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Membrane-based separation processes have become the focus of research in the field of CO2/N2 and CH4/

N2 separation due to their green, energy-saving, and high-efficiency characteristics. However, the

insufficient gas permeance of separation membranes greatly restricts their applications in practical

industrial separation. In this work, a highly permeable porous organic cage (POC) composite membrane

was first proposed and constructed with the RCC3 porous organic cage crosslinked by terephthaloyl

chloride (TPC). The RCC3 porous organic cage displayed a pore size of approximately 5.4 Å and a high

specific surface area of 442.3 m2 g−1, which provided amine-rich subnanochannels for the rapid

penetration of CO2. Moreover, the interfacial crosslinking reaction between RCC3 and TPC enabled the

assembly of the TPC-RCC3 ultrathin film on the surface of the modified polysulfone (mPSf) substrate. On

this basis, a trace amount of piperazine anhydrous (PIP) was further employed to regulate the cross-

linking degree of the ultrathin film for improved CO2/N2 selectivity. The as-prepared composite

membrane displayed a high CO2 permeance of 4303 GPU with a CO2/N2 selectivity of 30, and CH4

permeance of 1216 GPU with a CH4/N2 selectivity of 3.0 at 1 bar, and could maintain the permselectivity

under a long-term operation. The excellent separation performance provided a more economical

solution for CO2 capture from flue gas or natural gas purification.
1. Introduction

As a greenhouse gas, CO2 mainly comes from the burning of
fossil fuels and is responsible for extreme weather and climate
warming worldwide. The development of efficient separation
technology is urgently required to capture CO2 from ue gas
and achieve the goal of carbon neutrality.1–3 In addition, CH4/N2

separation is also challenging but needed in the upgrading of
unconventional natural gas.4 Membrane-based separation
technology offers signicant merits over other gas separation
technologies, including energy efficiency, low cost, and simple
process design, and thus shows broad prospects in industrial
gas separation.5

In recent years, polymeric and inorganic membranes based
on polyethylene oxide, polyvinylamine, Pebax, zeolites, and
graphene were developed for gas separation, which were mainly
fabricated through vacuum ltration, surface coating, in situ
growth, interfacial polymerization, and electrostatic
interaction.6–11 However, only a few of them can break through
the McKeown 2019 upper-bond line with a CO2/N2 selectivity of
logy, Tianjin University, Tianjin, 300072,

e and Desalination Technology, State Key

University, Tianjin, 300072, P. R. China

tion (ESI) available. See DOI:

f Chemistry 2023
20 and CO2 permeability of 27 738 barrer. Zhu et al.12 reported
a facile one-step synthesis protocol to incorporate poly(ethylene
glycol) methyl ether acrylate into the Pebax matrix via in situ
polymerization, and the self-polymerized membrane exhibited
excellent high gas separation performance with a CO2 perme-
ability up to 832 barrer and CO2/N2 selectivity up to 63.5 at
a high feed pressure of 20 bar. In order to develop separation
membranes with high permselectivity, thin lm composite
(TFC) membranes have become feasible candidates due to their
ultrathin and cross-linked selective layers.13–17 In the study of Li
et al.,18 a water-swollen carboxymethyl chitosan/polyamide (PA)
TFC membrane was developed through polymerization among
carboxymethyl chitosan, piperazine, and trimesoyl chloride at
the water–hexane interface, which exhibited a CO2 permeance
of 1278 GPU and CO2/N2 selectivity of 89 at 1.5 bar. In addition,
the amino groups embedded in the selective layer were capable
of reversibly reacting with CO2 and facilitating CO2

transport.19,20

Process sensitivity studies on the counter-ow/sweep design
for ue gas CO2 capture were reported by Merkel et al.21 and the
results indicated that improving membrane permeance is more
important than increasing selectivity to further reduce the cost
of CO2 capture from ue gas. Constructing dedicated sub-
nanochannels for CO2 penetration is considered a feasible
strategy to achieve highly permeable membranes.22,23 Very
recently, covalent organic frameworks (COFs)24,25 and metal–
J. Mater. Chem. A, 2023, 11, 6831–6841 | 6831
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organic frameworks (MOFs)26–28 were employed to develop state-
of-the-art membranes for CO2 separation. In the study of He
et al.,29 ZIF-8 nanoparticles with a small size and uniform
dispersion were in situ fabricated in a highly permeable PIM-1
using a screened chloroform/water mixed solvent, and then
a de novo strategy was constructed to fabricate mixed matrix
membranes (MMMs) with an ultrahigh ZIF-8 content of
67.2 wt%. The optimized ZIF-8/PIM-1 membrane exhibited
a superior CO2 permeability of 6338 barrer, while maintaining
CO2/N2 selectivity above 20 for energetically efficient carbon
capture. In the study of Guan et al.,30 machine learning was
introduced to design MOFs for high-performance membrane
development. Random forest models were established and
trained by literature data on MOF-based MMMs for CO2/CH4

separation. Based on learnings from this model, Cu-CAT-1 as
a representative MOF was blended into PIM-1 with a loading of
20 wt%, and the resulting MMMs exhibited a high CO2

