOF-5, (c) 20% activated MOF-
5/Matrimid® mixed-matrix membrane, and (d) Matrimid® powder.

Nitrogen sorption experiments performed on both as-
synthesized and activated MOF-5 nanocrystals showed a type
I isotherm with pronounced differences in N, sorption and
BET surface areas: 600m?/g for the as-synthesized MOF-5 and
3000 m?/g for the activated MOF-5 crystals (Fig. 5); the surface
area of the activated MOF-5 was in good agreement with previ-
ously reported values [29,43]. MOF-5 crystals with surface areas
>3000 m?/g have been referred to as “high quality” crystals owing
to their high H, storage capacity; the N, sorption/desorption
isotherm of these crystals does not show a hysteresis loop in
contrast to the isotherm of low surface area crystals [35]. There-
fore, from Fig. 5 that shows no hysteresis loop and from the high
surface area obtained, we can conclude that “high quality” MOF-5
nanocrystals were prepared. The multipoint BET surface area was
calculated using the P/Py values close to the beginning of the
plateau of the isotherm, which corresponds to the formation of
a complete monolayer of adsorbed molecules [58]. HK pore size
also varies with the activation of the crystals and ranges from
5.3 A for the as-synthesized MOF-5 nanocrystals to 8.3 A for the
activated MOF-5 nanocrystals. Since the HK method calculates the
pore size distribution from the isotherm [59], a variation in pore
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Fig. 5. Nitrogen sorption isotherm at 77 K for activated MOF-5.
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Fig. 6. SEM image of activated MOF-5 nanocrystals; 100 nm particle size.

size is expected. Physically, the crystal pore size remains constant
for both the as-synthesized and activated MOF-5 nanocrystals.
However, owing to the presence of guest molecules in the pores of
the as-synthesized MOF-5, the amount of N, adsorbed is less than
that for the activated MOF-5. For the activated MOF-5 crystals, the
calculated pore size was 11 A which is in good agreement with the
pore window calculated using Materials Studio® and the published
single crystal X-ray data [28].

SEM images showed that the average particle size of both the as-
synthesized and activated MOF-5 nanocrystals was 100 nm (Fig. 6)
with no defined morphology. Similar SEM images were obtained by
Huang et al. [36] which showed no defined crystal morphology with
aggregates similar in size (70-90 nm) to the nanocrystals synthe-
sized in this work. Cubic crystals were reported from a solvothermal
synthesis [29,43]; however, these crystals were micrometer in size
and not suitable for mixed-matrix membrane fabrication. Although
strong particle agglomeration of the MOF-5 nanocrystals limited
their full dispersion in common organic solvents, even after inten-
sive bath sonication, the obtained dispersion and size reduction of
the agglomerates allowed the fabrication of membranes with up
to 40% MOF-5 loading. The disadvantages of having agglomerates
in the matrix are reflected in poor additive-polymer contact and
the formation of non-selective voids. Improved dispersion could be
obtained by modifying the organic linker of the crystal to include
alkyl chains with functional groups that would make the crystal
more compatible with the polymer and the organic solvent. An
example of a chemically functionalized MOF is MOP-18 [60] which
is soluble in CHCl3, toluene, tetrahydrofuran, and other common
organic solvents. Similarly, Rong et al. reported that polystyrene
grafted SiO, nanoparticles showed good dispersion in benzene, but
upon incorporation into a polypropylene matrix, re-agglomeration
into micrometer size particles occurred [16]. Currently, we are
investigating the effects of this functionalization on membrane fab-
rication and transport properties with MOP-18 as an additive, and
we will be expanding this strategy to other MOFs to improve dis-
persion.

