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Mixed Matrix Membranes with Surface Functionalized
Metal-Organic Framework Sieves for Efficient

Propylene/Propane Separation

Youdong Cheng, Biplab Joarder, Shuvo Jit Datta, Norah Alsadun, Daria Poloneeva,
Dong Fan, Rushana Khairova, Anastasiya Bavykina, Jiangtao Jia, Osama Shekhah,
Aleksander Shkurenko, Guillaume Maurin, Jorge Gascon, and Mohamed Eddaoudi*

Membrane technology, regarded as an environmentally friendly and
sustainable approach, offers great potential to address the large energy
penalty associated with the energy-intensive propylene/propane separation.
Quest for molecular sieving membranes for this important separation is of
tremendous interest. Here, a fluorinated metal-organic framework (MOF)
material, known as KAUST-7 (KAUST: King Abdullah University of Science and
Technology) with well-defined narrow 1D channels that can effectively
discriminate propylene from propane based on a size-sieving mechanism, is
successfully incorporated into a polyimide matrix to fabricate molecular
sieving mixed matrix membranes (MMMs). Markedly, the surface
functionalization of KAUST-7 nanoparticles with carbene moieties affords the
requisite interfacial compatibility, with minimal nonselective defects at
polymerfiller interfaces, for the fabrication of a molecular sieving MMM. The
optimal membrane with a high MOF loading (up to 45 wt.%) displays a
propylene permeability of ~95 barrer and a mixed propylene/propane
selectivity of ~20, far exceeding the state-of-the-art upper bound limits.
Moreover, the resultant membrane exhibits robust structural stability under
practical conditions, including high pressures (up to 8 bar) and temperatures

1. Introduction

Energy-efficient hydrocarbon separations
are of prime importance in the petrochem-
ical industry. One archetypal example is
the separation of propylene (C;H;) from
the mixture of C;H, and propane (C;Hy)
produced during the hydrocarbon cracking
process. High-purity C;H, is essential to
produce practical petrochemical commodi-
ties, including various polypropylene-based
elastomers and plastomers.!!] Conventional
cryogenic distillation-based C;H4/C;Hg
separation is an energy-intensive technol-
ogy, requiring large tray numbers (n > 100)
and high reflux ratios (12-20) due to the
close boiling points and similar molec-
ular sizes of these two components.?!
Unsurprisingly, the development of novel
separation technologies, offering greater
energy efficiency, lower capital cost, and
smaller carbon footprint, is an ongoing

(up to 100 °C). The observed outstanding performance attests to the
importance of surface engineering for the preparation and plausible
deployment of high-performance MMMs for industrial applications.

quest in academia and industry alike.
Prominently, membrane separation pro-
cesses, renowned to offer up to 90% en-
ergy savings in contrast to traditional cryo-
genic distillation, are of great potential for
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the looked-for energy-efficient C,;H./C,H; separation in
industry.’] Nevertheless, pure polymeric membranes often
suffer from the trade-off effect between their membrane perme-
ability and selectivity, known as upper bound limits,[*] largely
impeding their industrial implementation. Moreover, con-
densable gases, including both C;H and C;Hg, can easily swell
polymer chains under relatively high pressures, leading to severe
plasticization and/or dilation in most polymeric membranes
with some exceptions in fluoropolymers.’! To overcome these
daunting challenges, hybrid mixed matrix membranes (MMMs),
composed of a continuous polymer phase and a dispersed inor-
ganic/organic filler phase, offer great promise for the fabrication
of high-performance membranes. Plausibly, MMMs can simul-
taneously exhibit the virtues of both phases, including the good
processability and decent mechanical robustness of the polymer
phase and the intrinsically high permeability and selectivity of
the filler phase. It is to be noted that different types of fillers
such as metal-organic frameworks (MOFs),l% porous organic
cages (POCs),l”] and multi-silver complexes,®] have been used in
MMMs for C;H;/C;Hg separation. Among them, MOFs, com-
posed of metal ions/clusters and multidentate organic linkers,
have attracted the most attention owing to their adjustable pore
structures and rich chemical functionality. Nevertheless, the
number of MOFs explored in MMMs for C;H,/C,H, separation
is scarce due plausibly to limited MOFs with molecular sieving
ability for this important application.!’*° Moreover, the exposed
inorganic nodes in MOFs may undermine the polymer—filler
interfacial compatibility in MMMs, leading to severe filler ag-
gregation and formation of nonselective voids in the resultant
membranes at high filler loadings (e.g., >35 wt.%).[1%] Therefore,
we envision that the successful deployment of a molecular
sieving MOF for C;H,/C;H; separation entails a customized
interfacial interaction between MOF fillers and the polymer
matrix, for the design and fabrication of MMMs with superior
C;H,/C,Hg separation performances.