permeability of 8339 barrer and CO2/CH4 selectivity of 15.6.
Different from these extended porous framework structures,

porous organic cages (POCs) are isolated molecules with
intrinsic cavities that pack and assemble through intermolec-
ular forces to form structurally stable porous solids31 and
possess the advantage of being reprocessable in solution.
Therefore, these characteristics enable POCs to realize func-
tionalities and customized properties through reasonable
design, thereby being a recent research hotspot in the elds of
ion separation,32,33 gas separation,34–37 molecular sieving,38 and
catalysis.39,40 As a kind of POC, CC3 organic cages were rst
synthesized by Cooper's team through the dehydration
condensation of aldehyde and amine [4 + 6] to generate imine
bonds.31 It was reported that CC3 organic cages exhibited an
octahedral spatial conguration with a unique “window–
window” alignment mode.41 These internal and external porous
structures offer CC3 organic cages great potential for gas
adsorption or separation. Moreover, CC3 organic cages with
a window size of 5.8 Å made CO2 molecules transport across the
pores by monomolecular surface diffusion.42,43 In the study of
Krishnan et al.,44 the CC3 organic cage was employed as
a micropore adsorbent to selectively separate CO2 from N2 and
H2. The results indicated a favorable performance with a CO2

adsorption capacity of 39 cm3 g−1, and CO2/N2 selectivity up to
8. In addition, Song et al.45 deposited CC3 crystals onto an
alumina substrate via spin coating, and the fabricated
composite membrane exhibited a CO2 permeance of 2746 GPU
due to its favorable adsorption capacity of CO2 (1.5 mmol g−1),
and CO2/N2 selectivity of 18.7. On this basis, Qu et al.46 fabri-
cated an ultrathin heterostructured composite membrane by
rearrangement of CC3 crystals induced by electrostatic attrac-
tion. It was reported that ionic liquid molecules induced CC3
organic cage molecules to rearrange into a sub-10 nm homo-
geneous and defect-free crystal layer, thereby achieving a CO2

permeance of 36 × 10−10 mol m−2 s−1 Pa−1 and attractive CO2/
N2 selectivity over 130. These membranes took full advantage of
the arrangement properties and porous structure of organic
cages with high crystallinity and regular channels.

In this work, a facile porous organic cage composite
membrane with a TFC structure and ultrahigh gas permeance
6832 | J. Mater. Chem. A, 2023, 11, 6831–6841
was rst proposed and constructed with reduced CC3 (RCC3)
crosslinked by terephthaloyl chloride (TPC). The RCC3 organic
cage was expected to build an amine-rich sub-nanochannel for
the rapid penetration of CO2, owing to its high specic surface
area, cage structure, and large cavity volume. A trace amount of
piperazine anhydrous (PIP) was employed to regulate the
membrane structure to further enhance the CO2/N2 selectivity.
The morphologies, porous structures, and chemical properties
of the RCC3 powder, TPC-RCC3, and TPC-RCC3@PIP lms were
characterized and investigated to interpret the structure of the
TPC-RCC3@PIP/mPSf composite membrane. Moreover, the gas
separation performances of the composite membranes were
investigated by varying the aqueous monomer concentrations
and feed gas pressures, thereby expounding the intrinsic
reasons for high CO2 permeance. The long-term stability was
also evaluated with a continuous dry or humidied mixed gas
(CO2/N2, 15/85 by volume).
2. Experimental section
2.1 Materials

1,3,5-Triformylbenzene (TFB) and terephthaloyl chloride (TPC)
were purchased fromHeowns Biochemical Technology Co., Ltd.
(Tianjin, China). (R,R)-1,2-Diaminocyclohexane was provided by
Kmart Chemical Technology Co., Ltd. (Tianjin, China). Meth-
anol and triuoroacetic acid (TFA) were obtained from McLean
Biological Co., Ltd. (Shanghai, China). Dichloromethane
(CH2Cl2) was produced by Meryer Chemical Technology Co.,
Ltd. (Shanghai, China). Sodium borohydride (NaBH4), n-
heptane, piperazine anhydrous (PIP), and sodium carbonate
(Na2CO3) were supplied by Jiangtian Chemical Technology Co.,
Ltd. (Tianjin, China). Polydimethylsiloxane (PDMS) was ob-
tained from Shin-Etsu Chemical Co., Ltd. (Japan). Tetraethox-
ysilane (TEOS) and dibutyltin dilaurate (DBD) were purchased
from Yuanli Chemical Co., Ltd. (Tianjin, China). All the chem-
icals were used without any further purication. Deionized
water with conductivity below 15 ms cm−1 was produced by
ultrapure water purication equipment from Hitech Instru-
ments Co., Ltd. (Beijing, China). The polysulfone (PSf) ultral-
tration membrane with an average cutoff molecular weight of
6000 was provided by Jozzon Membrane Technology Co., Ltd.
(Dongying, China) and used as the substrate for composite
membrane fabrication.
2.2 Synthesis of CC3 and RCC3 powders

2.2.1 Synthesis of the CC3 powder. The CC3 powder was
synthesized according to previous reports.47,48 First, 0.5 g 1,3,5-
triformaylbenzene was dissolved in 10 mL CH2Cl2, and then 10
mL TFA was added directly as a catalyst to generate imine bonds.
A solution of 0.5 g (R,R)-1,2-diaminocyclohexane in 10 mL
CH2Cl2 was then added. Aer one week at room temperature,
the crystalline product was centrifuged, collected, and washed
with a CH2Cl2/CH3OH mixture (v/v, 5/95) three times, followed
by further overnight drying at 80 °C under vacuum.