3.2. MOF-5/Matrimid® mixed-matrix membranes

3.2.1. Membrane characterization

To maximize the interaction between the gas molecules and the
MOF sorption sites, only batches of activated MOF-5 nanocrystals
that showed high surface area (2500-3000 m?/g) were used for the
fabrication of mixed-matrix membranes with 10, 20, and 30% (w/w)

Fig. 7. SEM image of the cross-section of a pure Matrimid® membrane.

loading. X-ray diffraction patterns of activated MOF-5/Matrimid®
mixed-matrix membranes were acquired before and after perme-
ability experiments. In all cases, the diffraction patterns revealed
the presence of only one phase corresponding to MOF-5 (see, for
example, Fig. 3d). It should also be noted that the relative intensities
of the reflections of the MOF-5 in the polymer remained the same
(Ig.go =20% Ig7-) as those measured for the pure activated MOF-5
material.

Thermogravimetric analyses of activated MOF-5/Matrimid®
membranes (see, for example, Fig. 4c) indicated that there was
no loss of weight up to 350°C (temperature of crystal decompo-
sition) indicating that casting solvent was not trapped in the pores
of the MOF-5 nanocrystals. The polymer decomposed above this
temperature.

Fig. 7 shows an SEM image of a cross-section of a pure Matrimid®
membrane and Fig. 8 shows the surface and cross-sections of 10,
20, and 30% (w/w) MOF-5/Matrimid® mixed-matrix membranes.
SEM images of the membrane surfaces (Fig. 8a, d and g) and cross-
sections (Fig. 8b, e and h) indicate that there are no gross defects;
however, agglomerates of MOF-5 are evident in the polymer. The
membrane cross-section morphology reveals the formation of cir-
cular cavities and polymer veins (elongated matrix segments) with
increased plastic deformation of the polymer (Fig. 8¢, f and i).
This morphology is an indication of a strong contact/interaction
between the polymer and the walls of the MOF-5 nanocrystals,
although it is not strong enough to break the agglomerates and
keep them dispersed at the primary nanoparticle level. Debond-
ing of the agglomerates from the matrix may be occurring during
freeze fracture resulting in the formation of cavities [16,61]. Rigid-
ification of the polymer-additive interface is also expected as a
result of the strong interaction of the additive and the matrix, lim-
iting the mobility of the polymer chains [16,61,62]. An example of
a morphology with little plastic deformation is that of untreated
SiO, nanoparticles in polypropylene. Minimal plastic deformation
of the matrix-additive interface is observed due to the low affinity
of the SiO, nanoparticles for the polymer (few polymer veins are
observed) [16,61,63].

3.2.2. Gas permeation

Single gas permeation experiments showed that the permeabil-
ity of all gases increased with MOF-5 loading. For example, at 30%
loading the permeability of the resulting membrane increased 120%
with respect to the pure polymer cast from the same solvent and
tested under the same conditions (our experimental Matrimid®
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Fig. 8. SEM images of the surface (a, d, and g), cross-section at low magnification (b, e, and h), and cross-section at high magnification (c, f, and i) of 10, 20, and 30%
MOF-5/Matrimid® mixed-matrix membranes, respectively. The cross-sections show plastic deformation of the polymer matrix due to the presence of the MOF-5 nanoparticles.

Table 1
Pure gas permeabilities (Barrers) for MOF-5/Matrimid® mixed-matrix membranes
at 35°C and 2 atm.

%MOF-5 Py, Peo, Po, P, Pcy,

0 244401 90401 190+001 025+004 022+ 002
10 209+48 111+14 230+030 028008 022004
20 383+88 138+£28 290+060 040+001 034+ 004
30 53.8+39 202414 412+£037 052+004 045+ 006

permeability values listed in Table 1 agree well with published val-
ues [19]). In the case of H;, an increase in permeability from 24.4
Barrers (Matrimid®) to 53.8 Barrers (30% w/w MOF-5/Matrimid®)
was achieved suggesting that the MOF-5 crystals were facilitat-
ing gas transport (Table 1). Since the permeabilities of all the
gases increased proportionally, the ideal selectivities remained
unchanged (Table 2). For example, the H,/CO, separation of pure

Table 2
Pure gas ideal selectivities for MOF-5/Matrimid® mixed-matrix membranes at 35 °C
and 2 atm.

