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ABSTRACT: Two water-stable covalent organic frameworks
(COFs) named NUS-2 and NUS-3 having two-dimensional (2D)
layered structures with different pore sizes were synthesized. These
COFs were exfoliated into nanosheets and even monolayers with
high aspect ratio. They were subsequently blended with commercial
polymers poly(ether imide) (Ultem) or polybenzimidazole (PBI)
into mixed matrix membranes (MMMs) exhibiting highly
homogeneous textures due to the excellent compatibility between
COF fillers and polymer matrixes. Thanks to the selective gas
sorption properties of the porous COF fillers, the prepared MMMs
exhibited increased gas permeabilities with NUS-2@PBI demon-
strating an excellent H,/CO, permselectivity that exceeded the 2008
Robeson upper bound. Our approach of using exfoliated 2D COFs
as porous fillers in MMMs paves a novel way toward the tailored
synthesis of advanced composite membrane materials for clean energy and environmental sustainability.

B INTRODUCTION itself. Polymeric materials have dominated this area since the
initial concept of membrane-based gas separation because of
their easy processability, decent performance, and low cost.”
However, these materials suffer from the trade-off between
permeability (separation throughput) and selectivity (separa-
tion efficiency), which can be depicted by the Robeson upper
bounds.'"'* Other major problems of polymeric materials
include plasticization, fouling, and chemical and thermal
instabilities."* Their inorganic counterparts such as ceramic
membranes,'* zeolite membranes,"® carbon molecular sieve
membranes,'® and more recently metal—organic frameworks
(MOFs) and zeolitic imidazolate frameworks (ZIFs) mem-
branes'’~*° offer a much better balance between permeability
and selectivity due to their well-defined porosities and rigid
framework structures. However, their problems of brittleness
and high cost confine the applications to only special cases

Gas separation technologies, especially for CO, separation,
have attracted increased attention recently because of their
important applications in clean energy and environmental
sustainability. "> For example, natural gas contains a substantial
amount of acidic gases such as CO, and H,S that need to be
removed to increase the heating value and prevent pipeline
corrosion.” This process is called natural gas sweetening in
which CO,/CH, separation plays an important role. Another
example is H,/CO, separation which is a key step in H,
purification and precombustion CO, capture from power
plants.*

Membrane-based CO, separation has been greatly developed
in recent years.”” Compared to other CO, separation
technologies such as amine scrubbing and pressure swing
adsorption, membrane-based separation has the advantages of

compact design, easy operation, low footprint, and scalability, where polymezrlic membranes are not able to meet the required

meaning it can be employed independently or as a supplement specifications.” In order to combine the merits of both

to existing gas separation technologies in small chemical plants polymeric and inorganic membranes, mixed matrix membranes
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separation is required. continuous polymeric matrixes hoping to increase the
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permeability and selectivity of the resulting membranes while
preserving the properties of good mechanical strength and
processability of the polymeric matrixes.”””>> Polymeric
matrixes are normally commercial rubbery and glassy polymers,
and ideal porous fillers should have the properties of (1)
excellent stability under working conditions, (2) high
compatibility with polymeric matrixes, (3) selective gas
permeation properties, and (4) nanosized morphology to
prevent agglomeration and sedimentation. Zeolites were the
first kind of porous filler used in MMMs.”® However, poor
compatibility between inorganic zeolites and organic polymers
often leads to defects such as pin holes and sieve-in-a-ca%e
structures that hurt the gas selectivity of the obtained MMMs.””
Several zeolite surface modification studies have been reported
trying to enhance the compatibility, but the improvement is
only moderate.”” Recently, there are several studies using
MOFs and ZIFs as porous fillers in preparing MMMs with
much better compatibilities due to the organic—inorganic
hybrid structures of MOFs and ZIFs.”*"*° Nevertheless, it is
quite challenging to prepare nanosized MOF or ZIF particles to
prevent aggregation and sedimentation.”’ In addition, most
MOFs and ZIFs have poor stabilities in wet and acidic
conditions which are identical to the working conditions of
CO, separation.”” Therefore, the long-term stability of MOFs
and ZIFs being used as fillers in MMMs for CO, separation still
remains to be studied.