2.2.2 Synthesis of reduced CC3 (RCC3) powder. The
resulting CC3 powder was dispersed into a 25 mL CH2Cl2/
This journal is © The Royal Society of Chemistry 2023
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CH3OHmixture (v/v, 1/1). When the solution became clear, 0.5 g
sodium borohydride was added, and the reaction was carried
out at room temperature for 15 h. Then, 1mL of deionized water
was injected, followed by the reaction for another 9 h. Aer that,
the RCC3 powder was collected aer solvent removal in a rotary
evaporator, rinsed several times, and dried overnight at 70 °C
under vacuum.

2.3 Fabrication of TPC-RCC3 and TPC-RCC3@PIP lms

2.3.1 Fabrication of the TPC-RCC3 lm. First, 0.0684 g TPC
was dissolved into 100 mL n-heptane to prepare the organic
solution. Meanwhile, 0.4 g Na2CO3 and 0.02 g RCC3 were added
into 100 mL deionized water to obtain the aqueous solution,
followed by stirring at 40 °C for 6 h. Then, the organic solution
was added gently onto the top surface of the aqueous solution.
Aer reaction at room temperature for 1 hour, the TPC-RCC3
lm generated at the interface was collected, washed, and
then dried overnight at 50 °C under vacuum.

2.3.2 Fabrication of the TPC-RCC3@PIP lm. The fabrica-
tion process of the TPC-RCC3@PIP lm was similar to the
abovementioned fabrication process of the TPC-RCC3 lm,
except that an additional PIP (0.01 g) was added into the
aqueous solution. The collected TPC-RCC3 lm was washed
several times and then dried overnight at 50 °C under vacuum.

2.4 Fabrication of TPC-RCC3@PIP/mPSf composite
membranes

2.4.1 Fabrication of the TPC-RCC3@PIP/mPSf composite
membrane. First, in order to prevent pore penetration, a PDMS
gutter layer was coated onto the PSf substrate to obtain
a modied PSf substrate (mPSf), according to our previous
work.49 Typically, 0.5 g PDMS, 0.4 g TEOS and 0.4 g DBD were
mixed with 98.7 g n-heptane to obtain PDMS solution by stirring
for 30 min. Aer standing for 30 min at 35 °C, the PDMS
solution was coated onto the top surface of the PSf substrate
with a knife gap of 100 mm, followed by drying for at least 12 h.
Then, given the affinity of PDMS, n-heptane solution containing
0.1 wt% TPC was poured onto the top surface of the mPSf
substrate and allowed to adsorb for 5 minutes, followed by the
complete removal of excess solution. Then, the aqueous solu-
tion containing 0.4 wt%Na2CO3, a certain amount of RCC3, and
PIP was poured onto the membrane surface and the reaction
was allowed to proceed for another 10 minutes. Aer draining
the residual aqueous solution and washing with deionized
water three times, the as-prepared TPC-RCC3@PIP/mPSf
composite membrane was dried in an articial climate
chamber at 30 °C and 40% relative humidity for more than 12 h
before further characterization.

Moreover, TPC-RCC3@PIP/mPSf composite membranes
fabricated with various RCC3 concentrations (0.01 wt%,
0.02 wt%, and 0.03 wt%) and a xed PIP concentration
(0.01 wt%) were denoted as TPC-RCC3@PIP (1 : 1), TPC-
RCC3@PIP (2 : 1), and TPC-RCC3@PIP (3 : 1) composite
membranes, respectively.

2.4.2 Fabrication of TPC-PIP/mPSf and TPC-RCC3/mPSf
composite membranes. The TPC-PIP/mPSf or TPC-RCC3/mPSf
This journal is © The Royal Society of Chemistry 2023
composite membranes were also prepared by using the above-
mentioned procedure with only PIP or RCC3 as the aqueous
monomer, respectively.

The size of the as-prepared membrane was determined using
a customized frame (10 cm × 14 cm) used for the fabrication of
the interfacial-polymerized membrane. At least two rectangular
sheets of the membrane were prepared, and then more than
three coupons could be obtained for the following gas separa-
tion test.
2.5 Morphological and structural characterization

2.5.1 Characterization of CC3 and RCC3 powders. The
morphology of the RCC3 powder was observed by transmission
electron microscopy (TEM, JEM-F2000, Japan). The molecular
weights of CC3 and RCC3 were determined by liquid
chromatography-high-resolution quadrupole time-of-ight
tandem mass spectrometry (LC-Q-TOP-MS, miorOTOF-QII,
America). The functional groups of CC3 and RCC3 powders
were analyzed by Fourier transform infrared spectroscopy (FTIR,
FTS-6000, Bio-Rad, America) with a scanning wavelength from 800
cm−1 to 3000 cm−1. The pore structure characteristics of CC3 and
RCC3 powders were measured by specic surface area and pore
size distribution analysis at 77 K (Micromeritics, ASAP 2020 Plus
HD88, America). The crystalline structures of CC3 and RCC3
powders were determined by X-ray diffraction (XRD, D8-Focus,
Germany) with Cu Ka radiation between 5° and 30° at 1° min−1.