AMOF-5 oy, /ch, 0, /CHy 20, /N, H, /CHy CH, /N,

0 113.0+93  417+33  76+10 271+001 086+ 0.06
10 1374+ 436 51.0+146 84+13 268+010 0.86+ 037
20 1120+ 122 405+35 72+12 2764010 0.85 + 0.07
30 1200 +77 447+30 79+01 266+001 087+ 005

Matrimid® cast from CHCl3 was 2.70(Py, = 24.4Barrers, Pco, = 9.0
Barrers) and, at 30% (w/w) MOF-5 loading, the H,/CO, separa-
tion was 2.66 (Py, = 53.8 Barrers, Pco, = 20.2 Barrers). A plot of
the facilitation ratios versus the kinetic diameters of the gases
(Fig. 9) showed that the ratios increased only with an increase
in the MOF-5 loading. To test its resistance to higher pressures,
a 20% MOF-5/Matrimid® membrane was run at 3atm and 35°C.
The permeabilities of the gases tested were identical to the per-
meabilities of the membrane run at 2 atm and 35°C (Pﬁ;tm =33.3
Barrers, PE[;““ = 33.1 Barrers, P(z:g;m = 12.6 Barrers, ng;m =119
Barrers, P(Z);“m = 2.6 Barrers, sza““ = 2.6 Barrers, Pﬁ;‘tm = 0.4 Bar-
rers, Pﬁé‘tm = 0.4 Barrers, Pglf}flm = 0.32 Barrers, and Pglf‘lzm =0.32
Barrers). The results also suggest that the membrane is free of non-
selective voids.

Gas diffusivities (average of two membranes) of CO,, O,
N,, and CH4 (Fig. 10) increased with MOF-5 loading; up
to 100% increase in diffusivity was observed at 30% MOF-
5 loading (Dco, from 0.44+0.04 to 1.02£0.07 x 108 cm? 571,
Do, from 0.94+030 to 1.60+0.07 x 10~ 8cm?s~!, Dy, from
0.19£0.01 t0 0.33 +:0.03 x 10-8 cm? s~!, and Dy, from 0.06 +0.01
to 0.1240.01 x 10-8 cm2s~1). The increase in diffusivity can be
explained by the porosity introduced by the MOF-5 and by its pore
window (0.8 nm), which is larger than the kinetic diameters of
the gases tested. In addition to the MOF porosity, the availabil-
ity of a more uniform surface (crystal wall or linker) for surface



E.V. Perez et al. / Journal of Membrane Science 328 (2009) 165-173 171

1.4
12} a 4 i
A
Ny *
== 1.0F
n-N
= o8}
L2
©
n
L‘é 06 = (]
§ n n
=
S 04t
8 L
L o2 » L
s .
2.89 3.3 3.46 3.64 3.8
Ha, CO, 0, N, CH,

Kinetic Diameter, A

Fig. 9. Facilitation plot of measured gases for MOF-5/Matrimid® mixed-matrix
membranes: (¢) 10% MOF-5; (W) 20% MOF-5; (a) 30% MOF-5.

diffusion could help to increase the diffusivity of the gases in the
membrane.

Compared to pure Matrimid®, MOF-5/Matrimid® mixed-matrix
membranes showed no significant change in solubility with
increased MOF-5 loading (Fig. 11). In the case of CO,, O,
N,, and CHg, the solubility remained essentially unchanged
regardless of the MOF-5 loading (Sco, from 20.70+£1.90 to
19.90+£0.05 x 10~2 cm3srp cm—3 cmHg, So, from 2.20+0.90 to
250+0.12x 1072 cm’srpcm—3 cmHg, Sy, from 1.30+0.26 to
1.6040.02 x 102 cm3srp cm~3 cmHg, and Scy, from 3.80+1.30 to
3.70+£0.23 x 1072 cm3srp cm—3 cmHg). These results indicate that
the MOF-5 nanocrystals have no significant affinity for CO,, O,
N,, and CH4 at the temperature and feed pressure used in this
study (35°C and 2 atm). These results agree with Sholl’s simulated
adsorption isotherms of CO,, CHy, and N, in MOF-5 which show
no significant increase in gas adsorption up to 3-4 atm [40]; only
CO, adsorption increases at pressures above 3 atm. Therefore, the
experimental solubility trends obtained by the time lag method can
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Fig. 10. Diffusivities of tested gases for MOF-5/Matrimid® mixed-matrix mem-
branes: (®) Matrimid®; (¢) 10% MOF-5; (R) 20% MOF-5; (a) 30% MOF-5.
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Fig. 11. Solubilities of tested gases for MOF-5/Matrimid® mixed-matrix mem-
branes: (®) Matrimid®; () 10% MOF-5; (®) 20% MOF-5; (a) 30% MOF-5.

