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Mixed matrix membranes (MMMs) have long been considered as promising membrane types for industrial

energy-intensive gas separation processes. Current MMMs are still facing grand challenges of poor filler

dispersion and poor polymer-filler interfacial compatibility. The present study demonstrates that these

challenges can be addressed by fabricating MMMs containing three-dimensional (3D) covalent organic

framework (COF) fillers with ultrasmall size-selective pores. Two different polymer matrixes, including

glassy 6FDA-DAM and rubbery Pebax, are explored to validate the effectiveness of 3D COF fillers in

improving the membrane separation performance. The pure organic nature of COFs facilitates their high

affinity with pure organic polymer matrixes, leading to good interfacial compatibility in the resultant

MMMs. These porous COF-300 fillers can increase the membrane fractional free volume that enhances

the membrane gas permeability. Besides, the ultrasmall pores of COF-300 fillers and the rigidified

polymer chains at the filler surface can enhance the size discriminative processes, resulting in increased

membrane gas pair selectivity. Moreover, the separation performance of COF-300 can be further

improved by functionalizing it with polyethylenimine (PEI), enabling the design of advanced membranes

suitable for industrial applications.
Introduction

The adverse effects on the environment and human health
induced by massive amounts of CO2 emitted during anthropo-
genic activities have aroused great concerns over the past
decades.1 Large-scale CO2 capture and storage (CCS) has long
been sought as an effective approach to mitigate CO2 emission
and therefore stop the rapid increase in its atmospheric
concentration.2 The conventional amine-based absorption
process has been used for industrial CO2 capture for decades,
while its high energy penalty associated with absorbent regen-
eration severely limits its future as large-scale CCS.2 Meanwhile,
its large capital investment and complicated operational
process render it less attractive for off-shore CO2/CH4 separa-
tion and other small-scale processes.3 In contrast, membrane-
based gas separation techniques offer an economically attrac-
tive and technologically viable alternative for CCS because of
their high energy efficiency, low capital cost, small carbon
footprint, and facile and continuous operation mode.4 Up till
now, tremendous efforts have been devoted to the development
of novel membrane materials, ranging from conventional
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nonporous polymers to advanced porous polymers,5 inor-
ganics,6 supported liquids,7 and more recently, two-
dimensional laminar materials.8 Despite the exciting achieve-
ments in high-performance membrane materials, polymers still
dominate the current gas separation market mainly due to their
easy processability, robust mechanical strength and low
production cost. However, the deployment of pure polymeric
membranes for industrial CCS is largely hindered by the trade-
off relationship existing between the membrane permeability
and selectivity, known as the Robeson upper bounds.9

Therefore, various methods have been proposed to further
improve the separation performance of current polymeric
membranes, including polymer blending,10 thermal-induced
cross-linking,11 novel polymer design12 and ller incorpora-
tion.13–15 Among them, the incorporation of nonporous or
porous llers into a polymer matrix leads to the formation of
mixed matrix membranes (MMMs), which have aroused great
interest in developing high-performance membranes. Until
now, a large number of porous or nonporous materials have
been incorporated as llers in MMMs, including zeolite,16 metal
oxide,17 mesoporous silica,18 graphene and graphene oxide,19

metal–organic frameworks (MOFs),20–22 and more recently,
covalent organic frameworks (COFs).23 Among them, COFs have
gained great attention owing to their pure organic nature, well-
dened pore size and geometry, rich chemical functionality,
good thermal and chemical stability. Notably, the pure organic
J. Mater. Chem. A, 2019, 7, 4549–4560 | 4549
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nature of COF llers resembles that of the polymer matrix,
which can largely improve the affinity between the dispersed
ller phase and the continuous polymer matrix phase. This
compatibility improvement is crucial for homogeneous ller
dispersion and elimination of nonselective voids in nal
MMMs. Since the rst example of two-dimensional (2D) COF
nanosheet llers in MMMs reported in 2016,23 various types of
COFs with different linkages and pore sizes have been explored
for diversied applications. For instance, Gascon et al. incor-
porated an azine-linked COF (ACOF-1) into a commercially
available polymer Matrimid® 5218 to fabricate composite
membranes for CO2/CH4 separation.24 Compared to the pure
polymeric membrane, the ACOF-1-containing MMM shows
a one-fold increase in CO2 permeability owing to fast transport
of gases through the ller pores, coupled with a slightly
increased CO2/CH4 selectivity due to the CO2-philic properties
of these porous llers. Rahul et al. dispersed two different
chemically stable COFs with relatively large pore sizes (TpPa-1:
18 Å and TpBD: 24 Å) into the PBI-BuI matrix with a ller
loading of up to 50 wt%.25 A nearly seven-fold increase in gas
permeability was observed in MMMs compared to bare poly-
meric membranes ascribing to the fast gas permeation through
the pores of COF llers.

Despite the exciting achievements in COF-based MMMs,
previous studies mainly focus on 2D COFs with relatively large
pore sizes (>8 Å) that oen fail to achieve a substantial increase
in gas separation selectivity based on molecular size differ-
ences. Contrary to conventional 2D COFs built from planar
monomers, three-dimensional (3D) COFs constructed by 3D
building blocks can have more complicated structures.26 3D
COFs are commonly featured by their interpenetration nature,
therefore greatly reducing their effective pore sizes. For
example, one 3D COF, COF-300, was reported recently pos-
sessing a 7-fold interpenetration that decreases its pore size
down to 4 Å.27 This ultrasmall pore size is close to the kinetic
diameters of gas molecules, such as CO2 (3.3 Å), N2 (3.68 Å) and
CH4 (3.8 Å). Therefore, size-selective permeation of gases
through the 4 Å pores can be anticipated in COF-300-based
MMMs. Moreover, the high Brunauer–Emmett–Teller (BET)
surface area of COF-300 (e.g., 1360 m2 g�1)28 outperforms that of
previous 2D COF llers (e.g., 415 m2 g�1 for NUS-2,23 535 m2 g�1