Here we report the preparation of high-performance MMMs
containing surface-functionalized MOF sieve fillers for efficient
C;H,/C,Hy separation. KAUST-7, also known as NbOFFIVE-
1-Ni, when used as an adsorbent, demonstrated an excellent
molecular sieving property for C;H,/C;Hg separation.'!l En-
couraged by its distinct size-sieving performance, we explored
KAUST-7 as a promising molecular sieve filler in MMMs for
C;H,/C;Hj separation. Specifically, KAUST-7, constructed by co-
ordination bonds between Ni** cations, (NbOFs)*~ polyatomic
anions, and pyrazine molecules, possesses narrow 1D channels
with a window diameter of ~3.22 A2l Nonetheless, the dy-
namic rotation of both pyrazine molecules and polyatomic an-
ions could adapt the pore-aperture to allow the selective diffu-
sion/transport of C;H, over C;H based on the molecular sieving
mechanism. Suitably, nano-sized KAUST-7 particles were pre-
pared by a co-solvent synthesis approach and incorporated into
the polymer matrix to fabricate MMMs. 6FDA-DAM (6FDA: 2,2-
bis(3,4-carboxyphenyl)hexafluoropropane dianhydride; DAM: di-
aminomesitylene) was chosen as the matrix polymer due to its
high thermal and chemical stabilities, good mechanical strength,
excellent processability, and relatively moderate C;H,/C,Hg sep-
aration performance.[®? To further improve the dispersibility
and polymer-affinity of MOF fillers in the membrane, KAUST-
7 nanoparticles were functionalized with a N-heterocyclic car-
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bene, 1,3-bis(2,4,6-diisopropylphenyl)imidazole-2-ylidene (IDip),
to produce surface-functionalized materials denoted as KAUST-
7-1Dip. We previously demonstrated that this carbene function-
alization strategy was successful in mitigating the compatibility
issue in zeolitic imidazolate frameworks (ZIFs)-based MMMs. ]
Contrary to polymer-coating strategies reported in the literature
where MOF pores were partially blocked by coating polymers,['3!
this facile carbene functionalization strategy permitted to effec-
tively retain the overall porosity of MOF fillers as carbene moi-
eties can only attach to unsaturated metal sites on the outer
surface of the MOF, while not entering MOF channels be-
cause of their bulkiness. As illustrated in Figure 1la, contrary
to the easy filler aggregation in KAUST-7-based MMMs (de-
noted as 6FDA-DAM/KAUST-7), MMMs containing KAUST-7-
IDip fillers (denoted as 6FDA-DAM/KAUST-7-IDip) show im-
proved interfacial interactions and better filler dispersion states.
Consequently, simultaneous increases in both the C;H, perme-
ability and the C;H/C;H, selectivity can be achieved for the
6FDA-DAM/KAUST-7-IDip MMMs even at a filler loading of up
to 45 wt.%, making them promising for practical C;H4/C;Hg
separation in the petrochemical industry.