As a new member of the porous crystalline material family,
covalent organic frameworks (COFs) are pure organic
polymers composed of strong covalent bonds with light
elements such as B, C, N, O, etc.>*** Unlike traditional
polymers which are amorphous or semicrystalline, COFs are
highly crystalline whose structures can be determined on the
basis of powder crystal X-ray diffraction, or even single crystal
X-ray*® and electron’® diffraction experiments. The crystallinity
of COFs comes from the reversible covalent bond formation
reactions (also known as dynamic covalent chemistry, DCC)*’
resulting in spontaneous correction of structural defects toward
thermodynamically stable crystalline structures. COFs are
normally constructed with rigid monomers which give them
permanent porosities that have wide applications in storage,
separation, catalysis, etc.”**” In addition, quite a large number
of reported COFs have 2D layered structures that allow them
to be exfoliated into multilayered or even single layered
nanosheets with high aspect ratios and interesting proper-
ties."”™ In this study, we report the design and synthesis of
two new COFs named NUS-2 and NUS-3 (NUS stands for
National University of Singapore) with 2D layered structures
and excellent water/acid stabilities. These COFs were exfoliated
into nanosheets or even monolayers with high aspect ratios and
used as fillers to prepare MMMs that were systematically
evaluated for their CO, separation performance.

B EXPERIMENTAL SECTION

Materials and Equipment. All chemicals and reagents are
commercially available and used without purification. 1,3,5-
Triformylphloroglucinol (TFP) and 2,5-diethoxy-terephthalo-
hydrazide (DETH) were synthesized according to the
published procedures.””** Poly(ether imide) (Ultem) was
kindly provided by SABIC (Saudi Basic Industries Corpo-
ration), and polybenzimidazole (PBI) was kindly provided by
PBI performance products, Ins.

Fourier transform infrared spectroscopy (FTIR) spectra were
obtained with a Bio-Rad FTS-3500 ARX FTIR spectrometer
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under N, atmosphere. Elemental analyses (C, H, and N) were
performed on a Vario MICRO series CHNOS elemental
analyzer. Solid-state nuclear magnetic resonance (NMR) data
were collected on a Bruker Avance 400 MHz NMR
spectrometer (DRX400) with cross-polarization magic-angle-
spinning (CP/MAS). Powder X-ray diffraction (PXRD)
patterns were obtained on a Bruker D8 Advance X-ray powder
diffractometer equipped with a Cu sealed tube (4 = 1.54178 A)
at a scan rate of 0.02 deg s™'. Thermogravimetric analyses
(TGAs) were performed using a Shimadzu DTG-60AH in the
temperature range 5S0—800 °C under flowing N, (50 mL
min~") with a heating rate of 10 °C min~". Scanning electron
microscopy (SEM) was conducted on a JEOL-JEMS600 Lab-
SEM (15 kV) equipped with an energy dispersive spectrometer.
Field-emission scanning electron microscopy (FE-SEM) was
conducted on an FEI Quanta 600 SEM (20 kV) equipped with
an energy dispersive spectrometer (EDS, Oxford Instruments,
80 mm?2 detector). Samples were treated via Pt sputtering
before observation. Field-emission transmission electron
microscopy (FE-TEM) was conducted on a JEOL-JEM
2010F FE-TEM. Pure polymeric membranes and MMMs
were imbedded within epoxy glue and sliced into disks for FE-
TEM observation. Atomic force microscopy (AFM) was carried
out by testing samples deposited on silica wafers using tapping
mode with a Bruker Dimension Icon atomic force microscope.

Synthetic Procedures. NUS-2. A 10 mL Pyrex tube was
charged with TFP (42.0 mg, 0.2 mmol), hydrazine hydrate (15
uL, 0.3 mmol), mesitylene/dioxane (1:1 v/v, 2 mL), and
aqueous acetic acid (6 M, 0.2 mL). The mixture was sonicated
for 2 min to get a homogeneous dispersion. The tube was then
flash frozen at 77 K with a liquid N, bath and degassed by three
freeze—pump—thaw cycles, sealed under vacuum, and heated at
120 °C for 3 days. The yielded red precipitate was collected by
centrifugation and washed with anhydrous acetone, anhydrous
tetrahydrofuran, and anhydrous ethanol, separately. The
collected powder was then activated by solvent exchange with
anhydrous methanol 3 times and dried at 120 °C under vacuum
for 12 h to give a deep red powder with 82% isolated yield and
a molecular formula of (CoH¢N;0;),, (% calcd/found: C 52.95/
52.70, H 2.96/2.86, N 20.58/20.45).