for TpPa-1 (ref. 29)), rendering it as a suitable ller in con-
structing gas permeation highways in MMMs. Despite the
extensive exploration of 2D COFs in MMMs, as far as we know,
there still is a lack of study on 3D COF-based MMMs owing to
the stringent requirements for the synthesis of 3D COFs with
high crystallinity and ultrasmall pores. Therefore, here we
report the exploration of COF-300 as llers in two different
polymer matrixes, namely glassy 6FDA-DAM and rubbery Pebax,
to construct MMMs for efficient CCS (Fig. 1a). 6FDA-DAM
demonstrates impressive CO2/CH4 and CO2/N2 separation
performance in terms of high permeability and decent gas pair
selectivity. The bulky –CF3 functional groups in its rigid back-
bones prevent the efficient packing of polymer chains, resulting
in a large membrane fractional free volume. As for Pebax, it is
a commercially available rubbery polymer containing hard
polyamide segments and so polyether segments, possessing
4550 | J. Mater. Chem. A, 2019, 7, 4549–4560
a promising CO2 capture performance especially in the pres-
ence of water.18 Moreover, the so polyether segments in Pebax
can efficiently wrap the porous llers, which is benecial for the
fabrication of defect-free MMMs even at high ller loadings.30

COF-300 crystals were prepared in a solvothermal reaction with
an aging process to allow the formation of the thermodynami-
cally stable phase with 7-fold interpenetration. The as-prepared
MMMs demonstrate enhanced gas permeability owing to the
fast gas transport channels built by the highly porous COF-300
llers. Meanwhile, the size-selective pores of COF-300 and the
polymer rigidication at the polymer-ller interface synergisti-
cally contribute to the increased gas pair selectivity. Moreover,
the rich chemical tunability of COF-300 llers prompts us to
further functionalize them with polyethylenimine (PEI) to
obtain COF@PEI hybrid llers so as to improve the CO2-phi-
licity and polymer affinity of llers in the resultant MMMs,
facilitating the design and preparation of high-performance
membranes for large-scale CCS.

Experimental
Materials

All the reagents are commercially available and used without
further purication. 6FDA-DAM (Mn ¼ 270 kDa, PDI: 2.68) was
purchased from Akron Polymer Systems (USA). Pebax® MH 1657
was purchase from Arkema Pte Ltd (China). Poly(ethyleneimine)
(PEI, Mn ¼ 60 000, 50 wt% in H2O) was acquired from Sigma-
Aldrich. Tetra-(4-anilyl)methane (TAM, 95.0%), 1,4-dioxane
(99.0%), and terephthaldehyde (BDA, 98.0%) were acquired from
TCI. Chloroform (CHCl3, 99.8%), acetone (99.5%), tetrahydro-
furan (THF, 99.9%), acetic acid (99.7%), ethanol (99.5%) and
methanol (99.8%) were purchased from Fisher Scientic.

Synthesis of COF-300

The synthesis of COF-300 was performed based on the pub-
lished procedure.27 Briey, a 10 mL Pyrex tube was charged with
TAM (40.0 mg, 0.104 mmol), BDA (24.0 mg, 0.178 mmol), and
1,4-dioxane (2.0 mL). The mixture was shortly sonicated to form
a homogeneous solution, followed by the addition of acetic acid
(0.4 mL, 6 M). Aer three freeze–thaw cycles under vacuum, the
tube was allowed to stand at room temperature for 3 days and
then heated at 80 �C for 3 days. This represents the aging
process that enables the formation of a thermodynamically
favoured crystalline phase with a 7-fold interpenetration struc-
ture.27 Next, the tube was heated at 120 �C for 3 days to improve
the crystallinity of the COFs. Aer cooling to room temperature,
the yellow powder was ltered from the mother solution,
washed with 1,4-dioxane, acetone, THF and methanol, sepa-
rately. Finally, the obtained solid was solvent exchanged with
methanol at least 3 times and heated at 120 �C under vacuum
for 12 h to afford the nal COF-300 products (yield: 78%).

Synthesis of COF@PEI

PEI was functionalized onto the surface of COF-300 according to
a procedure published previously.18 In a typical preparation, PEI
(400 mL) was dissolved in methanol (20 mL) under continuous
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Schematic illustration of the preparation of COF-300 fillers and the fabrication of COF-300/6FDA-DAM MMMs for CO2/CH4 sepa-
ration. (b) FESEM image of COF-300 crystals with a well-defined spindle shape. (c) TEM image of COF-300 crystals. (d) High resolution TEM
image of COF-300 demonstrating an ordered lattice structure. The inset shows the SAED pattern of COF-300. (e) PXRD patterns of COF-300.
The experimental pattern (top) matches well with the simulated pattern (bottom), indicating the successful preparation of high-quality COF-300
crystals. (f) N2 sorption isotherm (77 K) of COF-300 crystals (adsorption: solid symbols; desorption: empty symbols). The inset shows the pore size
distribution of COF-300 crystals calculated based on the slit mode using a Horvath–Kawazoe model. (g) CO2, CH4 and N2 sorption isotherms of
COF-300 collected at 298 K (adsorption: solid symbols; desorption: empty symbols).
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stirring for about 2 min. The COF-300 powder (200 mg)
dispersed in methanol (5 mL) was then gradually added to the
PEI/methanol solution. The resultant mixture was reuxed at
90 �C for 2 h and then the products were recovered by centri-
fugation, washed with freshmethanol three times to remove the
excess PEI. The obtained samples were dried at 120 �C under
vacuum for 12 h and denoted as COF@PEI.
Preparation of membranes