2.5.2 Characterization of TPC-RCC3 and TPC-RCC3@PIP
lms. The pore structure characteristics of the TPC-RCC3 lm
were determined by specic surface area and pore size analysis
at 77 K. Single gas adsorption and desorption tests of TPC-
RCC3@PIP lm were performed at 298 K. The micromor-
phology and crystalline structure of the TPC-RCC3@PIP lm
were observed using the high-resolution TEM image. The
chemical structure and crystallinity of TPC-RCC3 and TPC-
RCC3@PIP lms were investigated by FTIR spectroscopy with
a scanning wavelength from 800 cm−1 to 3000 cm−1 and X-ray
diffraction between 5° and 30° at 1° min−1, respectively. The
thermal stability of the TPC-RCC3@PIP lm was analyzed by
thermogravimetric analysis (TGA, DTA-DSC, STA449f3, Ger-
many) under air atmosphere at a heating rate of 10 K min−1.

The relationship between the interplanar spacing and the
diffraction angle of the sample is given by the Bragg diffraction
formula, as shown in eqn (1).

d ¼ n� l

2� sinq
(1)

where d (nm) represents the interplanar spacing, n represents
the diffraction order, l (nm) represents the X-ray wavelength,
and q (nm) represents the angle between the incident X-ray and
the corresponding crystal plane.

2.5.3 Characterization of TPC-RCC3/mPSf and TPC-
RCC3@PIP/mPSf composite membranes. The surface
elemental composition of TPC-RCC3/mPSf and TPC-
RCC3@PIP/mPSf composite membranes was analyzed by X-
ray photoelectron spectroscopy (XPS, PHI5000, VersaProbe,
Japan). The surface and cross-section morphologies of the
J. Mater. Chem. A, 2023, 11, 6831–6841 | 6833
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composite membranes were observed with a eld emission
scanning electron microscope (FE-SEM, S-4800, Japan).
2.6 Gas separation performance measurements

The pure gas permeance (CO2, N2, and CH4) was evaluated with
a laboratory-made device (Fig. S1†) with a stainless membrane
cell having an effective membrane area of 4.9 cm2. In order to
reduce the test error, the mixed gas separation performance of
CO2/N2 (15/85 by volume) and CH4/N2 (50/50 by volume) was
evaluated with a stainless membrane cell having an effective
membrane area of 19.26 cm2, which was also used in our
previous studies.43,50 The gas separation evaluation was carried
out at 293 K, with the feed and sweep gases saturated with water
vapor through a humidier and dehumidier. The upstream
pressure of the device varied from 1 bar to 5 bar, and the
downstream pressure was maintained at atmospheric pressure.
The pressure values presented in this work were gauge pres-
sures. The gas permeance and selectivity of at least three
membrane coupons were averaged to the nal values, and the
error bars represent the standard deviation of the experiments.

The composition of the mixed gas on the permeate side was
measured by gas chromatography (Agilent 7890B, America). The
gas permeance (p) and selectivity (a) of the composite
membranes could be calculated from eqn (2) and (3),
respectively.

p ¼ Qi

ADPi

(2)

ai=j ¼ Pi

Pj

(3)

where Qi (cm3 (STP) s−1) represents the permeate ow rate
through the membrane, A (cm2) represents the effective
membrane area, and DPi (cmHg) represents the partial pressure
difference between the upstream and downstream sides of the
membrane. The unit of gas permeance is GPU (1 GPU = 1 ×

10−6 cm3 (STP) cm−2 s−1 cmHg−1 = 3.35 × 10−10 mol m−2 s−1

Pa−1). When the partial pressure of the downstream gas is
negligible, the selectivity can be approximately expressed as the
ratio of two gas permeances.
2.7 Theoretical calculations

Gaussian View 6.0 was employed to model the composite
structure of partial RCC3 and gas molecules, and then Gaussian
16 soware was used to optimize the geometric structure to
analyze frequency at the level of b3lyp/6-311g (d,p) em=gd3bj.
The binding energy of the RCC3molecule and gas molecule was
calculated at the M06-2X/ma TZVP level considering the
correction of energy.51
3. Results and discussion
3.1 Structure and characterization of CC3 and RCC3
powders

Fig. 1A schematically illustrates the synthesis process of CC3
and RCC3 powders. The CC3 powder was synthesized through
6834 | J. Mater. Chem. A, 2023, 11, 6831–6841
nucleophilic addition between 1,3,5-triformaylbenzene and
(R,R)-1,2-diaminocyclohexane under the catalysis of TFA, and its
spatial structure is depicted in Fig. 1B. Aer reduction with
sodium borohydride, the RCC3 powder was obtained and
observed as an octahedral structure with a particle size of
approximately 240 nm, as shown in the TEM image in Fig. 1C.
The CC3 and RCC3 powders were dissolved in methanol and
centrifuged to obtain the supernatant for mass spectrometry
detection. As displayed in Fig. 1D, the peaks at 1117.7m/z in the
mass spectrometry detection spectrum of CC3 powder and
1141.9 m/z in that of RCC3 powder corresponded to their
molecular weights, respectively,39 indicating the successful
synthesis of CC3 and RCC3 powders.