NUS-3. A 10 mL Pyrex tube was charged with TFP (42.0 mg,
0.2 mmol), DETH (84.0 mg, 0.3 mmol), o-DCB/dioxane (2:3
v/v, 2 mL), and aqueous acetic acid (6 M, 0.2 mL). The
mixture was sonicated for 2 min to get a homogeneous
dispersion. The tube was then flash frozen at 77 K with a liquid
N, bath and degassed by three freeze—pump—thaw cycles,
sealed under vacuum, and heated at 120 °C for 3 days. The
yielded yellow precipitate was collected by centrifugation and
washed with anhydrous acetone, anhydrous tetrahydrofuran,
and anhydrous ethanol, separately. The collected powder was
then activated by solvent exchange with anhydrous methanol 3
times and dried at 120 °C under vacuum for 12 h to give a deep
yellow powder with 85% isolated yield and a molecular formula
of (CoHgN,05),, (% caled/found: C 55.96/55.60, H 4.70/4.52,
N 14.50/14.38).

NUS-2/NUS-3@Ultem. Ultem was heated at 150 °C under
vacuum for 10 h to remove moisture and any adsorbed
impurities. In a typical process to prepare MMMs, NUS-2 or
NUS-3 (30, 60, and 90 mg, respectively) was added to
chloroform (10 mL) to give suspension A, and Ultem (270,
240, and 210 mg, respectively) was dissolved in chloroform (2.5
mL) to give solution B. Suspension A was sonicated for 30 min
using an ultrasonic homogenizer (Biobase, JY92-IIDN)
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followed by stirring for another 30 min. This cycle was repeated
twice, and then '/ 5 volume of solution B was added followed by
another sonication—stirring cycle. After that, the rest of solution
B was added, and the total solution was sonicated and stirred
once more to give the membrane casting solution, which was
casted onto a flat glass substrate followed by slow vaporization
of solvent to give the final MMM.

NUS-2/NUS-3@PBI. PBI was heated at 180 °C under vacuum
for at least 12 h to remove moisture and any adsorbed
impurities. The MMMs of NUS-2/NUS-3@PBI were prepared
according to the published procedure.” Briefly, PBI (2 g) was
first dissolved in N-methyl-2-pyrrolidone (NMP, 60 mL) by
stirring at 120 °C for 48 h, followed by filtration after cooling
down to room temperature. NUS-2 or NUS-3 (15, 30, and 45
mg, respectively) was added into N,N-dimethylformamide
(DMF, 225, 2, and 1.75 mL, respectively), and the
sonication—stirring cycle described previously was carried out
twice. The obtained suspension was mixed with PBI solution
(~S mL) followed by another sonication—stirring cycle to give
the membrane casting solution, which was casted onto a flat
glass substrate and dried at 75 °C under vacuum for 12 h. After
being cooled down to room temperature, the membrane was
peeled off and further dried at 200 °C under vacuum for 1 day
to give the final MMM.

The thickness of obtained MMMs was measured by a
micrometer caliper (50—100 zm). The COF loading of MMMs
was calculated by the weight of COFs divided by the total
weight of COFs and polymers.

Gas Sorption Measurements. Gas sorption isotherms
were measured up to 1 bar using a Micromeritics ASAP2020
surface area and pore size analyzer. Before the measurements,
the sample (~50 mg) was degassed under reduced pressure
(<107* Pa) at 150 °C for 12 h. UHP grade He, N,, and CO,
were used for all the measurements. Oil-free vacuum pumps
and oil-free pressure regulators were used to prevent
contamination of the samples during the degassing processes
and isotherm measurements. The temperatures of 77, 273, and
298 K were maintained with a liquid nitrogen bath, with an
ice—water bath, and under room temperature, respectively. The
Brunauer—Emmett—Teller (BET) surface areas were calculated
from N, adsorption isotherms at 77 K. Pore size distribution
data were also calculated from the N, adsorption isotherms at
77 K based on nonlocal density functional theory (NL-DFT)
model in the Micromeritics ASAP2020 software package
(assuming cylinder pore geometry).

Single Gas Permeation Tests. The single gas (H,, CH,,
and CO,) permeabilities in MMMs were tested using a variable
pressure constant volume gas permeation cell technique. The
setup of gas permeation cell and testing procedures have been
described previously.* For MMMs containing Ultem, tests
were done on multiple membranes (2—3) with the same COF
loading to get the average values. Each test was performed after
the sample was degassed to a pressure of 1—10 mTorr, and the
system reached thermal equilibrium after around 5 h. The
operating temperature was maintained at 35 °C, and the
upstream gas gauge pressure was set at 2, 3.5, and S bar,
respectively. The gas permeability was calculated from the rate
of pressure increasing (dp/dt) at a steady state according to eq
1

273 x 10'°
po 273

)
760 AT(p, X 76/14.7)\ dt

(1)
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where P is the membrane gas permeability in barrer (1 barrer =
1 X 107 cm? (STP) cm ecm™ s™ cm Hg™'), V represents the
volume of the downstream reservoir (cm®), L refers to the
membrane thickness (cm), A is the effective membrane area
(cmz), T is the operating temperature (K), and p, indicates the
upstream pressure (psia).