All the membranes were prepared by the conventional solution-
casting method. For 6FDA-DAM based MMMs, 6FDA-DAM was
This journal is © The Royal Society of Chemistry 2019
dissolved in CHCl3 under continuous stirring for 4 h. A desired
amount of COF-300 or COF@PEI powder was homogeneously
dispersed in CHCl3 (2 mL) under sonication. Next, the powder
suspension was added dropwise into the polymer solution to get
a 6 wt% membrane casting suspension. Aer being stirred at
room temperature for 24 h, the resultant suspension was
transferred onto a at glass Petri dish. The membranes were
slowly dried at room temperature for 2 days and heated at
100 �C under vacuum for 24 h. The pure 6FDA-DAM membrane
was fabricated following a similar procedure without the addi-
tion of COF llers.
J. Mater. Chem. A, 2019, 7, 4549–4560 | 4551
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As for Pebax-based MMMs, Pebax pellets were fully dissolved
in an ethanol/water (70/30 wt%) mixture under reux at 90 �C
for 3 h. Then, a certain amount of COF-300 or COF@PEI powder
was homogeneously dispersed in the Pebax solution under
sonication to form a 6 wt% membrane casting suspension. The
resultant suspension was stirred for 24 h and then poured onto
a at glass Petri dish, dried at room temperature for 3 days and
further heated at 100 �C under vacuum for 24 h. The pure Pebax
membrane was prepared following a similar procedure without
the addition of COF llers.

For simplicity, the as-prepared MMMs are denoted as ller/
polymer-x, where the ller refers to either COF-300 or COF@-
PEI, the polymer refers to either 6FDA-DAM or Pebax, and x
refers to the weight percentage of llers in the nal membranes
(e.g., COF-300/6FDA-DAM-7 stands for the MMMwith the 6FDA-
DAM matrix and 7 wt% of COF-300 llers). The membrane
thickness was about 60–100 mm, as measured using a digital
micrometer.
Characterization

The crystallinity of COF-300, COF@PEI, and all membranes
were tested by X-ray diffraction (XRD, Rigaku MiniFlex X-ray).
The morphologies of COF-300, COF@PEI, and membranes
were recorded using a eld emission scanning electron micro-
scope (FESEM, FEI Quanta 600). The shape and size of COF-300
and COF@PEI particles were recorded by transmission electron
microscopy (TEM, JEOL-JEM 2010F). The thermal stability was
evaluated by thermogravimetric analysis (TGA, Shimadzu DTG-
60AH) in the temperature range of 70–800 �C under owing air
(25 mL min�1). Fourier transform infrared spectroscopy (FTIR,
Bio-Rad FTS-3500 ARX) was adopted to investigate the bond
information in the materials. Differential scanning calorimetry
(DSC, Perkin Elmer DSC 8000) analyses were performed to
record the glass transition temperatures (Tg) of all the
membranes at different testing temperature ranges (6FDA-
DAM: 50–420 �C, Pebax: �60 to 300 �C) with a scanning rate
of 10 �Cmin�1. Gas sorption isotherms of CO2, CH4 and N2 were
measured up to 1 bar using a Micromeritics ASAP 2020 phys-
isorption analyzer.
Gas permeation measurement

The permeability and selectivity of all membranes were deter-
mined by CO2/CH4 or CO2/N2 mixtures (50 : 50 vol%) at 25 �C in
a Wicke–Kallenbach gas permeation setup.21 The volumetric
ow rates of the feed gas and sweep gas (argon) were main-
tained at 50 mL min�1 and 5 mL min�1, respectively. The gas
compositions at the permeate side were analysed using a gas
chromatograph (Shimadzu GC-2014). All membranes were
prepared at least three times to verify their reproducibility. The
gas permeability (Pi, barrer, 1 barrer¼ 10�10 cm3 (STP) cm cm�2

s�1 cmHg�1) is dened by eqn (1),

Pi ¼ Qil

ADPi

(1)

where Qi is the volume ow rate of gases (cm3 s�1), l is the
membrane thickness (mm), A is the effective area of the
4552 | J. Mater. Chem. A, 2019, 7, 4549–4560
membrane (cm2), and DPi is the partial pressure difference
across the membrane (cmHg). The mixed gas selectivity (aij) is
calculated by eqn (2),

aij ¼
yi
�
yj

xi

�
xj

(2)

where xi/xj and yi/yj represent the molar fraction of i/j in the feed
and permeate side, respectively. When the membranes were
tested under moisture, both the feed and sweep gases were
humidied by passing through water bottles at room tempera-
ture (relative humidity: �85%).
Results and discussion
Characterization of COF-300