2. Results and Discussion

To gain insight into the binding of the IDip molecule to the
KAUST-7 surface, first-principles calculations at the density func-
tional theory (DFT) level were carried out on a representative clus-
ter model of the MOF surface (Figure S1, Supporting Informa-
tion) with Ni-exposed sites to meet the experimental condition
that uses an excess of Ni salt during the MOF preparation. Fig-
ure 1b reveals that the IDip molecule coordinates to the outer-
surface Ni site via its C atom with the formation of a strong Ni—C
chemical bond (bond length of 1.97 A) associated with an ac-
cumulation of a high electronic charge density between the two
atoms. The transferred electrons, particularly from the Ni-d state,
are delocalized along the Ni—C bond, as shown in Figure S2 (Sup-
porting Information). Analysis of the projected density of states
(PDOS) onto the atomic orbitals of the exposed Ni sites and C
atoms of the IDip molecule (Figure S3, Supporting Information)
evidenced that the Niy, and C,, orbitals contribute the most to
the Fermi level. The associated high surface binding energy of
191.0 k] mol~! in KAUST-7-IDip strongly supports the forma-
tion of a strong chemical bond between the carbene molecule
and the edge of the MOF nanoparticle and the subsequent sta-
bilization of this functionalized MOF. It should be noted that
compared to our previous work for the ZIF-67-based structure,
the calculated adsorption energy of the IDip molecule is more
negative than that for the ZIF-67 system (—160.2-~—171.7 k]
mol 1), highlighting that IDip-functionalized KAUST-7 ex-
hibits higher stability and is more stable than the ZIF-67 system.
Subsequently, a bottom-up synthesis method was developed to
prepare KAUST-7 nanoparticles using co-solvents at a relatively
mild temperature (see the Experimental Section in Supporting
Information for details). The optimized synthesis method sub-
stantially differs from bulk crystal synthesis.['!] As-synthesized
KAUST-7 nanoparticles were homogenous in shape and exhib-
ited an average particle size of 60-80 nm determined by scan-
ning electron microscopy (SEM) (Figure S4, Supporting Informa-
tion). Nano-sized MOF particles are preferred as filler materials
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Figure 1. a) Schematicillustration of the preparation of MMMs using KAUST-7 and KAUST-7-IDip fillers. Fillers can easily agglomerate in KAUST-7-based
MMM (left) and homogeneously dispersed in the matrix in KAUST-7-IDip-based MMM (right) owing to better polymer—filler interfacial compatibility in
the latter. b) DFT-optimized KAUST-7-IDip structure model (top) and the corresponding electronic charge difference map (bottom). The formation of a
chemical bond between the exposed Ni at the KAUST-7 surface and the IDip molecule is highlighted by a black dashed circle. The red color represents
charge accumulation, and the green color represents charge depletion. Color code: IDip, C, cyan; H, white; N, blue; KAUST-7, C, grey; H, white; N,
blue; Nb, green; F/O, lime; Ni octahedron, pink. ¢) SEM image of KAUST-7-IDip nanoparticles. d) HRTEM and e) enlarged HRTEM images of KAUST-7
nanoparticles. f) The corresponding distance profile analysis of (), showing a periodic lattice structure. g) PXRD patterns of simulated KAUST-7, pristine
KAUST-7 and KAUST-7-IDip. h) C3Hg and C3Hg adsorption isotherms for MOF fillers collected at 298 K and 1 bar. i) Optical images of KAUST-7 (left)
and KAUST-7-IDip (right) in mesitylene after being first sonicated for 30 min and then allowed to settle for 24 h.

in MMMs compared to their micro-sized counterparts mainly
due to their larger surface area-to-volume ratio that permits better
polymer—filler interactions. KAUST-7-IDip nanoparticles were
prepared by continuously stirring KAUST-7 nanoparticles in a
mesitylene solution of the carbene ligand. It is to be noted that no
alteration of particle size or morphology of the nanoparticles was
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observed during the functionalization process (Figure 1c). The
good crystallinity of as-synthesized KAUST-7 nanoparticles was
confirmed by high-resolution transmission electron microscopy
(HRTEM) (Figure 1d). Ordered lattice fringes can be clearly ob-
served in an enlarged HRTEM image (Figure 1le), showing a pe-
riodic distance of 7.24 A ascribed to the (1 1 0) plane of KAUST-7
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crystals (Figure 1f). The crystallinity of the pristine KAUST-7 and
KAUST-7-IDip nanoparticles was further evaluated using pow-
der X-ray diffraction (PXRD) (Figure 1g). Both materials showed
strong and identical diffraction peaks that match well with the
simulated pattern of the KAUST-7 crystal structure, corroborat-
ing their good crystallinity and high phase purity.

X-ray photoelectron spectroscopy (XPS) offered supportive in-
formation on the surface functionalization of the MOF. The
increase in C/Ni, C/NDb, and C/F atomic ratios provides evi-
dence of the outer surface functionalization of carbene moi-
eties in KAUST-7-IDip (Figure S5 and Table S1, Supporting
Information). Moreover, attenuated total reflection Fourier trans-
form infrared spectroscopy (ATR-FTIR) showed bands between
1630-1660 cm™, corresponding to the C=C stretching of
pyrazine linkers in KAUST-7, with largely reduced intensity for
KAUST-7-IDip owing to the capping of carbene moieties (Fig-
ure S6, Supporting Information). KAUST-7-IDip nanoparticles
also exhibited weak bands between 2860-2960 cm™! ascribed
to the C-H stretching of IDip, which were absent in the pris-
tine KAUST-7. It is of note that KAUST-7 is nonporous to N, at
77 K owing to its contracted pore size at this low cryogenic tem-
perature. Fortunately, KAUST-7 adsorbs CO, at 273 K; conse-
quently, this probe was employed to explore the porosity prop-
erties of KAUST-7 and KAUST-7-IDip. Based on the CO, ad-
sorption isotherm at 273 K (Figure S7, Supporting Information),
the apparent surface area and the pore volume of KAUST-7-1Dip
were estimated to be 208 m? g~! and 0.079 cm® g1, respectively,
which are slightly lower than those of KAUST-7 (224 m? g~! and
0.085 cm? g1, respectively). The minor reduction in both the ap-
parent surface area and the pore volume could be mainly caused
by the attachment of nonporous carbene molecules in KAUST-
7-IDip. Moreover, the pore size distribution data derived from
the CO, adsorption isotherm highlighted that both KAUST-7 and
KAUST-7-IDip showed the same average pore size of ~3.46 A.
These results strongly corroborate the successful anchoring of
IDip molecules on the outer surface of MOF nanoparticles in
KAUST-7-IDip.