The ideal permselectivity of component i over component j
was calculated on the basis of eq 2

P

B @)
Mixed Gas Permeation Tests. The equimolar H,/CO,
mixed gas permeabilities in MMMs were tested using the same
gas permeation cell setup described previously coupled with a
Shimadzu gas chromatograph (GC-2014) equipped with
HayeSep Q columns. Each test was performed after the sample
was degassed to a pressure of 1—10 mTorr, and the system
reached thermal equilibrium after around 12 h. The operating
temperature was maintained at 35 °C, and the upstream gas
gauge pressure was set at 5 bar. The mixed gas permeability was
calculated from the rate of pressure increasing (dp/dt) in the
downstream side at a steady state according to eq 3

)
AT(xp, X 76/147)\ dt

X =

273 x 10'°
p= 273

: 760 (3)
where P; is the membrane mixed gas permeability of
component i in barrer (1 barrer = 1 X 107" cm® (STP) cm
em™? s7" em Hg™"), x; and y; represent the molar fractions of
component i in the upstream and downstream, respectively, V'
represents the volume of the downstream reservoir (cm?), L
refers to the membrane thickness (cm), A is the effective
membrane area (cm?), T is the operating temperature (K), and
p indicates the upstream pressure (psia).
The mixed gas separation factor was calculated on the basis
of eq 4,
S x/yj
/i) — x; / %,

(4)

B RESULTS AND DISCUSSION

Structure and Morphology of COFs. Most COFs are
synthesized through condensation reactions between diol and
boronic acids or esters affording high crystallinities due to the
reversibility of these reactions.>* However, these COFs are also
vulnerable toward hydrolysis due to the same reason for highly
reversible condensation reactions.”” This drawback greatly
limits their applications in CO, separation given the wet and
corrosive working conditions. Banerjee’s group has reported a
family of water-stable COFs, whose stability comes from the
irreversible enol—keto tautomerization that helps to lock the
COFs into a more stable isomorph with increased resistance
toward hydrolysis.***’ This approach has been successfully
applied in synthesizing COFs with extraordinary stabilities in
not just neutral aqueous solutions but even acidic ones.’>" In
this study, we targeted our COF synthesis using similar
chemistry to increase the long-term stabilities of COFs suitable
for industrial CO, separation requirements.

By judicious selection of monomers and optimization of
reaction conditions, two COFs named NUS-2 and NUS-3 were
synthesized through aldehyde—amine condensation accompa-
nied by enol—keto tautomerization locking them into more
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stable isomorphs (Figure 1). It is worth noting that NUS-2 has
been reported as COF-JLU2*> and ATFG-COF”’ during the
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Figure 1. Synthetic procedure and idealized structures of 2D COFs
NUS-2 and NUS-3.

preparation and revision of this paper. FTIR spectra indicated
the disappearance of carbonyl stretching band of TFP (1643
cm™"), while a series of new characteristic stretching bands at
1597, 1516, and 1284 cm™! for NUS-2 and 1628, 1585, and
1192 cm™" for NUS-3 arising from the C=0, C=C, and C—
N stretching bands, respectively, were observed indicating
condensation reactions and tautomerization (Figure Sl).48 The
C CP/MAS NMR spectra further confirmed the proposed
chemical structures of NUS-2 and NUS-3, with the chemical
shifts of keto-form carbonyl carbon at 191 ppm for NUS-2 and
192 ppm for NUS-3 (Figure $2).*

The 2D layered crystal structures of NUS-2 and NUS-3 were
created with AuToGraFS®* and optimized with SCC-DFTB”
(Figure 2 and Table S1—S4). The interlayer distances are 3.3

(a) (b)

NUS-2

33A

—_—
(2]
'
—_—
Q.
'

NUS-2, as-synthesized
NUS-3, as-synthesized

Intensity / A.U.
Intensity / A.U.

