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ABSTRACT: Harvesting natural gas and biogas often requires energy-inter8ive
separation processes. Mixed-matrix membranes (MMMSs) contaipsejeClive
metal organic frameworks (MOFs) show great potential in addressing thi
separation challenge with greater energiemcy than traditional technologies.
Here, we report an MMM system formed from a 6FEukene polymer and ag®
MFU-4 MOF, which demonstrated improved/C8 , gas separation performancg,°1
especially at low temperatures. Decreasing the temperature fronf639dd fiba =
signi cant increase in G@H, permselectivity for the hybrid MFU-4/6FDA o
Durene membrane, with an associated highp€@eability above 1000 barrer. Polymer MMM
Mixed-gas permeation tests involvin§ Were conducted, and the separation
performance of the MFU-4 hybrid membrane was comparable to literature mategafs
specially designed fojSiseparation. For G®ased separations, MFU-4 is believed

to have a gating ect that favors the linear shape of.G@dwever, a detailed
investigation of sorption andwlion revealed that this spe@ ect was not clearly accessible under the conditions considered in
this study. Instead, the high f.ItH , permselectivity at low temperature was attributed mainly to the higher polarizability and
smaller size of G@ompared to Ci

1000 1500
CO, permeability (barrer)

INTRODUCTION permeability and permselectivity when compared to pure

Membrane-based gas sejmmat have many attractive POlymer membranes. o _ o
applications, including air separation, hydrogen recovery!n addition to addressing interfacial compatibility in a
natural gas sweetening, ané gas treatmehtMembrane  SPecic MMM system, pperatlng_condmons (temperature,
technologies can lower cost, reduce carbon footprint, affessure, etc.) play a critical role in MMM perfornidmee.
simplify operations compared to conventional gas separatid®16, Liu and co-workers developed a 6FDA/BBBM
technologies® However, several challenges need to bdwollow ber membrane that demonstrated an enhancement in
overcome to unlock the full potential of membranes. FOEOJ/N, permselectivity at temperatures belo®C Owith
instance, the primary challenge is the inherent trade-onegligible C@permeance loss as compared to measurements
between gas permeability and permselectivity, as descrilsé@mbient temperaturéd.ater, Liu and co-workers prepared
by the Robeson Upper BouindlTo overcome this challenge, MMMs based on a 6FDAAM polyimide and C{a nitive
researchers have focused on creating new membranes witfum-fcu-MOF. Permeation tests conducted 4& °C
augmented performance by designing new polymers mvealed an exceptionally high,/C& , permselectivity of
modifying current polymer systénis.One of the most 130 with an associated Qg@rmeability above 1000 baffer.
promising strategies is to create mixed-matrix membranegere, we report a MORpolymer hybrid system for gO
(MMMs), which combine a dispersed molecular sieving phaggH, separation without any chemical or physical alteration to
( ller particles) with a continuous polymer phase (matrix). the as-synthesized MOF or polymer materials. We report the
Various dispersedlers, such as zeolitessarbon molecular performance of an MMM formed from 6FDArene (a
sieve$,and metalorganic frameworks (MOFs)have been widely reported polyimide with high intrinsic separation

incorporated into polymers to produce MMMs. MOFs areﬁerformanéé) and an MFU-4 MOF with interconnected
desirable ller materials because their organic linkers ofte

have inherently better compatibility with polymers, or they cair
be modied to create defect-frens™3'* In recent years, Received: May 3, 2021
many researchers have demonstrated that compatible MGEVised:  August 9, 2021
llers and polymeric matrices can lead to sci?r:/ergistic improve-

ments in both permeability and permselectivity Never-

theless, a key challenge in thkl is to identify additional

MOF polymer compositions that simultaneously enhance
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Figure 1.(a) Structure of MFU-4 showing two distinct pore architectures. Chloride atoms on the front right zinc sites in (a) were removed to ai
the visualization of the second internal pore. (b) Powder Xsemtidn pattern of activated MFU-4 compared with the simulated pattern. (c)
Scanning electron microscope (SEM) image of the MFU-4 crystallite.