COF-300 crystals were obtained in a spindle shape with an
average particle size of �400 nm (width) � �1000 nm (length),
as conrmed by FESEM and TEM images (Fig. 1b and c).
Notably, the well-dened morphology of these COF-300 crystals
differs signicantly from that of the conventional 2D COFs
synthesized using similar solvothermal reactions,25 enabling
the facile and homogeneous dispersion of COF-300 llers in
MMMs. The good crystallinity of as-synthesized COF-300
particles was evidenced by ordered lattice structures from the
high resolution TEM image, with a periodic distance of 0.51 nm
ascribing from the (4 0 0) plane (Fig. 1d). Besides, the selected
area electron diffraction (SAED) pattern (inset in Fig. 1d) of
COF-300 crystals displays the diffraction pattern of (h 0 0)
planes, further demonstrating the long-range order within
these covalently linked particles. The powder XRD (PXRD)
pattern of the as-synthesized COF-300 corresponds well with the
simulated pattern of COF-300 with a 7-fold interpenetration
feature, providing strong evidence on the successful prepara-
tion of the desired products in a pure crystal phase. The FTIR
spectra indicate the full consumption of the monomers owing
to the disappearance of the –NH2 stretching at 1609 cm�1 of
TAM (monomer 1) and the C]O stretching at 1681 cm�1 of BDA
(monomer 2, Fig. S1†). Moreover, the emergence of a strong
peak at 1620 cm�1 ascribing to the stretching of C]N bonds in
COF-300 unambiguously conrms the covalent linkage in the
extended framework. It is well-known that imine-based COFs
possess good chemical stability in common organic solvents
and even water.31 Therefore, COF-300 was soaked in water at
room temperature for 3 days. The retention of crystallinity
tested by PXRD validates the decent water stability of COF-300
(Fig. S2†), which is benecial for maintaining the gas separa-
tion performance of COF-300-based MMMs under humid
conditions. The permanent porosity of COF-300 was probed
using the N2 sorption isotherm collected at 77 K, indicating the
highly porous nature of COF-300 with a BET surface area of 1209
m2 g�1 (Fig. 1f). This is comparable to the reported value of 1360
m2 g�1 in the literature.28 The pore size distribution of as-
synthesized COF-300 shows a major peak at 4.1 Å (inset in
Fig. 1f), which corresponds well with the value calculated from
the crystal model (4.0 Å). It is worth mentioning that these
ultrasmall pores in COF-300 will not only allow fast gas
This journal is © The Royal Society of Chemistry 2019
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permeation, but also lead to efficient gas discrimination based
on size differences of these light gases.32 To further probe the
gas affinity of COF-300, different gas sorption isotherms (CO2,
CH4, and N2) were collected for COF-300 crystals at 273 K
(Fig. S3†) and 298 K up to 1 bar (Fig. 1g). At 298 K and 1 bar,
COF-300 exhibits a CO2 uptake of 23.5 cm3 g�1, which is 94%
and 571% higher than that of CH4 (12.1 cm3 g�1) and N2 (3.5
cm3 g�1), respectively. The different gas affinity of COF-300
could be rationalized by the variances in gas polarizabilities
(e.g., CO2: 26.3 � 10�25 cm3, CH4: 26.0 � 10�25 cm3, and N2:
17.6 � 10�25 cm3).32 For gas molecules with higher polariz-
ability, they tend to be more easily polarized by the pore walls
and adsorbed more strongly within the framework. To quanti-
tatively characterize these interactions between COF-300 and
gases, the isosteric heats of adsorption (Qst) with acceptable
accuracy for CO2, CH4 and N2 were calculated on the basis of
temperature-dependent isotherms collected at 273 and 298 K
using the Clausius–Clapeyron equation.33 It is worth noting that
uncertainties may still arise during the calculation because of
only two isotherms used here. As shown in Fig. S4a,† the low-
coverage Qst value of CO2 (17.7 kJ mol�1) is higher than that
of CH4 (15.0 kJ mol�1) and N2 (9.8 kJ mol�1), validating that
COF-300 exhibits the strongest interaction with CO2 among the
three target gases. Furthermore, the CO2/CH4 and CO2/N2

selectivities of COF-300 were calculated from single gas sorption
isotherms based on the ideal adsorption solution theory (IAST,
Fig. S4b†).23 For equal molar gas mixtures at 298 K and 1 bar,
COF-300 demonstrates IAST selectivities of 1.8 and 9.9 for CO2/
CH4 and CO2/N2, respectively, indicating that COF-300 is
favorable for enhancing the CO2/N2 solubility selectivity inside
the resultant MMMs.
Fig. 2 Membrane cross-sectional FESEM images of (a)–(c): the COF-30
patterns of COF-300 fillers and COF-300/6FDA-DAM series MMMs. (h)

This journal is © The Royal Society of Chemistry 2019
Characterization of COF-300 based MMMs

To explore the generality of COF-300 in advancing the separa-
tion performance of pure polymeric membranes, a glassy
polymer (6FDA-DAM) and a rubbery polymer (Pebax) were
adopted as the polymer matrixes to fabricate MMMs. It is widely
accepted that there exists an optimum ller content in MMMs,
beyond which the appearance of ller agglomeration will
induce the formation of nonselective voids that lead to the fast
loss of membrane gas selectivity.34 Therefore, MMMs with
various COF-300 ller contents (2, 5, 7, 10 and 15 wt%) were
fabricated both in 6FDA-DAM and Pebax systems to explore the
optimum ller content for COF-300. The ller dispersion status
and polymer-ller interfacial morphologies in all MMMs were
characterized by FESEM (Fig. 2a–f, S5 and S6†). Both pure 6FDA-
DAM and Pebax membranes exhibit dense and defect-free
microstructures, in good agreement with the typical
morphology of pure polymeric membranes.35 The homoge-
neous distribution of COF-300 crystals in the 6FDA-DAMmatrix
can be clearly observed when the ller content ranges from 2–
7 wt%. The existence of polymer veins suggests a favorable
interaction between the polymer matrix and the COF llers.
Nevertheless, as the ller content approaches 10 wt%, COF-300
tends to agglomerate and fails to be efficiently wrapped by
polymer chains. This becomes even worse when the ller
content reaches 15 wt%, as reected by the serious ller
agglomeration disrupting the continuous polymer chain
packing in the corresponding MMM. As for the rubbery Pebax
system, the so polyether segments in Pebax backbones can
efficiently wrap COF-300 llers, leading to an optimum ller
content of 10 wt%, which is slightly higher than that of the
glassy 6FDA-DAM system (7 wt%). This suggests an effective
0/6FDA-DAM-7 MMM and (d)–(f) COF-300/Pebax-10 MMM. (g) PXRD
DSC and (i) TGA curves of COF-300/6FDA-DAM series MMMs.

J. Mater. Chem. A, 2019, 7, 4549–4560 | 4553
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strategy to further enhance the optimum ller contents in
MMMs by increasing the percentage of rubbery segments in
a copolymer matrix.