be considered valid for the gases tested, excluding H,. It can be con-
cluded, therefore, that the permeability of the gases is enhanced by
their increase in diffusivity in the membrane owing to the porosity
of the MOF-5. Another example of a non-selective material is MCM-
41, which increases the diffusivities but not the solubilities of the
gases [21].

Although MOF-5 was reported to be a good material for the
storage of H; [29], selective sorption of gas mixtures in MOFs was
not measured until this work for MOF-5 in MMMs. Permeation
experiments with blends of gases showed that the separation of
H,/CO, in a 30% MOF-5/Matrimid® mixed-matrix membrane did
notincrease at any feed ratio compared to the separation of the mix-
tures performed with the pure polymer (Matrimid® H,/CO, =2.4,
30% MOF-5/Matrimid® H,/CO, = 2.2). However, the CH4/N, and the
CO,/CH4 separations showed a selectivity improvement for CH4 of
15% and 20%, respectively, at a 50/50 feed composition (Table 3). The
increased selectivity for methane can be explained in terms of the
extended dual mode transport model for gas mixtures that assumes
that the primary effect of the presence of more than one gas in the
membrane results in the competition between these gases for the
fixed unrelaxed free volume in the polymer [64]. Also, the Henry’s
sorption coefficient of a gas is assumed to be independent of the
presence of other components. From this model, it can be con-
cluded that, due to the large solubility of CO, in the membrane
(Sco, = 20.00, Sci, = 1.20 x 102 cmZ;, cm~3 cmHg), the solubil-
ity of CHy is greatly reduced, rendering CH4 transport dependent
mostly on diffusivity, which is enhanced by the porosity and the
uniform surface introduced by the MOF-5 nanocrystals. In addi-
tion, the incorporation of MOF-5 reduced the sorption sites in the
polymer for CO, which contributed to the reduction of CO, trans-
port. Pure glassy polyimide, however, showed a different result with
increased CO, selectivity over CHy at different CO,/CH4 feed ratios
[65]. The increased CO,, selectivity resulted from an increased CO,
solubility and a longer residence time of the gas in the polymer
leading to a reduced diffusivity of CH,. Overall, CO, dominated the
competition for sorption sites in the polymer matrix.

Solubility/diffusivity coupling in mixed gas feeds is mostly
observed for glassy polymers and is not yet well understood due to
the lack of experimental solubility and diffusivity data for the indi-
vidual components of the gas mixture. However, it is known that the
presence of a second gas in the membrane largely affects the inter-
actions between the gas molecules of the two components and the



172 E.V. Perez et al. / Journal of Membrane Science 328 (2009) 165-173

-;:I;ler:tion of gas blends with Matrimid® and 30% MOF-5/Matrimid® mixed-matrix membranes at 35°C and 2 atm.
Membrane H,/CO, CO,/CH4 CHy4 /Ny

75/25 50/50 25(75 50/50 10/90 50/50 94/6
Matrimid 24 +03 23 +0.1 25402 38.0 +2.0 435+ 15 0.82 &+ 0.10 0.51 + 0.05
30% MOF-5/Matrimid 22+ 01 23402 21 +0.1 29.0 + 0.4 38.8 £ 0.5 0.94 + 0.05 0.50 + 0.10

polymer resulting in changes in permeability and selectivity, which
deviate from the ideal values [65-67].