cages of very narrow (2.5 A) beixible windowsF{gure approximately 10 wt % was achieved. To ensure uniform dispersion,
la).23 Insertion of a low loading (9.4 wt %) of MFU-4 into suspensions were sonicated directly using a probe sonicator for 1 min
6FDA Durene resulted in improvements in, @&meability and then sonicated indirectly using a water-bath sonicator for 1 h.
without a loss in C@CH, permselectivity, surpassing the Suspensions were then stirred for 1 h. This process was repeated three
temperature-adjusted 2008 Robeson Upper Bbung, times. Aftervlg/afrd, susp_en3|’(\)lns were stlrred overnlghtmst_ room
systematic study at temperatures from 15 t6C65vas temperature before casting. Next, suspensions were pouratd into

. bottomed glass Petri dishes and covered by glass plates to prevent
conducted to show that tuning the temperature can furth ontamination from dust and to control the evaporation rate.

improve membrane performance. MMMs performed well &, ytions were left for 24 h at ambient temperature and pressure to
subambient temperatures, indicating their possible utility &rm free-standingms. Films were carefully peeled from the glass

low temperatures. dish with the assistance of deionizgd. o remove solventims
were dried in a fume hood for 24 h and then dried under dynamic
EXPERIMENTAL SECTION/METHODS vacuum in a vacuum oven overnight &iGdFinally, the residual
olvent was removed by dryihgs in a vacuum oven at 18D

Materials. MFU-4 was synthesized using previously publishe
procedures The 6FDA Durene polymer was purchased from
Akron Polymers and used as received.

Powder X-ray Di raction (PXRD).Powder X-ray diaction
(PXRD) patterns were recorded with a Bruker Avance |l
di ractometer equipped with £ Bragg Brentano geometry and
Ni- Itered Cu K radiation source (K = 1.5406 A, K, = 1.5444 A,

K /K 5, =0.5). The tube voltage and current were 40 kV and 4

mA, r ively. Samples for PXRD were prepar lacin - - ;
mat’er?-::ipc?naa ggro-sbzcl?gfgur?d silicon crssltealpp?gtae ed by placing eaving a small active area of the sample exposed for permeation. The

Gas Adsorption Isotherms. Gas adsoption isotherms were disk was then inserted into a stainless steel permeation cell, sealed,

measured by a volumetric method using a Micromeritics 3Flex ¢&&d immersed in a water bath with temperature controlled by an
sorption analyzer. Typical samples of c&804Mg, preactivated at mmersion cwpulator (ThermoFisher SClE?OL). All gases tgstepl were
150°C to remove all detectable residual solvents, were transferred4fffa-high-purity gases purchased from Airgas. Before switching to a
a preweighed analysis tube. The tube with the sample inside v}V Permeating gas, the entire system was dosed with approximately
weighed again to determine the mass of the sample. The tube wagar of helium and then held under dynamic vacuum for 1 h to
capped with a Micromeritics TranSeal and transferred to the analy8Rsure no residual gas remained in the tubing. In all cases, the
port of the gas sorption analyzer. Free space correction measuremgiftgibranes were tested at temperatures from 15°@ 86 an
were performed using ultra-high-purity He gas (UHP grade, 99.9994pstream pressure of 1 bar. In each case, theee/ere made and
pure, Airgas). Carbon dioxide and methane isotherms were measui@gied to corm reproducibility. Uncertainties in permeabilities,
using ultra-high-purity carbon dioxide and methane (99.99%, Airgad). usivities, and solubilities are reported as standard deviations from
Carbon dioxide and methane analyses were performed at varyfgperiments run in triplicate or by error propagation, asedpeci
temperatures using a water isothermal bath. Oil-free vacuum punggsh sample in the Supporting Informatiin (
were used to prevent contamination of sample or feed gases. Mixed-Gas Permeation TestsMixed-gas permeation tests were
Film Casting. Film casting was performed via a solution castingoerformed using an automated, constant-volume/variable-pressure
technique. Theller suspension (MFU-4 in chloroform) was mixed system from Maxwell Robstito determine the mixed-gas
with a 6FDA Durene polymer solution in chloroform to target a permeabilities of GHH,S, and CQ An Agilent 7890B GC system
casting solution of 2 wt/v % (total solids/suspension volume)was used to analyze the gas composition of both feed and permeant
Following solvent evaporation, the targeted MMM weight loading aftreams. The same membrane coupon and support as that used in

vernight.