Adsorption isotherms of C;H, and C;H, were collected at
298 K for both KAUST-7 and KAUST-7-IDip and compared in
Figure 1h and Figure S8 (Supporting Information). KAUST-7
showed obviously higher uptakes for C;H, over C;Hj, validat-
ing its size-sieving ability derived from its well-defined narrow
channels. Notably, KAUST-7-IDip exhibited similar adsorption
isotherms compared to KAUST-7, confirming the maintenance
of internal porosity after IDip modification. The C;H, uptake ca-
pacity only experienced a minor reduction from 2.13 mmol g~!
in KAUST-7 to 2.01 mmol g~! in KAUST-7-IDip, which proves
that the outer surface IDip functionalization hardly affects the
adsorption properties of MOF nanoparticles. Moreover, at low
C;H, coverage, the isosteric heat of adsorption (Q,,) value in
KAUST-7-IDip (43 k] mol~!) was very close to that in KAUST-7
(42 k] mol™) (Figure S9, Supporting Information), further vali-
dating that IDip molecules barely interact with C;H; molecules.
Contrary to their similar adsorption properties, KAUST-7 and
KAUST-7-1Dip showed stark dispersibility differences in mesity-
lene. As shown in Figure 1i, KAUST-7 is non-dispersible in
mesitylene and settles at the bottom, while KAUST-7-IDip can
form a stable suspension in mesitylene under identical con-
ditions. Notably, the greatly improved solvent dispersibility of
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KAUST-7-IDip nanoparticles is key to their homogeneous disper-
sion in the polymer matrix in MMMs.['#]

Both KAUST-7 and KAUST-7-IDip nanoparticles were sepa-
rately incorporated into 6FDA-DAM to fabricate MMMs via a so-
lution casting method. To maximize the efficacy of MOF fillers in
the membrane, achieving high filler loadings without deteriorat-
ing the membrane mechanical integrity is highly desired. Nev-
ertheless, for a large number of reported MOF-based MMMs,
their maximum filler loadings are kept below 35 wt.%, beyond
which severe filler aggregation may easily lead to brittle mem-
branes with largely reduced selectivity.'>! Various loadings of
MOF fillers have been explored in this study. The actual filler
loading matches well with the theoretical loading as confirmed
by thermogravimetric analysis (TGA) of the membranes (Fig-
ure S10 and Tables S2 and S3, Supporting Information). The
maximum filler loading for MMMs with KAUST-7-IDip could
reach up to 45 wt.%, which is higher than the observed opti-
mal value (230 wt.%) of MMMs with KAUST-7. The membrane
with a even higher KAUST-7-IDip loading of 50 wt.% became
too brittle and was difficult to handle for gas separation studies.
The membrane microenvironment and polymer—filler interfacial
micromorphology were characterized by SEM (Figure 2a; Fig-
ures S11 and S12, Supporting Information). Sharp differences
between MMMs with different fillers can be easily observed, es-
pecially at high magnifications. KAUST-7-IDip nanoparticles are
evenly distributed through the membrane even at a high loading
of 45 wt.% without noticeable agglomeration or sedimentation.
On the contrary, KAUST-7 nanoparticles exhibit filler aggrega-
tion when the loading amount reaches above 30 wt.%, suggesting
their relatively less favored interactions with the matrix polymer.
Moreover, optical images of MMMs corroborate the distinct dis-
persion characteristics of the two fillers (Insert in Figure 2a). The
6FDA-DAM/KAUST-7-IDip-45 wt.% MMM shows a flat surface
and homogeneous color, while the MMM with a 40 wt.% load-
ing of KAUST-7 exhibits a curved surface and uneven color. The
energy-dispersive X-ray spectroscopy (EDS) mapping provides
further evidence of the good distribution of KAUST-7-IDip in the
membrane with a filler loading of up to 45 wt.% (Figure 2b). The
signals of Ni, Nb, and F, elements solely from the KAUST-7-IDip,
are detected evenly in the membrane, while the signal of C is dis-
tributed homogeneously throughout the whole membrane due
to its presence in both MOF and polymer matrix, validating the
excellent dispersion characteristics of the KAUST-7-IDip filler.