Fig. 1E shows the FTIR spectra of the CC3 and RCC3
powders. The characteristic peaks near 1603 cm−1 and 1167
cm−1 were observed in the FTIR spectra of CC3 and RCC3
powders, corresponding to the stretching vibrations of –CC and
–C–N groups, respectively.32 Compared with the CC3 powder,
the characteristic peak of –CN near 1653 cm−1 was signicantly
weakened in the spectrum of the RCC3 powder, suggesting
a successful reduction of the CC3 powder.

The powder X-ray diffraction (PXRD) pattern of the CC3
powder shown in Fig. 1F was consistent with a previous report.52

Moreover, the peaks in the patterns of the CC3 and RCC3
powders displayed roughly the same locations, indicating
a minor change in the crystal structure aer the reduction. As
shown in Fig. 1G, the CC3 and RCC3 powders exhibited similar
N2 adsorption–desorption curves and Brunauer–Emmett–Teller
(BET) specic surface areas of 416.2 m2 g−1 and 442.3 m2 g−1,
respectively. In addition, the CC3 and RCC3 powders showed
similar pore size distribution with an average pore size of
around 5.39 Å, suggesting that the cage maintained its pore
structure aer the reduction.
3.2 Structure and characterization of TPC-RCC3 and TPC-
RCC3@PIP lms

Fig. 2A illustrates the interfacial reaction between TPC and
RCC3 to generate the TPC-RCC3 lm. Specically, TPC acted as
a crosslinker to connect the scattered RCC3 organic cages in
series to generate a cross-linked topological network. Compared
with RCC3 molecules, the TPC-RCC3 lm exhibited a slightly
larger average pore size of 6.1 Å, as shown in Fig. 2B, suggesting
a loose arrangement of RCC3 with the formation of sub-
nanochannels.

Fig. 2C illustrates the interfacial reaction among TPC, RCC3,
and PIP to generate a more compact polyamide structure. Due
to the unique cavity structure of RCC3 organic cages, some
small guest molecules in the aqueous solution could be
encapsulated,53 resulting in the penetration of the polyamide
chain into the channel of RCC3 organic cages. Fig. 2D shows the
formation process of the TPC-RCC3@PIP lm through the
cross-linking reaction occurring at the water–hexane phase
interface. As shown in Fig. 2E, an intact TPC-RCC3@PIP lm
could be obtained without any visible defects, suggesting
excellent lm-forming properties. The high-resolution TEM
image of the TPC-RCC3@PIP lm shown in Fig. 2F suggested
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (A) Synthesis process of the CC3 and RCC3 powders. (B) Schematic illustration of the CC3 cage structure. (C) TEM image of the RCC3
powder. (D–G) Mass spectrometry detection spectra, FTIR spectra, PXRD patterns and pore size distributions, and N2 adsorption–desorption
curves (inset) at 77 K of the CC3 and RCC3 powders.
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a certain crystalline structure of RCC3 that was retained in the
resulting lm. The lattice plane spacing in the inset gure is
0.32 nm, corresponding to the diffraction peak of 28.0° in the
XRD pattern of the TPC-RCC3@PIP lm.

Fig. 2G and S2† display XRD patterns of TPC-PIP, TPC-RCC3,
and TPC-RCC3@PIP lms. Most of the diffraction peaks of
RCC3 were clearly observed in the XRD pattern of the TPC-RCC3
lm, indicating that the crystalline structure of RCC3 was
retained aer reacting with TPC. However, only partial peaks at
9.2°, 12.3°, 18.6°, and 28.0° were found in the XRD pattern of
the TPC-RCC3@PIP lm. Compared with the TPC-RCC3 lm,
the weak diffraction peaks of the RCC3 in the XRD pattern of the
TPC-RCC3@PIP lm were mainly because the polyamide
structure generated by the reaction between PIP and TPC
increased the proportion of the amorphous phase in the TPC-
RCC3@PIP lm.