The mixing properties of all membranes were recorded by
FTIR spectra. As shown in Fig. S7,† in the COF-300/6FDA-DAM
system, the characteristic peaks assigned to the 6FDA-DAM
polymer are well maintained in all MMMs without any notice-
able peak shis or intensity changes, indicating that COF-300
llers are physically wrapped by 6FDA-DAM chains without
strong chemical interactions. As for the COF-300/Pebax system,
the characteristic peaks ascribing to the Pebaxmatrix can nearly
all be observed in the corresponding MMMs, except for the N–H
stretching at 3263 cm�1, which experiences an intensity
decrease and eventually disappears with the incorporation of
COF-300 llers (Fig. S8†). This could be rationalized by the
hydrogen bonding between the N–H groups in Pebax and the
C]N groups in COF-300 llers.30 The X-ray diffraction (XRD)
patterns of all membranes were recorded to evaluate the crys-
tallinity of COF-300 llers inside the polymer matrixes. As
shown in Fig. 2g, pure 6FDA-DAM shows a major broad peak at
2q ¼ 15.9� and a minor broad peak at 2q ¼ 22.6�, conrming its
amorphous nature. As for the COF-300/6FDA-DAM MMMs, the
characteristic diffraction peaks ascribing to 3D COF llers
become more prominent as the ller content increases in the
membranes, implying that COF-300 maintains its good crys-
tallinity during the membrane fabrication process. Similar
results were found in Pebax series membranes, demonstrating
obvious characteristic peaks originating from COF-300 llers
especially when the ller content reaches 10 wt% (Fig. S9†).
Notably, this strongly veries the good chemical stability of
imine-based COF-300 as it can survive in the water/ethanol
mixture adopted to prepare the membrane casting suspension.

The specic polymer-ller interfacial interactions can be
revealed by the changes in the glass transition temperature (Tg)
of the membranes. An increase in the membrane Tg can be
ascribed to the reduced polymer chain mobility and polymer
rigidication at the outer surface of the llers, indicating
favorable polymer-ller interactions. More importantly, these
rigidied polymer chains are capable of achieving better size-
discriminative separation, leading to higher membrane selec-
tivity at the cost of gas permeability.18 As shown in Fig. 2h, the Tg
of the pure 6FDA-DAM membrane is 401 �C, which gradually
shis to higher values with the addition of COF-300 llers, and
eventually reaches 405 �C for the MMM containing 15 wt% of
COF-300 llers. As for the Pebax system, the pure Pebax
membrane demonstrates a Tg of �46 �C originating from the
so polyether segments, and the membrane Tg increases to
�34 �C for the MMM with 15 wt% of COF-300 ller loading
(Fig. S10†). The similar organic nature of the polymer matrix
and COF llers sets the foundation of their favorable interac-
tions. Moreover, the effective hydrogen bonding between the
Pebax matrix and COF-300 llers further promotes their inter-
facial interactions, as reected by a larger Tg increase in the
Pebax system (12 �C) compared to that in the 6FDA-DAM system
(4 �C). The polymer-ller interactions can also be proved by the
membrane thermal stability determined by TGA. As shown in
Fig. 2i, the pure 6FDA-DAMmembrane is thermally stable up to
4554 | J. Mater. Chem. A, 2019, 7, 4549–4560
430 �C, aer which it experiences a fast weight loss owing to the
degradation of its backbones in the air. With the incorporation
of COF-300 llers, the thermal stability of the resultant MMMs
gradually increases. For instance, the MMM with 15 wt% COF-
300 llers exhibits a decomposition temperature of 490 �C,
conrming the enhanced membrane thermal stability induced
by COF llers. A similar trend was observed in the Pebax system
(Fig. S11†). For example, the temperature for 10 wt%membrane
weight loss is 340 �C for the pure Pebax membrane and 382 �C
for the COF-300/Pebax-15 MMM, also indicating strong
polymer-ller interactions in MMMs.

The mechanical properties of all the membranes were
analysed by tensile tests. As shown in Fig. S12 and Table S1,†
both 6FDA-DAM and Pebax systems demonstrate enhanced
Young's moduli with the gradual increase of COF-300 ller
contents in the MMMs. Specically, the membrane’s Young's
modulus exhibits an 18.5% increase from 1.62 GPa of the pure
6FDA-DAM membrane to 1.92 GPa of the COF-300/6FDA-
DAM-7 MMM. The enhancement in the membrane’s
Young's modulus is even more pronounced in the Pebax
system, which demonstrates a 104.1% increase from 3.42 MPa
of the pure Pebax membrane to 6.98 MPa of the COF-300/
Pebax-10 MMM, conrming stronger interfacial interactions
in the Pebax system. Nevertheless, in both systems, the
membrane’s Young's modulus experiences a fast loss at high
ller contents due to the appearance of ller agglomeration,
which seriously deteriorates the membrane’s mechanical
strength. Moreover, compared with pure polymeric
membranes, the maximum tensile strength and the elonga-
tion at break monotonically decreases with the addition of
COF-300, which could be rationalized by the reduced
membrane ductility induced by polymer chain rigidication
at the polymer-ller interfaces.36
Gas separation performance of COF-300-based MMMs

The gas separation performance of all membranes was evalu-
ated with the feed of an equal molar mixture of CO2/CH4 or CO2/
N2 at 25 �C with a transmembrane pressure of 1 bar. Each type
of membrane was replicated at least three times to ensure the
good reproducibility and reliability of the results. As shown in
Fig. 3, with the incorporation of suitable amounts of COF-300
llers, both 6FDA-DAM and Pebax systems demonstrate
a concurrent increase in gas permeability and selectivity. The
increase in gas permeability can be attributed to the highly
porous nature of 3D COF llers, providing fast gas transport
paths inside the resultant membranes. Despite that polymer
chain rigidication may partially reduce the membrane gas
permeability, the nal MMMs with the optimum ller content
still exhibit a substantially enhanced CO2 permeability, as
demonstrated by a �52% and �57% increase in CO2 perme-
ability in the 6FDA-DAM and Pebax systems, respectively.
Meanwhile, the ultrasmall 4 Å pores in COF-300 can discrimi-
nate gas molecules based on their size differences so as to
achieve selective permeation of smaller gas molecules (e.g.,
CO2) over larger ones (e.g., CH4 or N2), leading to the increase in
membrane CO2/CH4 and CO2/N2 selectivities. Such phenomena
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The effect of the COF-300 filler content on membrane separation performance tested at 25 �C with a transmembrane pressure of 1 bar.
(a) CO2/CH4 and (b) CO2/N2 separation performance of COF-300/6FDA-DAM series MMMs. (c) CO2/CH4 and (d) CO2/N2 separation perfor-
mance of COF-300/Pebax series MMMs.
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have been well-documented in other porous materials with
ultrasmall pores, such as ZIF-8 (3.4 Å),37 SNW-1 (5 Å)32 and
CuBDC (5.4 Å).38 In contrast, for MMMs containing 2D COF
llers with relatively large pores (>8 Å), a slight increase or even
decrease in gas pair selectivity has been frequently observed
owing to the lack of size-selective pores in these llers (Table
S2†). This strongly validates that 3D COF llers with ultrasmall
pores are promising candidates in MMMs for enhancing the
membrane gas discrimination ability. Notably, all MMMs
exhibit a monotonically increased selectivity for both CO2/CH4