NUS-3, simulated

b NUS-2, simulated o

20 30 40 50
2 Theta / Degree

20 30 40 50 10
2 Theta / Degree

10

Figure 2. Simulated crystal structures of (a) NUS-2 and (b) NUS-3;
PXRD patterns of (c) NUS-2 and (d) NUS-3.
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and 3.9 A for NUS-2 and NUS-3, respectively. Both COFs
exhibit hexagonal channels of different diameters (0.8 nm for
NUS-2 and 1.8 nm for NUS-3 measured through crystal
models) that will play an important role in determining the gas
sorption and permeation behaviors. Instead of being a perfect
eclipsed AA stacking, NUS-2 has a slipped AA stacking which
helps to reduce the pore size and make the channel wall
corrugated resulting in benefits for selective gas sorption (vide
infra). The proposed structure of NUS-2 agrees well with the
reported results.’>>* In NUS-3, the monolayer is not flat but
slightly corrugated, which is probably because of the extra ethyl
groups on the bridging unit leading to steric repulsion between
layers. The experimental PXRD patterns of NUS-2 and NUS-3
match well with the ones simulated on the basis of the created
crystal structures. The slightly broad PXRD peaks observed at
higher angles of ~24—28° for experimental data may arise from
defects in the 7—7 stacking between successive COF layers."’

As has been expected on the basis of our molecular design,
both NUS-2 and NUS-3 exhibited excellent resistance toward
hydrolysis. Their crystallinities were barely affected after being
treated in boiling water and even in boiling acid solutions (pH
= 5.5) for 1 week (Figure S3). In addition, they are thermally
stable up to 300 °C as revealed by TGA curves (Figure S4).
Such high hydrothermal and chemical stabilities make NUS-2
and NUS-3 excellent candidates as porous fillers in preparing
MMMs that can sustain their integrity under the harsh working
conditions of industrial CO, separation.

The morphology and size of as-synthesized NUS-2 and
NUS-3 were studied by FE-SEM and FE-TEM. FE-SEM images
show that NUS-2 and NUS-3 were crystallized in a uniform
flower-like morphology with dimensions ranging from 2 to §
um (Figure SS). This flower-like morphology is identical to
other COFs prepared using similar chemistry."**” Each
“flower” is composed of many ribbons with a length of 1-2
um and a width of 50—100 nm. These ribbons can be easily
detached into discrete layers with extremely small thickness
under sonication in the process of membrane preparation, as
revealed by the FE-TEM images (Figure S6). It needs to be
pointed out that, during the preparation of MMMs reported in
the literature, great efforts have been made in reducing the size
of fillers to increase their compatibility with polymeric matrixes
and prevent their agglomeration and sedimentation.”” For
NUS-2 and NUS-3 reported herein, the inherent nanosize
makes them a good candidate as MMM fillers evidenced by the
week-long stability of their suspensions without any visible
sedimentation.

During the preparation of membrane casting solutions, NUS-
2 and NUS-3 need to be suspended in organic solvents and
sonicated for quite a long time. This experimental condition is
identical to the method for the exfoliation of 2D materials®®~>*
and COFs." Inspired by this analogy, AFM was used to verify
the morphology of NUS-2 and NUS-3 after sonication and
stirring in DMF. It can be clearly seen that both COFs were
exfoliated into nanosheets with a size of 50—100 nm and high
aspect ratios (Figure 3). It is surprising to note that some
nanosheet heights of NUS-2 and NUS-3 can be as low as ~3.5
A indicating monolayers which is unprecedented in the
reported COF exfoliation studies.”~*’ The AFM phase images
as well as larger scale AFM images and statistical distribution of
COF nanosheet dimensions and heights can be found in the
Supporting Information (Figures S7—S8, Table S5—S6), which
prove that most COFs were exfoliated into nanosheets during
the sonication step of membrane preparation. It is anticipated

DOI: 10.1021/acs.chemmater.5b02902
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Figure 3. AFM images of sonicated (a) NUS-2 and (b) NUS-3
dispersed on Si wafer along with the cross-sectional height profiles of
(c) NUS-2 and (d) NUS-3.

that the nanosheet morphology of NUS-2 and NUS-3 can
greatly increase their compatibility and stability within
polymeric matrixes leading to MMMs with better structures
and performance. To further confirm the structure of exfoliated
COFs, the COF nanosheets in the solution after sonication
were filtered onto a porous support (anodic aluminum oxide,
AAO), and were further characterized by PXRD and FTIR
(Figure S9). The crystallinity of original COFs was completely
lost in the sonicated samples due to the exfoliation and
disruption of stacking along the c direction.”” The similar FTTR
spectra between as-synthesized and exfoliated COFs prove the
maintenance of in-phase structure and bond connection after
exfoliation.