Fig. 2H shows the FTIR spectra of TPC-RCC3 and TPC-
RCC3@PIP lms. The characteristic peak at 1623 cm−1 corre-
sponded to the stretching vibration of CO in the amide bond,
indicating a successful generation of the polyamide structure
through the interfacial reaction.54 Compared with the RCC3
powder, the stretching vibration peak of –C–N groups was
slightly shied from 1167 cm−1 to 1157 cm−1 in the spectra of
This journal is © The Royal Society of Chemistry 2023
TPC-RCC3 and TPC-RCC3@PIP lms, probably due to the
formation of additional hydrogen bonds aer reacting with
TPC, suggesting a tight coupling of RCC3 cages with the adja-
cent cages or polyamide chains. In addition, the TPC-
RCC3@PIP lm exhibited favorable thermal stability with
decomposition at approximately 280 °C, as shown in Fig. S3.†
3.3 Structure and morphology of the composite membranes

The TPC-RCC3@PIP/mPSf composite membrane was fabricated
via the interfacial reaction among TPC, RCC3, and PIP on the
mPSf substrate, as depicted in Fig. 3A. Surface elemental anal-
ysis of the composite membranes was carried out by XPS
spectroscopy. As shown in Fig. 3B, the TPC-RCC3/mPSf and
TPC-RCC3@PIP/mPSf composite membranes exhibited similar
C 1s compositions, which could be divided into C–C at
∼284.8 eV, C–N at ∼286 eV and N–CO at ∼288.2 eV, demon-
strating the successful generation of a polyamide structure on
the membrane surface. Notably, the TPC-RCC3@PIP/mPSf
composite membrane displayed an obviously higher content
of the N–CO peak, mainly due to the participation of PIP during
the formation of the polyamide structure.

In addition, the as-prepared TPC-RCC3/mPSf and TPC-
RCC3@PIP/mPSf composite membranes could be easily
J. Mater. Chem. A, 2023, 11, 6831–6841 | 6835
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Fig. 2 (A) Cross-linking reaction between the TPC and RCC3 molecules. (B) Pore diameter distribution and N2 adsorption–desorption curve at
77 K (inset) of the TPC-RCC3 film. (C) Cross-linking reaction among the TPC, RCC3, and PIP molecules. (D) Fabrication process and schematic
structure of the TPC-RCC3@PIP film. (E) Digital picture and (F) high-resolution TEM image of the TPC-RCC3@PIP film generated by the
interfacial reaction. (G) PXRD patterns, and (H) FTIR spectra of the TPC-RCC3 and TPC-RCC3@PIP films.

Fig. 3 (A) Schematic representation of the fabrication process of the TPC-RCC3@PIP/mPSf composite membrane through the interfacial
reaction. (B) C 1s XPS spectra, (C) optical images, (D) surface, and (E) cross-section SEM images of TPC-RCC3/mPSf and TPC-RCC3@PIP/mPSf
composite membranes.
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fabricated with a surface area of more than 100 cm2 without any
visible macroscopic defects before and aer the gas separation
test (Fig. 3C and S1†). The surface and cross-section SEM
morphologies of the composite membranes are shown in
Fig. 3D and E. Aer the interfacial reaction, protrusive struc-
tures were observed on the membrane surface. The cross-
section SEM images showed that the thicknesses of the selec-
tive layer were 267 nm and 281 nm for the two composite
membranes, respectively, including a PDMS layer of ∼150 nm
(Fig. S4†).
3.4 Gas separation performance of the composite
membranes

Fig. 4A shows CO2, N2, and CH4 permeances, as well as the CO2/
N2 ideal selectivity of TFC membranes fabricated with different
aqueous monomers. The TPC-PIP/mPSf composite membrane
fabricated with TPC and PIP as the reactive monomers dis-
played a CO2 permeance of 6080 GPU and an ideal CO2/N2

selectivity of 12.5, which was almost the same as those of the
mPSf substrate, indicating a loose polyamide structure gener-
ated from the TPC and PIP monomers. The TPC-RCC3/mPSf
composite membrane exhibited a CO2 permeance of 5388
GPU and ideal CO2/N2 selectivity of 18.2, while the TPC-
RCC3@PIP/mPSf composite membrane showed a CO2 per-
meance of 3699 GPU and ideal CO2/N2 selectivity of 23.9.
Compared with the TPC-PIP/mPSf composite membrane, the
composite membranes containing RCC3 showed slightly lower
Fig. 4 (A) Pure CO2, N2, CH4 permeances, and ideal CO2/N2 selectivity o
reactivemonomers. (B) Mixed CH4/N2 separation performance of the TPC
Mixed CO2/N2 separation performance of the TPC-RCC3@PIP/mPSf (x
separation performance of the TPC-RCC3@PIP/mPSf composite memb

This journal is © The Royal Society of Chemistry 2023
pure gas permeance but much higher CO2/N2 selectivity, indi-
cating that the introduced RCC3 not only enhanced the cross-
linking degree to form a denser polyamide structure but also
provided exclusive transport channels with abundant amine
groups for the preferential penetration of CO2. The single gas
adsorption–desorption of the TPC-RCC3@PIP lm shown in
Fig. S5† also suggested that the TPC-RCC3@PIP lm exhibited
selective adsorption of CO2 over N2. In addition, N2 and CH4

permeances of the composite membranes decreased substan-
tially aer the introduction of RCC3, probably because these
two gases permeated through the membrane based on the
surface diffusion mechanism.11,55