The crystallinity of MOF fillers in MMMs was probed by mem-
brane XRD measurements (Figure 2c; Figure S13, Supporting
Information). A broad diffraction peak between 10 and 20° is
observed in a pure 6FDA-DAM membrane, highlighting its
amorphous nature. As the loadings of both KAUST-7 and
KAUST-7-IDip increase in the membrane, the intensities of char-
acteristic diffraction peaks originating from MOF fillers gradu-
ally become prominent in all MMMs. This indicates that MOF
fillers maintained their good crystallinity during the membrane
preparation process. Moreover, dynamic mechanical analyses
(DMA) were performed on all membranes to test their mechan-
ical properties (Figure 2d; Figure S14, Supporting Information).
The pristine 6FDA-DAM membrane shows a Young’s modu-
lus of 1.3 GPa, which is in good agreement with literature data
(1.1-1.4 GPa).[!] For KAUST-7-based MMMs, their Young’s
modulus values gradually increase with increasing filler loadings
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Figure 2. a) Cross-sectional SEM images of 6FDA-DAM/KAUST-7-1Dip-45 wt.% MMM (i,ii) and 6FDA-DAM/KAUST-7-40 wt.% MMM (iii,iv). Insert
show the optical images of associated membranes. b) EDS mapping of 6FDA-DAM/KAUST-7-IDip-45 wt.% MMM. c) XRD patterns of KAUST-7-IDip
nanoparticles and associated membranes with different filler loadings. d) Mechanical properties of KAUST-7-based and KAUST-7-IDip-based MMMs

with different filler loadings.

before 30 wt.% and abruptly drop at a 40 wt.% loading, which
can be ascribed to filler aggregation and formation of voids at
this high loading as confirmed by SEM (vide supra). On the
contrary, MMMs with KAUST-7-IDip exhibit continuously in-
creased Young’s modulus with the increment of filler loadings
up to 45 wt.% owing to the anticipated good polymer—filler in-
terfacial compatibility induced by carbene functionalization. The
maximum Young’s modulus in KAUST-7-IDip-based MMMs is
2.5 GPa, which is ~#90% and ~25% higher than that of the pure
polymeric membrane and the optimal KAUST-7-based MMM
(30 wt.%). Furthermore, these increased modulus values indi-
cate the enhanced rigidity of polymer chains in MMMs, which
will plausibly promote the membrane anti-plasticization ability
for separation applications at high pressures.['’]

The C;H, and C;H, adsorption isotherms of KAUST-7-IDip-
based MMM with the maximum filler loading (45 wt.%) were
collected at 298 K and compared with those of pure 6GFDA-DAM
membrane and KAUST-7-IDip nanoparticles (Figure S15, Sup-
porting Information). With the incorporation of KAUST-7-IDip
nanoparticles into the polymer matrix, the C;Hg uptake in the
resultant MMM substantially decreases at 1 bar, while the effect
on the C;H; uptake is nominal. In addition, the pure KAUST-7-
IDip nanoparticles show relatively reduced C;H, and C;Hg sorp-
tion capacities in contrast to the pure polymeric membrane at
the low-pressure range (0-0.2 bar) owing to their narrow chan-
nels. Therefore, the gas uptake capacities of the MMM fall be-
tween values of pure 6FDA-DAM membrane and KAUST-7-IDip
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nanoparticles in the low-pressure regime. It is worth noting that
a strong hysteresis exists in the C;Hg desorption isotherm for the
MMM, highlighting the hindered diffusion of C;H,; molecules.
This further confirms the enhanced sieving ability of the MMM,
translating the unique properties of KAUST-7 associated with its
modular narrow channels.