Porosity and Gas Sorption of COFs. The permanent
porosity of NUS-2 and NUS-3 was assessed by measuring N,
sorption isotherms at 77 K (Figure 4). Both COFs exhibit
combined type I/IV isotherms indicating hybrid micro/
mesoporous structures. The microporous structure (pore size
less than 2 nm) is anticipated from the crystal models, while the
mesoporous structure (pore size between 2 and S0 nm) may
originate from the interstitial voids among COF nanoparticles
as well as crystal defects. The surface area calculated on the
basis of the BET model is 415 m* g~' for NUS-2 and 757 m”
g~! for NUS-3, which are comparable to other 2D COFs with
hexagonal channels such as DAAQ-TFP COF (365 m* g_l),so
COF-LZU1 (410 m* g7'),*” TpPa-1 (535 m* g7!),* etc. The
higher BET surface area of NUS-3 compared to that of NUS-2
can be explained by the longer building units which is similar to
the MOF analogues.’”" Pore size distribution data calculated
on the basis of N, sorption isotherms reveal average pore sizes
of 9 A for NUS-2 and 21 A for NUS-3, which agree well with
the crystal models.

In order to evaluate the selective gas sorption properties of
NUS-2 and NUS-3, various gas sorption isotherms (H,, CH,,
and CO,) were collected at 273 and 298 K, respectively (Figure
4, Figure S10). For both COFs, the uptake of CO, is much
higher than that of other gases under the same test conditions.
This behavior is identical to other porous materials and can be
attributed to the stronger interactions between CO, and
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Figure 4. (a) N, sorption isotherms of NUS-2 and NUS-3 at 77 K; (b)
pore size distribution of NUS-2 and NUS-3; (c) CO, (black), CH,
(red), and H, (blue) sorption isotherms of NUS-2 and NUS-3 at 273
K; (d) CO,/CH, (red) and CO,/H, (blue) IAST selectivities of NUS-
2 and NUS-3 at 273 K. NUS-2, circle; NUS-3, triangle; adsorption,
closed; desorption, open.

adsorbents.®” In our case, the CO,—adsorbent interactions are
further strengthened due to the amino fragments in NUS-2 and
NUS-3 that have high affinities toward CO, due to their
basicity.”> Compared to NUS-3 which can reversibly uptake 1.5
mmol g™ of CO, at 273 K and 1 bar, the CO, uptake capacity
of NUS-2 is even higher (3.5 mmol g™') despite its lower
surface area. This is probably because of the reduced pore size
of NUS-2 that increases the affinity toward CO,°* Our
hypothesis is confirmed by the isosteric heat of adsorption
(Qy), which can be used to quantitatively evaluate the
adsorbate—adsorbent interactions. The Q,, for low-coverage
CO, of NUS-2 is 28.2 kJ mol™", which is unambiguously higher
than that of NUS-3 (22.2 kJ mol™") indicating a stronger CO,—
COF interaction (Figure S11).

The binary CO,/CH, and CO,/H, selectivities were
calculated on the basis of the single gas isotherms using ideal
adsorbed solution theory (IAST, Figure 4 and Table §7).%°
NUS-2 exhibited higher selectivities than NUS-3 because of its
higher CO, uptake under similar conditions. The IAST CO,/
H, selectivity of NUS-2 at 273 K and 1 bar is 116.8, which is
comparable to some of the best adsorbents for hydrogen
puriﬁcation.66 This high IAST CO,/H, selectivity of NUS-2
would make it an effective porous filler in preparing MMMs for
H,/CO, separation, which will be discussed in the later part.

Preparation and Characterization of MMMs. Two
commercially available polymers, namely, Ultem (poly(ether
imide)) and PBI (polybenzimidazole), were selected due to
their good performance in gas separation.”” MMMs were
fabricated by casting stock solutions containing fully dissolved
polymers and suspended COFs (10, 20, and 30 wt %,
respectively). COFs were thoroughly sonicated and stirred
during stock solution preparation to ensure homogeneity. On
the basis of the previous AFM study, COFs were exfoliated into
nanosheets or even monolayers during this operation. This can
be confirmed from the PXRD patterns of MMMs in which the
low-angle peaks of both NUS-2 and NUS-3 are missing in most
MMMs indicating that COFs in MMMs have been exfoliated
into nanosheets or even monolayers (Figure S12). This special
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nanosheet morphology of fillers is beneficial for good
compatibility with the polymeric matrixes because of increased
contact areas. In addition, enhanced gas separation perform-
ance has been demonstrated in MMMSs containing nanosheet-
like inorganic fillers and MOFs.*~"" It is believed that aligning
nanosheet fillers orthogonally to the gas concentration gradient
direction will bring the maximum increase in gas separation
performance of resulting MMMs.”° In the reported studies,
TEM and focused ion beam SEM (FIB-SEM) were used to
characterize the dispersion and orientation of layered fillers in
MMMs.®””? In this study, we have tried to characterize MMMs
using FE-TEM (Figure S13). However, because of the similar
contrast and chemical composition between COFs and
polymers, we could not get conclusive evidence for the
dispersion and orientation of COF fillers in MMMs vyet.
Nevertheless, some structural information can be revealed by
the cross-sectional SEM images. COF-loaded MMMs exhibit
plastic deformation featured by polymer veins (Figure S and