Fig. 4B shows the gas separation performance of the TPC-
RCC3/mPSf composite membrane with a mixed gas (CH4/N2,
50/50 by volume) under different feed gas pressures. The TPC-
RCC3/mPSf composite membrane exhibited a CH4 permeance
of 1216 GPU and a CH4/N2 selectivity of 3.0 at 1 bar. The
transport of CH4 and N2 through the membrane was largely
dependent on their kinetic diameter and condensability,11,55 as
shown in Table 1. Although the N2 molecule has a slightly
smaller kinetic diameter, the higher critical temperature and
polarizability of the CH4 molecule make it have a better con-
densability and stronger interaction with RCC3 cage mole-
cules.56 Besides, the gas permselectivity of the TPC-RCC3/mPSf
composite membrane basically maintained a stable state with
increasing the feed gas pressure, having a CH4 permeance of
1069 GPU and CH4/N2 selectivity of 2.3 at 5 bar.
f the mPSf substrate and composite membranes fabricated with various
-RCC3/mPSf composite membrane at different feed gas pressures. (C)
: 1, x = 0, 1, 2, 3) composite membranes at 2 bar. (D) Mixed CO2/N2

rane at different feed gas pressures.
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Table 1 Physical parameters of CO2, N2, and CH4, and their corresponding binding energies with the RCC3 molecule. All binding is exergonic

Gas Kinetic diameter (Å) Critical temperature (°C)
Polarizability
(×10−25 cm3) Binding with RCC3

Binding energy
(kJ mol−1)

CO2 3.3 31 27.6 43.6

N2 3.6 −147 17.6 7.2

CH4 3.8 −82 26.0 8.0
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TPC-RCC3@PIP/mPSf (x : 1, x = 0, 1, 2, 3) composite
membranes were fabricated with a xed PIP concentration of
0.01 wt% and different RCC3 : PIP mass ratios, and the gas
separation performance was evaluated with a mixed gas (CO2/
N2, 15/85 by volume) at 2 bar. As shown in Fig. 4C, with
increasing RCC3 : PIP mass ratios, the fabricated TPC-
RCC3@PIP/mPSf composite membranes displayed a gradual
reduction in CO2 permeance, and an increase in CO2/N2 selec-
tivity. The reduction in gas permeance was mainly attributed to
a dense selective layer with the accumulation of RCC3 cages,33

while the increase in gas selectivity further suggested the pref-
erable adsorption and transport for CO2 in the channels
provided by RCC3.

Moreover, CO2/N2 separation performance of the TPC-
RCC3@PIP/mPSf composite membrane was tested with
a mixed gas (CO2/N2, 15/85 by volume) under different feed gas
pressures, as displayed in Fig. 4D. The as-prepared TPC-
RCC3@PIP/mPSf composite membrane exhibited an excellent
CO2 permeance of 4303 GPU and CO2/N2 selectivity of 30 at 1
bar. However, as the feed gas pressure increased, both the CO2

permeance and CO2/N2 selectivity decreased gradually, which
was consistent with the typical characteristic of a facilitated
transport mechanism.57,58 Meanwhile, the TPC-RCC3@PIP/
mPSf composite membrane was also fabricated by a similar
procedure with CC3 cages and PIP as the aqueous monomers.
As shown in Fig. S6,† the TPC-CC3@PIP/mPSf composite
membrane exhibited a CO2 permeance of ∼3332 GPU and CO2/
N2 selectivity of∼7.0 at 1 bar, much lower than those of the TPC-
RCC3@PIP/mPSf composite membrane, which was mainly due
to the presence of abundant imide bonds in CC3 cages. On one
hand, the CC3 cages cannot react with TPC during membrane
fabrication, and thus a dispersed and loose structure
comprising CC3 cages and polyamide chains generated by the
reaction of PIP and TPC was formed in the TPC-CC3@PIP
selective layer, leading to its high N2 permeance. On the other
hand, the TPC-CC3@PIP selective layer lacked amine groups
6838 | J. Mater. Chem. A, 2023, 11, 6831–6841
that reacted reversibly with CO2 molecules, and thus cannot
provide channels for CO2 preferential transport, resulting in its
low CO2 permeance and CO2/N2 selectivity.

The above results indicated that the TPC-RCC3@PIP/mPSf
composite membrane achieved a high gas permeance and an
acceptable selectivity for CO2/N2 separation. In addition, the
relative errors of gas separation performance of approximately
5% in Fig. 4 suggested a highly repeatable performance of the
composite membranes. Nevertheless, the gas selectivity of the
TPC-RCC3@PIP/mPSf composite membrane did not reach the
desired value, which might result from the short-range ordered
RCC3 cage molecules induced by rapid precipitation or crys-
tallization. The research work in Cooper's team indicated that
internal cavities and extrinsic porosity might be generated
during the synthesis of CC3 cages due to the covalent bonding
and rigid shape.45 A rapid precipitation would result in a short-
range ordered crystalline structure accompanied by crystal
dislocations and grain boundaries.41 Thus, the existing inter-
connected microporosities, such as intrinsic intracage cavities
and extrinsic intercage voids, severely limited the further
enhancement of gas selectivity. Similar gas selectivity was also
observed in the membrane with CC3 assembled onto an
alumina substrate via spin coating.45
3.5 Separation mechanism of the composite membranes