To evaluate the C;H./C,H, separation performance of re-
sultant membranes, both single-gas and mixed-gas permeation
measurements were conducted at 35 °C and detailed results
are shown in Figure 3a,b and Tables S4 and S5 (Support-
ing Information). As anticipated and in accordance with pre-
vious reports,|®18] the incorporation of porous fillers with
size-selective pores leads to a simultaneous increase in both
permeability and selectivity. For KAUST-7-based MMMs, their
C,H,/C,H; selectivity reaches a maximum value at a filler load-
ing of 30 wt.%. Adding more KAUST-7 nanoparticles results in
enhancing the membrane permeability associated with a largely
reduced selectivity, attributed as discussed above to the plausible
presence of nonselective voids induced by fillers aggregation. For
KAUST-7-IDip-based MMMs, the good interphase compatibil-
ity, promoted by carbene functionalization, results in a stepwise
improvement in membrane separation properties for the entire
loading range studied. The optimal MMM with a 45 wt.% of
KAUST-7-IDip loading displays a C;H, permeability of 95 bar-
rer and a mixed C;H,/C,Hj selectivity of ~20 at a feed pressure
of 4 bar, overcoming the upper bound limits and surpassing most
MOF-based membranes reported in the literature. Moreover, the
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Figure 3. Single- and mixed-gas C3Hg/C3Hjg separation performance of a) 6FDA-DAM/KAUST-7 MMMs and b) 6FDA-DAM/KAUST-7-1Dip MMMs with
different filler loadings. Filled and half-filled patterns represent gas separation data obtained from single- and mixed-gas permeation measurements,
respectively. Dashed lines are guides to highlight the membrane performance change by adding MOF fillers. Blue points in (b) show the theoretical
performance data of MMMs with KAUST-7-IDip predicted by the Maxwell equation. c) A direct comparison of membrane performance change by adding
MOF fillers for MMMs with KAUST-7-IDip and other MOFs in the literature. d) Solubility (left) and diffusivity (right), e) solubility selectivity (left) and
diffusivity selectivity (right) of pure 6FDA-DAM membrane and 6FDA-DAM/KAUST-7-IDip-45 wt.% MMM. f) Single-gas permeability of pure 6FDA-DAM

membrane and 6FDA-DAM/KAUST-7-1Dip-45 wt.% MMM.

enhanced polymer—filler interaction affords minimized voids or
defects in KAUST-7-IDip-based MMMs, permitting the back-
calculation of intrinsic separation properties of MOF fillers based
on the Maxwell equation.[* This back-calculation approach was
proven appropriate in providing reasonable estimations of intrin-
sic permeation properties of porous fillers when the filler loading
in MMMs is low.[%104.20] Ag shown in Figure 3b, a good match be-
tween experimental and calculated results is observed in KAUST-
7-1Dip-based MMMs when filler loadings do not exceed 30 wt.%.
Nevertheless, at higher loadings, MMMs show a larger C;H, per-
meability and a slightly lower C;H,/C;Hj selectivity that deviate
from the calculated data, presumably attributed to the emergence
of fast gas transport channels in the percolative network of MOF
fillers at sufficiently high loadings (e.g., >40 wt.%).[2! Presum-
ably, KAUST-7-IDip is anticipated to show a high C;H, perme-
ability of ~350 barrer with an excellent C;H,/C,H, selectivity of
~120. Notably, this selectivity is close to the values of some well-
known MOFs with size-sieving pores for C;H,/C,H, separation,
such as ZIF-8 (~125) and Zr-fum-fcu-MOF (x110).[6>P]

It is worth mentioning that all membranes experienced de-
creases in both gas permeability and selectivity when the mem-
brane testing mode was switched from single-gas to mixed-gas
measurement. This phenomenon can be attributed to the com-
petitive sorption of C;H, and C,H, in the membrane as well as
polymer swelling induced by these two condensable gases, as
widely observed in other 6FDA-DAM-based membranes.!®>P<]
The mixed-gas C;H,/C;H; selectivity of pure 6FDA-DAM mem-
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brane was reduced by 40.8%, whereas in the cases of MMMs with
KAUST-7 (40 wt.%) or KAUST-7-IDip (45 wt.%) only 28.9% and
19.2% losses were observed, respectively. The addition of MOF
fillers reduces chain mobility and increases rigidity of the ma-
trix polymer, resulting in improved anti-swelling ability of the
whole membrane. The better interfacial compatibility in KAUST-
7-1Dip-based MMMs further reinforces this effect, as validated by
the minimum mixed-gas selectivity loss in all membranes. More-
over, to systematically evaluate the importance of KAUST-7-1Dip
on the membrane overall performance, permeability, and selec-
tivity enhancement percentages were calculated based on separa-
tion data of pure 6FDA-DAM membrane and the corresponding
MMMs with MOF fillers (Figure 3c). Markedly, KAUST-7-IDip
outperforms many other well-known MOFs and is comparable
to the state-of-the-art filler materials in the literature.*"! The si-
multaneously improved permeability and selectivity in KAUST-7-
IDip-based MMMs unambiguously suggest the existence of fast
and molecular sieving channels in resultant membranes offered
by MOF fillers.