and CO2/N2 mixtures with the addition of COF-300 llers before
the appearance of ller agglomeration, further corroborating
their defect-free microstructures because of the good compati-
bility between the polymer matrix and the organic llers.
Nevertheless, the sharp selectivity drop and fast permeability
increase in COF-300/6FDA-DAM-10 and COF-300/Pebax-15
MMMs unambiguously suggest the existence of nonselective
voids inside these membranes owing to ller agglomeration,
matching well with the membrane FESEM and mechanical
strength results.
Prediction of intrinsic gas separation performance of COF-300

The intrinsic gas separation performance of COF-300 can be
predicted from the experimental membrane separation data
based on theMaxwell model, which was originally developed for
the estimation of dielectric properties of hybrid materials.39

This model has now been widely adopted to predict the sepa-
ration performance of MMMs at low ller contents, and it can
be written as follows:
This journal is © The Royal Society of Chemistry 2019
Peff ¼ Pc

�
Pd þ 2Pc � 2BdðPc � PdÞ
Pd þ 2Pc þBdðPc � PdÞ

�
(3)

where Peff refers to the effective gas permeability of MMMs, Pc
and Pd refer to the gas permeability of the continuous polymer
matrix phase and the dispersed ller phase, respectively, Bd

refers to the volume percentage of the dispersed ller phase in
the MMMs. Fillers were incorporated into the membranes
based on the weight percentage, which should be converted into
volume percentage for the Maxwell prediction. The crystal
density of COF-300 is 0.66 g cm�3,28 and the densities of 6FDA-
DAM and Pebax are assumed to be 1.33 and 1.14 g cm�3,
respectively.40,41 Given the good interfacial compatibility
between the polymer matrix and COF-300 llers in both systems
at a low ller content (e.g., 2 wt%), it is reasonable to back
calculate the intrinsic gas separation performance of COF-300
through the Maxwell model, which further allows the predic-
tion of gas separation performance of all MMMs with other ller
contents (e.g., 5, 7, 10 and 15 wt%). Moreover, these predicted
gas separation performances of MMMs could be compared with
the experimental results to further probe the separation
mechanism of theseMMMs. Detailed results are listed in Tables
S3, and S4† and shown in Fig. 4. Interestingly, the intrinsic
separation performance of COF-300 was found to vary in
different polymer systems. For instance, for CO2/CH4 separa-
tion, COF-300 was estimated to demonstrate a CO2 permeability
of 9830 barrer and a CO2/CH4 selectivity of 75 in the 6FDA-DAM
system, while it exhibits a CO2 permeability of 8850 barrer and
a CO2/CH4 selectivity of 110 in the Pebax system. These vari-
ances can be understood considering that polymer
J. Mater. Chem. A, 2019, 7, 4549–4560 | 4555
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Fig. 4 Robeson upper bound plots for (a) CO2/CH4 and (b) CO2/N2 of both 6FDA-DAM and Pebax systems. The solid spheres and stars represent
experimental values, while empty triangles represent predicted values for both systems based on theMaxwell model. Solid triangles represent the
predicted separation performance of the pure COF-300membrane, showing its excellent intrinsic separation performance on the upper bound
plots. Yellow and blue curves represent predicted and experimental separation performance of MMMs, respectively.
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rigidication in the two polymer systems will inevitably lead to
calculation deviations. Besides, the rubbery polyether segments
and hydrogen bonding between the Pebax matrix and COF-300
llers synergistically enhance polymer-ller interactions in the
Pebax system, leading to even stronger polymer chain rigidi-
cation that increases membrane selectivity at the cost of gas
permeability. This trend can be clearly observed in Fig. 4, where
the experimental CO2/CH4 and CO2/N2 selectivities of the Pebax
system are much higher than those values predicted from the
Maxwell model. As for the 6FDA-DAM system, the experimental
data are close to the predicted data before the ller agglomer-
ation, indicating a good match between the two phases in this
system. Most importantly, regardless of the glassy or rubbery
system, the estimated intrinsic gas separation performance of
COF-300 far exceeds that of the 2008 Robeson upper bound
limits, highlighting the great potential of fabricating pure
polycrystalline COF-300 membranes for efficient CCS in the
future.
Effect of the transmembrane pressure