Figure S. (a) Optical images of 20 wt %NUS-2@Ultem (brown) and
20 wt %NUS-3@Ultem (black); (b) cross-sectional SEM image of
pure Ultem membrane; (c) cross-sectional SEM image of 20 wt %
NUS-2@Ultem; (d) cross-sectional SEM image of 20 wt %NUS-3@
Ultem.

Figures S14—S15) that have been reported previously in
MMMs containing MOF nanocrystals. These polymer veins
were attributed to strong interactions between MOF nano-
crystals and polymeric matrixes,”””* indicating strong inter-
actions between COFs and polymeric matrixes as well.

Tests of Gas Permeation in MMMs. In order to evaluate
the performance of prepared MMMs, single gas (H,, CH,, and
CO,) permeation tests were performed under various pressures
(2, 3.5, and S bar, respectively). Unlike the selectivity defined in
sorption-based separation which describes the difference of gas
sorption ability, the selectivity defined in membrane-based
separation emphasizes the difference of gas permeability, which
is how fast the gas can penetrate through the membranes. In
polymeric membranes, gas separation can be typically described
using the solution—diffusion model, in which permeability P
can be expressed by P = S X D where S is the solubility of a
particular gas in polymer and D is the diffusivity of that specific
gas.”” Gas solubility is controlled by the affinity of gas toward
polymer and can be measured by gas sorption isotherms, while
gas permeability is dominated by the free volume of polymer.
Adding fillers into polymers can affect both § and D, while the
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affected trend may not always be the same. If the fillers are
porous (like COFs in this case), D would be affected to a larger
extent than S as the free volume of MMMs can be increased
dramatically. This will be illustrated using CO,/CH, and H,/
CO, gas pairs in the following discussion.

For the gas pair of CO,/CH,, whose separation is of
paramount importance in natural gas sweetening, adding lower
amounts (10 and 20 wt %) of COFs into Ultem increases both
the solubility and diffusivity of CO,, leading to a desired shift
toward the upper-right corner in the chart of CO, permeability
versus CO,/CH, selectivity (Figure 6a,b and Table S8). The
solubility increase is due to the higher affinity of CO, toward
COFs, and the diffusivity increase is because of the increased
free volume of MMMs caused by COFs. It needs to be pointed
out that adding COFs also increases the permeability of CH,
within MMMs, but to a smaller extent than CO, leading to an
overall increase in CO,/CH, selectivity. Compared to NUS-2@
Ultem, NUS-3@Ultem has a comparable CO,/CH, selectivity
but a much larger CO, permeability (Figure 6b) because of the
larger pore size of NUS-3 leading to faster gas diffusivity.

When a larger amount (30 wt %) of COFs was added, NUS-
2@Ultem has a further increased CO, permeability but
decreased CO,/CH, selectivity, while NUS-3@Ultem has
both decreased CO, permeability and CO,/CH, selectivity.
During the preparation of these Ultem MMM:s with high COF
loading, we noticed that it was very hard to get homogeneous
membrane casting solutions because of the light density of
COFs and low viscosity of polymer solutions. Therefore, we
suspect that there might be some large domains in MMMs
without COF fillings that caused the decreased gas permeation.

H,/CO, separation is attracting ever-increasing attention
nowadays due to its important role in H, purification and
precombustion CO, capture.* The H,/CO, separation
performance of Ultem MMMs with low COF loading (10
and 20 wt %) exhibit a similar trend. For NUS-3@Ultem, the
H,/CO, selectivity decreases at a higher COF loading possibly
due to the large pore size of NUS-3. MMMs perform even
worse at a higher COF loading (30 wt %) which is identical to
CO,/CH, separation.