Fig. 5 schematically depicts the CO2, N2, and CH4 transport
behavior in gas transport channels generated by TPC, RCC3,
and PIP. During the synthesis of the RCC3 cage, the pore
structure and connectivity were strongly dictated by the func-
tional groups on cage vertices, thus tending to form an ordered
crystalline structure in a window-to-window arrangement.
During the cross-linking reaction, the secondary amine groups
on the window of RCC3 cages reacted with the chloride groups
of TPC molecules, while the cyclohexane groups at the summit
of RCC3 cages were not involved in the reaction. Thus, the RCC3
cage could maintain window–window arrangement aer the
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Schematic diagram of CO2, N2, and CH4 transport behaviors in gas transport channels provided by TPC-RCC3 and TPC-RCC3@PIP.
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reaction, and gas transport channels were then constructed by
the arranged RCC3 cages that were covalently connected with
the adjacent cages.

The as-prepared TPC-RCC3 lm exhibited an average pore
size of 6.1 Å, falling in between the diameter of one CO2

molecule (3.3 Å) and the sum of CO2 and N2molecules (6.9 Å). In
addition, the binding energy between gas molecules and
membrane materials has signicant effects on the adsorption
and transport process of gas molecules. A larger absolute value
of binding energy represents a higher adsorption capacity.52 The
binding energies between RCC3 molecules and CO2, N2, and
CH4 were 43.6 kJ mol−1, 7.2 kJ mol−1 and 8.0 kJ mol−1,
respectively, as listed in Table 1. Thus, the amine groups in the
RCC3 organic cage allowed CO2 molecules to preferentially
adsorb onto the pore channel and transport along the pore wall
by monomolecular surface diffusion. Compared with CO2

molecules, the penetration of N2 would be severely hindered by
the limited unoccupied pore space, as depicted in Fig. 5.

Although the CO2 transport channel constructed by RCC3
was conducive to CO2/N2 separation, the TPC-RCC3 selective
layer was not tight enough to achieve high CO2/N2 selectivity
Fig. 6 (A) Mixed CO2/N2 separation performance of the TPC-RCC3@PIP
performance of the TPC-RCC3@PIP/mPSf membrane developed in this
target area for post-combustion CO2 capture. (Detailed data are indicat

This journal is © The Royal Society of Chemistry 2023
due to the relatively large size and steric hindrance of the cages.
Aer the addition of a trace amount of PIP in the aqueous
solution, the PIP could react with TPC to generate linear poly-
amide chains interspersed with the RCC3 cages to form
a denser selective layer. In addition, the TPC-RCC3@PIP lm
showed excellent CO2/N2 adsorption selectivity at 298 K due to
the high density of amine groups in the transport channel
(Fig. S5†). Accordingly, the CO2/N2 selectivity of the TPC-
RCC3@PIP/mPSf composite membrane experienced a great
increase, while its gas permeance exhibited a slight decrease.

3.6 CO2/N2 separation stability and performance
comparison with other related membranes

The separation stability of the TPC-RCC3@PIP/mPSf composite
membrane was assessed at 2 bar for a 24 h continuous test with
dried or humidied mixed CO2/N2 gas, as shown in Fig. 6A.
When the feed gas changed from a dry state to a wet state, the
CO2 permeance increased by around 20% due to the facilitated
transport mechanism in a humidied environment. Once the
feed gas recovered to the dry state, the permselectivity basically
returned to the original state, suggesting the excellent resilience
/mPSf composite membrane for 24 h at 2 bar. (B) CO2/N2 separation
work in comparison with other reported membranes in terms of the
ed in Table S1†).
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and long-term stability of the as-prepared composite
membrane.

Compared with other related membranes, the TPC-
RCC3@PIP/mPSf composite membrane achieved excellent
CO2 permeance and acceptable CO2/N2 selectivity (Fig. 6B),
which were in the range of the target area proposed by Tim C.
Merkel based on power plant post-combustion CO2 capture,21

indicating its potential in industrial CO2 capture from ue gas.

4. Conclusion

In this work, a facile porous organic cage composite membrane
for CO2/N2 and CH4/N2 separation was fabricated with reduced
CC3 (RCC3) and crosslinkers of PIP and TPC. The RCC3 organic
cage provided an amine-rich sub-nanochannel for the rapid
penetration of CO2, owing to its narrow aperture of 5.4 Å and
a Brunauer–Emmett–Teller specic surface area of 442.3 m2

g−1. The obtained TPC-RCC3/mPSf composite membrane
exhibited a high CH4 permeance of 1216 GPU and a CH4/N2

selectivity of 3.0 at 1 bar. The obtained TPC-RCC3@PIP/mPSf
composite membrane possessed a high CO2 permeance of
4303 GPU and a CO2/N2 selectivity of 30 at 1 bar andmaintained
excellent stability under dry or wet feed gas as well as long-term
operation. Therefore, owing to its high permselectivity and easy
scale-up fabrication of interfacial crosslinking, this novel
porous organic cage composite membrane provided a more
economical and feasible solution for industrial CO2 capture
from ue gas or natural gas purication.
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