Pure-Gas Permeation TestsPure-gas permeation tests were
performed in an automated, constant-volume/variable-pressure
system from Maxwell Robotics to determine the pure-gas perme-
abilities of He, K O,, N,, CH,, and CQ. The Im areas of
approximately 15 nfiwere cut from the as-preparkuds and placed
Pver the top of a small hole on a circular brass supporting disk. The
e of thelm was sealed by epoxy glue (Devcon 5 min Epoxy),
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pure-gas permeation tests was inserted into a sealed stainless steel
permeation cell and temperature was controlled by a built-in air-
heating system. Equilibrated gas mixtures of 5080H;(050:50
H,S/CH,, or 60:20:20 C@H ,S/CH, were produced upstream of

the permeation cell using an on-thgas dosing system by Maxwell
Robotics. In all cases, membranes were tested@tf@5a total
upstream pressure of 2 bar. During each permeation step, the
permeate was collected in the downstream volume until a steady state
was achieved, after which the downstream volume was evacuated and
allowed to rdl to 13 Torr. At this point, the downstream gas was
injected by a vacuum injection system into the gas chromatograph
(GC) so that the composition could be obtained.

RESULTS AND DISCUSSION

MOF ZnCl,(bbta); (MFU-4, Hbbta = H,5H-benzo(1,2), Figure 2.Temperature dependence of gas permeation for 6FDA
(4,5d)bistriazole) is a cubic MOF consisting of twerent Durene and 10% MFU-4 MMM. The 50:50 4@®i , mixed-gas
types of interconnected cadéglire &) with a small aperture experiment was conducted at 2 bar total pressure (purple stars).
window of 2.5 A between each cage. The aperture is createdby

eight Zn Cl bonds that occupy one of the cages, buCZn
bonds are exible. Since the original development of MFU
MOF in 2009 this MOF has shown potential in/Bl,

sorporand gas-phase recoxcati aclton o e 10 2ssess menbane performance o verious enperatures
abovementioned applications, the high crystallinity, welfs b pure-gas p

de ned pore size, and a possible gating mechaism .C.' Inlcj'reasmg thhe temperalturg _resufltehd 'K‘M\I/?,Y/lver per msellec-
make this MOF a good candidate adeain MMMs for gas tivity. However, the permselectivity of the consistently

. a9 showed similar results to that of the native 6[EDene
separation applications.

, ) , i , polymer. In contrast, under subambient condition8Q)5
In this work, highly crystalline MFU-4 nanopartiigsife we observe a sigoant improvement in permselectivity of the

1b,c) were rst synthesized using a recipe reported elsewher . b o
and then added at 9.4 wt % loadings to a compatible polqugvrlMM’ with a permselectivity of 27.4 and permeability of 1090

. " “barrer.
6FDA Durene, to form MMMs via a solvent evaporation ; . 28
method. Cross-sectional SEM images of the MMM ar Because of the predicted gate openied ér CQ;* we

presented irFigure S1and details on calculating MOF ﬁerformed a mixed-gas permeation experiment using 50:50

) . . . ; O,/CH, at 2 bar total pressure and°85 (Figure 2. We
loading from thermogravimetric analysis (TGA) are provide e hat th ; Id i
in the Sl in the text surroundifggure S2aThe MMM ad anticipated that the gatinga would improve GH

. ) : permeation while co-permeating with B&zause CQvould

thickness was 85 2 m. Figure S2bprovides further  gynang the framework pores, but results demonstrated the

con rmation of successful insertion of the MFU-4 MOF intogsjte eect. The mixed-gas permselectivity (25.1) is higher

the polymer through Fourier transform infrared (FTIR)han single gas experiments, although theo@®eability is

analysis. As a control, a pure 6FDéene polyimide with  gjightly lower (949 barrer). GHermeability exhibited a more

a thickness of 6 1 m was used for side-by-side gjgnjcant decrease between the pure and mixed-gas experi-

characterized experiments with the MMM. After the insertiopents (from 47.4 to 37.8 barrer), suggesting that a competitive

of MFU-4 patrticles, the density of thm increased from 1.30 sorption eect® has a more sigmant inuence on transport

+ 0.05 g/cm for the pure polymer to 1.350.07 g/cm for than the gate openingeet under the conditions tested.

the MMM. ) For polymeric membranes and MMMs with low loadings,
Motivation for this study came from Volkmer andthe solution-diusion model has been widely used to describe

colleagues, who reported outstanding/NCOadsorption  the transport of gas molecules in thiess! According to the