Considering that industrial gas separation processes are oen
conducted at relatively high pressures (e.g., up to 60 bar for
natural gas sweetening),3 it is therefore necessary to investigate
the inuence of transmembrane pressures on the separation
performance of the as-prepared membranes. The COF-300/
6FDA-DAM-7 and COF-300/Pebax-10 MMMs were explored
here owing to their optimum separation performance in each
system. Meanwhile, the separation performance of pure 6FDA-
DAM and Pebax membranes at varying pressures was recor-
ded as comparison. As shown in Fig. 5a and b and S13,† both
pure 6FDA-DAM and Pebax membranes experience a simulta-
neous decrease in CO2 permeability and CO2/CH4, CO2/N2

selectivities when the transmembrane pressure increases from
1 bar to 8 bar, corresponding well to the trend observed in the
literature.42,43 Nevertheless, the decrease of CO2 permeability in
the pure 6FDA-DAM membrane is �21%, which is slightly
higher than that of the �15% decrease in the pure Pebax
membrane. For the glassy 6FDA-DAM system, this decrease at
4556 | J. Mater. Chem. A, 2019, 7, 4549–4560
high pressures mainly originates from the saturation of Lang-
muir sorption sites based on the dual sorption model.23 As for
the rubbery Pebax system, the decrease of CO2 permeability
could be ascribed to the reduced membrane free volume caused
by the compaction of rubbery polymer chains under higher
pressures.44 With the incorporation of porous COF-300 llers,
more Langmuir sorption sites are introduced into the
membrane systems. In addition, rigidied polymer chains at
the polymer-ller interfaces render both systems more resistant
to compaction effects at high pressures. Therefore, the
decreasing trend of CO2 permeability is efficiently reduced in
MMMs, as reected by the �16% decrease in the 6FDA-DAM-
based MMM and the �9% decrease in the Pebax-based MMM.
Moreover, the CO2/CH4 and CO2/N2 selectivities of both MMMs
are still much higher than those of the corresponding pure
membranes at higher pressures (e.g., 8 bar), highlighting the
great potential of as-prepared MMMs for CCS under more
realistic conditions.
Long term stability of COF-300-based MMMs

The long term stability of membranes plays a crucial role in
realizing the full potential of membrane technology for indus-
trial applications. The as-prepared COF-300/6FDA-DAM-7 and
COF-300/Pebax-10 MMMs were evaluated for a 100 h contin-
uous separation of a CO2/CH4 mixture at 25 �C and a trans-
membrane pressure of 4 bar. As shown in Fig. 5c and d, both
MMMs demonstrate a rather stable performance during the
initial 40 h, indicating their good operational stability that is
desired for industrial use. Subsequently, moisture (relative
humidity:�85%) was introduced into both systems considering
that a trace amount of water may severely inuence the
membrane separation performance.45 Interestingly, these two
polymer systems react differently toward moisture. As for the
glassy 6FDA-DAM system, the gas permeability of the
membrane decreases while the CO2/CH4 selectivity increases
with the introduction of moisture. The reduction of gas
permeability could be attributed to the occupation of the
membrane free volume by water molecules trapped inside the
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Transmembrane pressure influence on the membrane CO2/CH4 separation performance of (a) 6FDA-DAM and (b) Pebax systems tested
at 25 �C. Long-term stability for CO2/CH4 separation of MMMs in (c) 6FDA-DAM and (d) Pebax systems tested at 25 �C with a transmembrane
pressure of 4 bar.
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membrane.46 These water molecules are benecial for the
solubility increase of CO2 in the membrane, compensating its
diffusivity loss due to the reduction of the membrane free
volume.30 Therefore, the CO2 permeability loss (�12%) is
smaller than that of CH4 (�27%), leading to the �23% increase
of membrane CO2/CH4 selectivity. As for the Pebax system, the
membrane gas permeability quickly increases accompanied by
an enhancement in CO2/CH4 selectivity with the introduction of
moisture. The increase in gas permeability is understandable
considering the swelling of the so polyether segments caused
by water molecules. Moreover, the hydrophilic Pebax matrix can
retain a high water uptake that largely enhances the membrane
CO2 solubility, further promoting CO2 permeation through the
membrane.18 The CO2 permeability increase is �380%, much
higher than the �220% increase of CH4 permeability, resulting
in the �42% enhancement of membrane selectivity. Notably,
both MMMs can maintain their impressive separation perfor-
mance aer being stabilized in the presence of moisture,
highlighting the good chemical stability of both polymer
matrixes and COF-300 llers.
Functionalization of COF-300 with PEI

The interfacial design in MMMs achieved by graing porous
llers with other functional groups has been demonstrated to
be a powerful strategy in enhancing the membrane separation
performance. Up till now, numerous porous llers, including
MCM-41,18 ZIF-8,47 MIL-101(Cr),48 and UiO-66-NH2,49 have been
functionalized with diversied polymers to enable the fabrica-
tion of high-performance MMMs. However, as far as we know,
This journal is © The Royal Society of Chemistry 2019
this strategy has not been applied to COF llers yet. Conse-
quently, PEI was adopted here to functionalize COF-300 llers
(denoted as COF@PEI) to further explore their potential in
MMMs (Fig. 6a). The terminal –CHO and –NH2 groups at the
surface of COF-300 can allow either covalent linkages or
hydrogen bonding between COF-300 and PEI chains in the
composite material, respectively. Moreover, the abundant
amine groups in PEI can not only improve the polymer-ller
affinity by forming hydrogen bonds at the interfaces, but also
facilitate the sorption of CO2 over CH4 and N2 in the membrane.
As shown in Fig. S14,† the FTIR spectrum of COF@PEI
demonstrates two prominent peaks at 2820 cm�1 and
1045 cm�1 originating from the N–H and C–N stretching
vibrations of PEI, respectively. Moreover, the characteristic
C]N vibration at 1620 cm�1 of COF-300 remains unchanged in
COF@PEI, suggesting that the PEI functionalization did not
alter the structural integrity of the original COF-300. COF@PEI
exhibits nearly identical PXRD patterns compared to COF-300,
indicating the maintenance of good COF crystallinity in the
composite material (Fig. S15†). The diffraction peaks in
COF@PEI are slightly broadened owing to the formation of PEI
coatings on COF-300, which is further evidenced by the smooth
surface of COF@PEI particles observed under FESEM and TEM
(Fig. 6b and c). The specic content of PEI coating in the hybrid
was estimated to be 17 wt% based on TGA (Fig. S16†). The BET
surface area of COF@PEI is 1020 m2 g�1 (Fig. S17†), 15.6%
smaller than that of the original COF-300 due to the incorpo-
ration of nonporous PEI chains. On the other hand, the
detectable BET surface area of COF@PEI conrms that the
pores of COF-300 are not fully blocked by the PEI coating. As
J. Mater. Chem. A, 2019, 7, 4549–4560 | 4557
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Fig. 6 (a) Illustration of the PEI grafting on the surface of COF-300 in COF@PEI. (b) FESEM and (c) TEM images of COF@PEI particles. Membrane
cross-sectional FESEM images of (d) COF@PEI/6FDA-DAM-7 and (e) COF@PEI/Pebax-10 MMMs. (f) CO2/CH4 and (g) CO2/N2 separation
performance of pure polymeric membranes and MMMs containing different fillers.
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shown in Fig. S18,† COF@PEI demonstrates an impressive CO2