To gain a better understanding of the detailed transport mech-
anism of KAUST-7-IDip-based MMMs, the membrane perme-
ability (P;) was deconvoluted into the product of diffusivity (D;)
and solubility (S;) based on the solution-diffusion model (Fig-
ure 3d,e).[?2] Contrary to the enhanced solubility of C;Hy, the sol-
ubility of C;Hg is reduced in the MMM upon adding 45 wt.% of
KAUST-7-IDip, resulting in marginally increased solubility se-
lectivity. This strongly correlates to gas sorption results in both

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. a) C3Hg permeability b) C3Hg/C3Hjg selectivity of pure 6FDA-DAM membrane, 6FDA-DAM/ZIF-67-35 wt.% MMM, and 6FDA-DAM/KAUST-
7-1Dip-45 wt.% MMM as a function of the feed pressure (1-8 bar, C3Hg/C3Hg: 50/50, 35 °C). c) Mixed-gas C3Hg/C3Hg separation performance change
on the upper bound plot for different membranes as the feed pressure increases from a low pressure (4 bar) to a high pressure (8 bar). d) Long-term
stability of 6FDA-DAM/KAUST-7-IDip-45 wt.% MMM at a feed pressure of 4 bar and 35 °C.

membranes and MOF nanocrystals. Remarkably, with the addi-
tion of KAUST-7-IDip, the membrane C;H, diffusivity is greatly
improved due to fast diffusion pathways created by intrinsic
pores in the MOF structure, whereas the C,H; diffusivity is only
marginally increased presumably through percolative networks
of MOF nanoparticles.?!23] Consequently, a prominent increase
in the membrane diffusivity selectivity is observed in the resul-
tant MMMs. In summary, the simultaneously enhanced perme-
ability and selectivity of MMMs are attributed to the fast and
efficient molecular sieving pathways offered by KAUST-7-IDip
nanocrystals in membranes. In addition, to clearly elucidate the
gas sieving ability of MOF fillers, both pure 6FDA-DAM mem-
brane and 6FDA-DAM/KAUST-7-1Dip-45 wt.% MMM were ex-
amined for single-gas permeation of different gases with vari-
ous molecular diameters, including CO,, O,, N,, CH,, C;H,
and C;H, (Figure 3f). The permeability of nearly all gases, except
C;Hyg, is enhanced noticeably in the membrane with the addition
of KAUST-7-IDip, corroborating the impact of the high porosity
of MOF fillers on the evaluated gases transport. Importantly, a
clear cut-off between C;H, and C;Hj is observed in the MMM,
which unambiguously validates the molecular sieving property
of KAUST-7-IDip.

To explore the potential implementation of KAUST-7-IDip-
based MMMs for practical C;H/C;H, separation, where a high
feed pressure is routine,!!) we evaluated the gas separation per-
formance of resultant membranes at high pressures of up to
8 bar. For pure polymeric membranes, with the increase of the
feed pressure to a certain level, condensable gases, including

Adv. Mater. 2023, 35, 2300296 2300296 (7 of 9)

C,H, and C;Hyg, tend to dissolve more inside the membrane and
swell polymer chains, causing a fast membrane permeability in-
crease and a large selectivity loss. This phenomenon is known
as “plasticization”, and the corresponding pressure is termed
“plasticization pressure”. Both the optimal KAUST-7-IDip-based
MMM and pure 6FDA-DAM membrane were tested at various
pressures ranging from 1 to 8 bar. Moreover, as a comparison,
a hybrid membrane containing the benchmark filler material
for C;H,/C;H, separation, ZIF-67,°’! was also prepared, char-
acterized, and examined under identical conditions (Figure S16,
Supporting Information). As shown in Figure 4a,b, all mem-
branes exhibit simultaneously reduced C;H, permeability and
C,H,/C,H; selectivity with the increase of feed pressure in a low-
pressure range (e.g., 1-5 bar), which can be attributed to the grad-
ual saturation of Langmuir sites in the membrane at higher pres-
sures based on the dual-mode sorption model.['’3] Pure 6FDA-
DAM membrane shows a plasticization pressure of 5 bar, beyond
which the membrane selectivity experiences a fast drop with the
increase of the feed pressure. With the incorporation of 35 wt.%
of ZIF-67 fillers, the membrane still plasticizes despite that the
plasticization pressure is slightly improved to 6 bar. In addition,
the “gate-opening” phenomenon in ZIF-67-based membranes
under high pressure, due to rotation behavior of the organic
linker in ZIF-67, contributes to the observed fast membrane se-
lectivity loss.[** On the contrary, the 6FDA-DAM/KAUST-7-1Dip
MMM shows relatively superior anti-plasticization performance
even at a feed pressure of up to 8 bar. Plausibly, the interfacial
compatibility in KAUST-7-IDip-based MMMs contributed to the
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improved membrane anti-plasticization ability, resulting from
the lessened polymer chain mobility and increased chain stiff-
ness. Distinctly, KAUST-7-IDip features relatively rigid 1D chan-
nels instead of flexible pore windows in ZIF-67, therefore it can
maintain the size-sieving ability under higher pressures, as cor-
roborated by our previous finding showing a larger adsorption
capacity of C;H, over C;Hg in KAUST-7 even at a pressure of
up to 7 bar.'!l This is in stark contrast to the almost identical
uptake capacity of C;H, and C;H, in ZIF-67 at a low pressure
of 1 bar.®®! Consequently, suffering from the plasticization phe-
nomenon, the pure 6FDA-DAM membrane and ZIF-67-based
MMM exhibit 48% and 57% decreases in selectivity when the
feed pressure is elevated from 1 to 8 bar, respectively, whereas
the MMM with KAUST-7-IDip only shows an 18% selectivity
loss under identical conditions. A clear trend in the performance
change of different membranes as the feed pressure increases
from 4 to 8 bar is shown in Figure 4c. Both pure 6FDA-DAM
membrane and the ZIF-67-based MMM become less attractive
for high-pressure C;H,/C;H, separation, while our high-loading
KAUST-7-1Dip-based MMM still shows a promising separation
performance that largely overcomes the upper bound limit as the
feed pressure reaches 8 bar, highlighting its prospective imple-
mentation for industrial applications.