SeleCtIVIty for MFU-4 due to an unusual gate-d”ven adSOI’ptIQﬁodeL permeati0ﬁ| of a gas through m depends on two

e ect for CQ.*® Computational studies elucidated thay CO processes: disionD, and sorptior§ The equatior?= D x

could activate the Cl gate to remain open during adsorptios, was used to decouple the gas permeability iettive

whereas Nwas unable to cause thie@, owing to its shorter  dj usjon and sorption coeients. To gain further insights into

molecular length compared to £L@/e hypothesized that the mechanism of transport, we used the time-lag method to

such a gating mechanism could be extended to other CQestimate the diisivity and sorption of G@nd CH, in the 10

based separations for MMMs, such agGF0Q separation.  wt % MMM (Figure 3. We also collected data foyahd G

This hypothesis is supported by a similar adsorption selectivityexpand our analysis to other gases of interest. iiemli

between C@CH, and CQ/N, at 298 K for the MFU-4  coe cients decreased with decreasing temperafimgese (

powder, which can be gleaned from the isotheFimgiie S4 3a), whereas the sorption caéents increased with
Pure-gas permeation tests fop @@ CH, (Figure 2 were decreasing temperatures for all examined gage® (B).

performed on the MFU-4/6FDMurene MMM and pure  Temperature more sigoantly inuences the sorption of €O

6FDA Durene polymer at 1 bar. AtZ5, the MMM exhibits  than that of the other gases examined, which is a result of the

a signicant increase in the G@ermeability (1042 barrer) higher polarizability of G@nd the more negative activation

compared to the native polymer (742 barrer), while the CO energy of sorption, which will be discussed later. Consequently,

CH, permselectivity of 23t91.8 for the polymer and 2%0 CO, exhibits higher sorption cagents than the other gases,

1.6 for the MMM are within the uncertainty of each otherwhich results in increased sorption selectivity at lower

Notably, the MMM has performance near the temperaturdemperatures Teble ). A similar analysis on the pure

_@djusted upper bound at 2&, making this material a
promising candidate for @OH , gas separation.
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Figure 3varit Ho plots for (a) diusion and (b) sorption of carbon
dioxide, oxygen, nitrogen, and methane in the MMM.

Table 1. Comparison of the Temperature Dependence on

CO,/CH , Permselectivity, Diusion Selectivity, and

Sorption Selectivity in the MMM

CO,/CH 4 selectivity
temperature®C) permeation dusion sorption
35 215 2.8 7.7
45 18.5 2.4 7.5
55 16.3 2.2 7.4
65 14.3 1.9 7.3

polymer Im can be found iRigure S3which shows general
trends of lower dusion and sorption coeients compared to

the enthalpy change from the gas phase to the sorbed phase
dominates over the enthalpg of mixing, as would be expected
for the gases considered F@reikewise, semi-log plots of
sorption versudT{/ T)? display a linear tren&igure 4). On

the other hand, the activation energy afisibn generally
increases with the increasing diameter of the Gages @)
following trends expected from the Brandt mibdelble S2
summarizes the diameters of examined gases in this work, and
it should be noted that we presentudion correlation
diametersgly, derived from upper bound analysisyhich
exhibited the strongest correlation with our data. The energy
barrier for diusion is greater for larger molecules resulting in
high di usion selectivities based on molecular size. Overall, the
activation energy of permeation is negative fgor DO
positive for CH (Figure 4). Consequently, as temperature
decreases, permeation increases forbGOdecreases for

CH,, thereby increasing permselectivity.

Compared to control experiments on the pure polymer
(Figure Sk there was one notable @lience in transport
behavior for the MMM. Upon insertion of MFU-4, the
activation energy of dision developed a strong dependence
on penetrant size. Because of this featuggCIEQdi usion
selectivity increased by nearly 50% for the MMM as the sample
was cooled from 65 to 3%, whereas the pure polymer
showed almost no drence in size screening over this
temperature range. Thizding can be visualized by recasting
data in the form dfigure 5Added diusion selectivity from
MFU-4 provides a bertdo permselectivity, but these results
are somewhat mitigated by a weakly counteracting sorption
e ect. Tabulated data for dgion, sorption, and permeation
in the MMM and the pure polymer can be founthinles S3
and S4

We compared direct adsorption for,Ci, and CH in
MFU-4 (Figure SH indicating similar trends to those of
Volkmer for C@ and N.?® More specically, Volkmer
reported high sorption selectivity of ,@®er N in MFU-4
due to a C@driven gating ect in the MOFE® From their
simulations, when G@asses through the framework, it passes
through the poreg-{gure &), which consist of eight Z@l
bonds. For a small molecule to pass through the intercage
windows, the ZnCl bond must distort to open the aperture.