Because of its dense polymeric chain packing, PBI can be
used to separate H, from CO, on the basis of molecular size
difference.”’ In this study, another series of MMMs was
prepared using PBI as the polymeric matrix. Although H, has a
relatively low affinity toward COFs (small S), its diffusivity in
NUS-3@PBI has been dramatically increased (extra-large D)
because of the extra voids brought about by the porous COF
filler, leading to a H, permeability that is ~17-fold of that of the
pure PBI membrane in 30 wt %NUS-3@PBI (increased P,
Figure 6f and Table S9). During the single gas permeation tests,
it is interesting to note that although the increase of H,
permeability in NUS-2@PBI is only marginal, the CO,
permeability actually decreased in a compariton to that of the
pure PBI membrane, leading to an increase in the H,/CO,
selectivity. Most remarkably, the CO, permeability of 20 wt %
NUS-2@PBI continues to decrease with increasing pressure,
leading to a H,/CO, selectivity of 31.4 surpassing the 2008
Robeson upper bound.'” The decreased CO, permeability at
higher pressures can be explained by the saturation of Langmuir
sites based on dual sorption theory.”* Because of its strong
affinity toward CO,, the added NUS-2 serves as extra Langmuir
sites for CO, sorption leading to saturation under higher
pressures and lower CO, permeability.
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Figure 6. Single gas and mixed gas permeation properties of polymeric membranes and MMMs: (a) CO,/CH, for NUS-2@Ultem, (b) CO,/CH,
for NUS-3@Ultem, (c) H,/CO, for NUS-2@Ultem, (d) H,/CO, for NUS-3@Ultem, (e) H,/CO, for NUS-2@PB], (f) H,/CO, for NUS-3@PBL
Down triangle, 2 bar; circle, 3.5 bar; up triangle, S bar. Solid and hollow symbols represent single gas data and mixed gas data, respectively. Error bars
are too small to be displayed. The 2008 Robeson upper bounds for CO,/CH, and H,/CO, separation are included to reflect state-of-the-art

polymeric membrane performance.

An equimolar H,/CO, mixed gas was used to evaluate the
real gas separation performance of fabricated MMMs under 5
bar (Figure 6¢—f). The measured gas separation factors for
MMMs with 20 wt % COF loading (both NUS-2 and NUS-3)
are compared to the calculated ideal selectivities (Table S10).
Compared to single gas permeation tests, mixed gas permeation
tests tend to give different results due to the competitive
adsorption and diffusion of the binary gas components in the
membrane. In this study, decreased H, permeabilities (20—30%
decrease compared to single gas results) were observed in all
membranes in the H,/CO, mixed gas tests (Figure 6c—f and
Table S10). This phenomenon can be attributed to the CO,-
favored adsorption in the COF-loaded MMMs, which reduces
the diffusion of H, in the membranes due to pore blocking by
adsorbed CO,. For MMM s containing NUS-2 with small pores
and strong aflinity toward CO,, such competition leads to
reduced H,/CO, selectivities: from 5.80 (single gas tests) to
5.04 (mixed gas tests) for NUS-2@Ultem, and from 31.40
(single gas tests) to 18.78 (mixed gas tests) for NUS-2@PBL
On the other hand, for MMMs containing NUS-3 with larger
pores and weaker CO, affinity, the separation factors of H,/
CO, are not affected for NUS-3@PBI and even increased for
NUS-3@Ultem (from 2.39 in single gas tests to 3.48 in mixed
gas tests). This may due to the larger pore size and pore volume
of NUS-3 that alleviated such competition between H, and
CO, within membranes.

B CONCLUSIONS

In summary, two water-stable covalent organic frameworks
(COFs) named NUS-2 and NUS-3 having 2D layered
structures and hexagonal channels with different pore sizes
were successfully synthesized. They exhibited good thermal
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stability (up to 300 °C) and excellent resistance toward
hydrolysis in both neutral and acidic conditions. They can be
exfoliated into nanosheets or even monolayers under sonication
and stirring, and were blended with commercial polymers
poly(ether imide) (Ultem) and polybenzimidazole (PBI) into
mixed matrix membranes (MMMs). Thanks to the good
compatibility between COF fillers and polymeric matrixes,
these MMMs have defect-free structures with good mechanical
properties. The single gas permeability tests of H,, CH,, and
CO,, as well as the H,/CO, mixed gas permeability tests, were
carried out on the obtained MMMs to evaluate their
performance in gas separation. Compared to the pure polymer
membranes, our COF-containing MMMs exhibited increased
gas permeabilities and/or selectivities. On the basis of the single
gas tests, one of the MMMs (20 wt %NUS-2@PBI) exhibited a
H,/CO, perselectivity up to 31.4 under higher pressures which
has surpassed the 2008 Robeson upper bound. The perform-
ance was slightly deteriorated in mixed gas tests due to the
competitive adsorption and diffusion of H, and CO, in
membranes. Our work demonstrates this for the first time using
exfoliated nanosheet or even monolayer 2D crystalline COFs as
fillers in the preparation of MMMs and has depicted a clear way
toward the tailored synthesis of advanced composite membrane
materials for their applications in clean energy and environ-
mental sustainability.
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