The mixed-gas separation performances of KAUST-7-IDip-
based MMM and pure 6FDA-DAM membrane were further
evaluated at varying temperatures ranging from 35 to 100 °C
(Figure S17, Supporting Information). Both membranes show
monotonically reduced C;H,/C;Hj selectivity as temperature in-
creases due to the faster enhancement in diffusivity for larger gas
molecules (C;Hg) over smaller gas molecules (C;H,) at higher
temperatures.l®! Nevertheless, even at 100 °C, the MMM still
shows a good selectivity of 16.4, much higher than that of pure
6FDA-DAM (3.8), validating its notable separation performance
at high temperatures. In addition, the long-term stability of the
KAUST-7-IDip-based MMM was assessed by exposing the mem-
brane to a continuous C;H,/C;Hg gas flow for 15 days, while no
evident performance degradation was observed (Figure 4d), fur-
ther demonstrating the positive effect of MOF functionalization.

3. Conclusion

We have demonstrated the design and preparation of high-
performance MMMs with size-selective MOF fillers for effi-
cient C;H,/C;H, separation. A carbene functionalization strat-
egy was successfully employed to improve the interfacial com-
patibility and minimize nonselective defects in hybrid mem-
branes. The carbene functionalization process only occurs on
the outer surface of MOF nanoparticles, therefore maintaining
the size-sieving channels of MOF fillers accessible to target gas
molecules. KAUST-7-IDip-incorporated MMMs demonstrate si-
multaneously enhanced C;H, permeability and C;H,/C;H; se-
lectivity even at a high filler loading of 45 wt.%, largely surpass-
ing upper bound limits. This excellent separation performance
can be attributed to the successful combination of the molecu-
lar sieving properties of KAUST-7 with an enhancement of the
interfacial microenvironment in the hybrid membrane by car-
bene functionalization. Markedly, the optimal MMM exhibits su-
perior anti-plasticization performance for mixed-gas C;H/C;Hg
separation at a high pressure of up to 8 bar, whereas both pure
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6FDA-DAM membrane and the benchmark ZIF-67-based MMM
fail to maintain their performance under identical conditions. In
addition, the good mechanical strength, decent separation per-
formance at high temperatures of up to 100 °C, and the remark-
able long-term stability render KAUST-7-IDip-based MMMs po-
tential candidates for industrial C;H,/C;Hg applications. It is
worth mentioning that membrane configurations also play piv-
otal roles in the commercialization of promising membrane ma-
terials. Hollow fiber modules dominate the current gas separa-
tion market owing to their higher packing density and relatively
lower production cost compared to spiral wound modules. There-
fore, our future efforts will be devoted to the fabrication of asym-
metric KAUST-7-IDip-based hollow fiber MMMs with ultrathin
selective layers and superior interfacial compatibility. Finally, the
simplicity and effectiveness of the carbene functionalization of-
fer potential to extend this approach to other MOF-based MMMs
for diversified separation applications, paving the way to rational
design of more high-performance MMMs for challenging sepa-
rations.
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