the MMM at all temperatures, but otherwise, the correlation the case of CQits shape forces the Zbl bonds to

are similar.

remain distorted while G@ccupies the pore space. To move

CO, permeability increased slightly with decreasing tempehrough the framework, a second @hbond that is near a
atures Figure 3. This nding results from the competition neighboring pore~{gure &) also needs to distort. In contrast,

between increased sorption and decreasediodi with

due to its shorter and more spherical shgpmdses through

decreasing temperatures. Notably, even though sorptitie pore and resides there without distorting th€Hnonds.
selectivity contributes more to the high permselectivity ofhe overall consequence of inserting MFU-4 into 6FDA
the MMM, a signicant increase in dision selectivity at a Durene would be an expected enhancement of tidl O
lower temperature is the major cause of the overafli usion selectivity, and by extension, a possible enhancement

performance improvement at lower temperatiliegse( ).

of COJ/CH, di usion selectivity based on the similar

We observed a dirent trend in the case of the pure polymeradsorption trends betweep éhd CH, (Figure S

Im (Table S)L Di usion selectivity remained consistent

Our transport analysis provides a unique opportunity to

across dierent temperatures, whereas an increase in sorptievaluate if the C&jating mechanism enhances membrane
selectivity drove the increase in permselectivity at lowgerformance. FroRigure 4,e, it is clear that MFU-4 MMMs
temperatures. This result suggests that MFU-4 plays #&vllow sorption and dision trends that are consistent across

important role in altering the dsion and sorption aity

all gases. Furthermore, control experiments on the pure

of the MMM toward CQand CH. Next, we calculated the polymer Figure Shdemonstrate standard trends in sorption
activation energies of dsion, sorption, and permeation in the and di usion, suggesting that no unique transpecdt® in

MMM to further elucidate temperaturee@s on transport

MFU-4 are concealed by the polymer phase. A gating

(Figures @and5). There is an inverse relationship between thenechanism specito CGO, would require distinct dision
activation energy of sorption and the critical tempera&ture ( behavior for this molecule relative to trends for nongating gas
of the penetrant gaBiure 4). This nding is expected when species. Regrettably, these trends were not observed in our

https://doi.org/10.1021/acs.chemmater.1c01533
Chem. MaterXXXX, XXX, XXXXX


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01533/suppl_file/cm1c01533_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01533/suppl_file/cm1c01533_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01533/suppl_file/cm1c01533_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01533/suppl_file/cm1c01533_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01533/suppl_file/cm1c01533_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01533/suppl_file/cm1c01533_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01533/suppl_file/cm1c01533_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01533/suppl_file/cm1c01533_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01533/suppl_file/cm1c01533_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01533/suppl_file/cm1c01533_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c01533?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c01533?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c01533?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c01533?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c01533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials pubs.acs.org/cm

Figure 4(a c) Activation enthalgies and @itransport performance trends of sorptiomisithn, and permeation in the MMM. The tdgnis
the di usion correlation diametér”

SH. These ndings are encouraging for applying MFU-4
MOFs for membrane-based separations of natural gas or
biogas.

Figure 5 Activation enthalpies for permeation, sorption, ansia
for CO, and CH, in 6FDA Durene and MMM.

experiments, indicating that thect of gating in MFU-4 is
small relative to other modes of transport under the conditiorf:si
that were considered. Nevertheless, the intrinsic properties
this MOF still demonstrate intriguing separation performance
Many natural gas and biogas streams cor%ﬁinv\}Hich
must be removed to meet pipeline spatibns>>* There-
fore, we evaluated the MMM using a mixed-gas permeation CONCLUSIONS
test with HS to probe the potential of MFU-4 MMMs in a In conclusion, an MFU-4 MOF was embedded into a 6FDA
more realistic separation environment. For a binary 50:9Durene polyimide to form a high-performance MMM for
H,S/CH, feed stream, 43 permeability of 384 barrer and natural gas or biogas separation applications. Pure-gas and
H,S/CH, permselectivity of 13.1 were observed at 2 bar totahixed-gas permeation results show that the 10 wt % MMM
pressure and 3%. For a ternary 60:20:20 ¢gB,S/CH, exhibited high COand HS permeability with excellent
feed at 2 bar total pressure and °85 a lower HS permselectivity. A systematic temperature study for pure-gas
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