uptake of 48.9 cm3 g�1 at 273 K and a low-uptake CO2 Qst of
21.8 kJ mol�1, much higher than those of COF-300 under
identical conditions (CO2 uptake: 31.4 cm3 g�1, CO2 Qst:
17.7 kJ mol�1). Besides, the CO2/N2 and CO2/CH4 IAST selec-
tivities of COF@PEI are 17.6 and 3.7, respectively, also much
larger than those of bare COF-300 (CO2/N2: 9.9, CO2/CH4: 1.8).
These gas sorption results unambiguously conrm that the
functionalization of COF-300 with amine-rich PEI can greatly
enhance the CO2-philicity of the hybrid material, which should
eventually benet the selective sorption of CO2 over CH4 and N2

inside MMMs.
Given that the optimum COF-300 ller content in the 6FDA-

DAM and Pebax matrixes are 7 and 10 wt%, respectively,
COF@PEI llers were also added into each system based on the
corresponding optimum content. As shown in Fig. 6d, e and
S19,† COF@PEI llers are strongly wrapped by the polymer
chains regardless of the polymer type, leading to defect-free
microstructures in both systems. This could be attributed to
the similar organic nature of the two phases and the strong
hydrogen bonding between the abundant –NH2 groups in PEI
and C]O groups in both polymers.48 Moreover, extra hydrogen
bonding formed at the N–H and C–O sites in Pebax could be
possible, further promoting the polymer-ller interfacial
compatibility. The CO2/CH4 and CO2/N2 separation perfor-
mance of COF@PEI-based MMMs was tested at 25 �C with
a transmembrane pressure of 1 bar, and is compared with those
4558 | J. Mater. Chem. A, 2019, 7, 4549–4560
of pure polymeric membranes and COF-300-based MMMs in
Fig. 6f and g. Interestingly, among these three types of
membranes, COF@PEI-based MMMs demonstrate the highest
gas pair selectivity while COF-300-based MMMs demonstrate
the highest CO2 permeability. For example, in the 6FDA-DAM
system for CO2/CH4 separation, the COF@PEI-based MMM
exhibits a CO2/CH4 selectivity of 40.5, which is 33.7% and 81.6%
higher than that of the COF-300-based MMM and pure 6FDA-
DAM membrane, respectively. However, the CO2 permeability
of the COF@PEI-based MMM is 1023 barrer, which is 13.7%
lower than that of the COF-300-based MMMwhile 33.4% higher
than that of the pure membrane. Furthermore, MMMs con-
taining other COF@PEI contents (10–20 wt% for 6FDA-DAM;
15–25 wt% for Pebax) have been fabricated and tested for
CO2/CH4, CO2/N2 separations. As shown in Fig. S20, Tables S5
and S6,† with the addition of COF@PEI llers (7–10 wt% for
6FDA-DAM; 10–20 wt% for Pebax), an increased CO2 perme-
ability accompanied by a decreased CH4 or N2 permeability has
been observed in the resultant MMMs, leading to an increased
gas pair selectivity. This could be attributed to the severe poly-
mer chain rigidication caused by the strong polymer-ller
interactions because of the PEI coating. This corresponds well
to the previous reports on other porous llers, including UiO-
66-NH2,50 ZIF-7-NH2 (ref. 51) and PEI-MCM-41.18 The optimum
ller contents for COF@PEI reach 10 wt% and 20 wt% for the
6FDA-DAM and Pebax systems, respectively, which are higher
than those of pure COF-300 in the corresponding system (7 wt%
This journal is © The Royal Society of Chemistry 2019
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for 6FDA-DAM and 10 wt% for Pebax), further conrming the
effectiveness of PEI coating in enhancing polymer-ller inter-
facial compatibility. Finally, COF@PEI-based MMMs exhibit
a largely enhanced CO2/CH4 and CO2/N2 separation perfor-
mance that is close to or even above the Robeson upper bound
(Fig. S21†). These results strongly validate that COF@PEI llers
are promising candidates for the preparation of high-
performance MMMs for industrial CCS applications.

Conclusions

In summary, we incorporated a 3D COF, COF-300, into two
different polymer matrixes, including glassy 6FDA-DAM and
rubbery Pebax, to explore the potential of 3D COF llers in
MMMs. Defect-free MMMs were successfully prepared at rela-
tively low COF-300 ller contents, demonstrating the good
polymer-ller interfacial compatibility owing to the similar
organic nature of these two phases. Besides, the well-dened
pores of COF-300 llers can construct fast gas permeation
channels to increase the membrane gas permeability, while the
rigidied polymer chains on the ller surface and the ultrasmall
pores of COF-300 can lead to increased gas pair selectivity,
largely advancing the separation performance of pure polymeric
membranes toward or even above the 2008 Robeson upper
bounds. Moreover, COF-300-based MMMs exhibit good anti-
pressure and anti-moisture performance, accompanied by
a decent long term stability originating from the excellent
chemical stability of both polymer matrixes and COF-300 llers.
Finally, pure COF-300 could be further functionalized with PEI
coating, leading to the formation of COF@PEI llers that
demonstrate enhanced polymer-ller affinity. This offers
a promising strategy toward the design and fabrication of high
performance MMMs for CCS. We envision that this work will
shed light on the exploration of more novel COF llers,
including ionic COFs, heteropore COFs, etc., in MMMs for
industrial separations.
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