In the case of the 50/50 and 94/6 CH4/N, mixtures separation
with Matrimid® it can be assumed that gas transport follows the
solubility—diffusivity model since the membrane is dense. If the
separation of the mixture is similar to the ideal selectivity, then it
can be assumed that there is no coupling between N, and CH, diffu-
sivities in the membrane (y =0 not coupled, y = 1 strongly coupled).
However, the experimental selectivities of Matrimid® for CH4/N,
gas mixtures at different feed compositions (Table 3) indicate that
there is some degree of coupling (0 <y < 1) that affects the separa-
tion properties of the membrane [65-67].

The immediate effect of the coupling of CH4 and N, diffusivi-
ties could be the “pumping” of N, by CH4 since CH4 has a higher
solubility than N, in Matrimid® (Fig. 11). This pumping could be
high at low N, concentration in the feed and decrease with increas-
ing N, concentration since the sorption sites for CH4 are reduced
by the presence of N, and by the reduction in the ratio of CHy
to N, molecules in the feed that may reduce the coupling effect
(y — 0). The net effect of the pumping of N, by CH, at low N,
feed concentration is the increased selectivity for N, in the mem-
brane (CH4/N; =0.51 with 94/6 CH4/N>). In the case of the 50/50
CH4 /N, mixture, the selectivity of the membrane for N, is reduced
to CH4/N; =0.82.

In the case of the 30% (w/w) MOF-5/Matrimid® membrane,
MOF-5 introduces porosity and, therefore, gas transport in the
membrane is no longer based solely on solubility and diffusivity
in the polymer but also on Knudsen and surface diffusion in the
pores and on the walls of the MOF-5 crystals. These new diffusion
pathways could promote the decoupling of the CH4/N, diffusivi-
ties in favor of CH,4 due to the affinity of MOF-5 for CHy. The 30%
(w/w) MOF-5/Matrimid® MMM shows a 100% increase in CH4 dif-
fusivity only and a 74% increase in N, diffusivity which suggests
that MOF-5 may enhance CHy4 transport. In the case of the low N,
feed concentration (94/6 CH4/N,), the coupling effect overcomes
the transport and selectivity properties of the MOF-5 resulting in
no change in membrane selectivity compared to pure Matrimid®.
A different scenario, however, is observed when the N, composi-
tion of the feed is increased to 50%. In this case, the coupling effect
could be weaker allowing the MOF-5 to transport CH4 more effi-
ciently by surface diffusion and diffusion through the pores since
CH4 molecules can interact better than N, with the walls of the
MOF resulting in an increase in the selectivity for CHy.

4. Conclusions

Despite the high surface area of the activated MOF-5, no increase
in ideal selectivity for any gas pairs was observed. However, up to a
120% increase in permeability was achieved due to the porosity of
the MOF-5 nanocrystals. Gas mixtures (CO,/CH4, N3 /CH4) showed
a marked increase in selectivity for CH4 due to the larger solubility
of CO, and N, in the polymer matrix. This difference in solubility
makes CH4 transport mostly diffusivity dependent and facilitated
by the MOF-5 porosity as well as by the uniformity of the surface
of its walls. H, selectivity remained constant under all gas feed
conditions tested.

SEM images of the membrane cross-sections indicate that the
increased affinity between the polymer matrix and the MOF-5

nanocrystals increased the plastic deformation of the polymer,
inducing the formation of polymer veins (elongated polymer).
Additionally, it is also noted that the dispersion of the agglomerates
is not complete due to a stronger interaction between the primary
nanoparticles than with the polymer, which is manifested in the
debonding of the agglomerates and the formation of cavities in the
matrix upon freeze fracture. A possible solution to this problem is
to functionalize the organic linker of the MOF to increase its com-
patibility with the polymer. An example of this strategy is MOP-18,
a soluble crystal that has an alkylated linker. MOP-18 is soluble in
organic solvents and is easily dispersed in the polymer matrix. This
type of mixed-matrix membrane is currently under study.
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