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y treated 3D PIM-CD molecular
sieve membranes exceeding the upper bound line
for propylene/propane separation

Jiangtao Liu, Youchang Xiao and Tai-Shung Chung*

Polymers of intrinsic microporosity (PIM) incorporated with beta-cyclodextrin (b-CD) (referred to as PIM-

CD) are prepared via nucleophilic substitution copolymerization and then thermally treated at elevated

temperatures from 300 to 600 �C. After the decomposition of thermally labile CD, the spaces originally

occupied by CD convert to micro-pores and cross-linking points in the polymer matrix. The thermally

induced three-dimensional (3D) cross-linking network not only possesses ultra-fine micro-pores and

interconnected microvoids but also shows a superior molecular sieve ability for propylene/propane

separation. The C3H6/C3H8 selectivity of the thermally treated membranes increases remarkably, about 3

times compared to that of the original untreated membranes. In particular, the PIM-CD membranes

thermally treated at 300 or 400 �C are flexible, and they have C3H6/C3H8 separation performance

exceeding the upper bound line in both pure and mixed gas tests. As observed from the gas sorption

isotherms, membranes with a higher content of CD units have a higher gas sorption capacity.

Additionally, the diffusivity selectivity of PIM-CD membranes after thermal treatment increases more

quickly than that of the PIM membrane and contributes more to the permeability selectivity.
1. Introduction

Since propylene is the second largest feedstock for the
production of commonly used plastics (e.g. polypropylene) and
chemicals (e.g. isopropanol, acrylonitrile, and propylene oxide),
the separation of propylene from propylene/propane mixtures is
one of the most important processes in the petrochemical
industry.1 The current dominant process for C3H6 and C3H8

separation, cryogenic distillation, is extremely energy intensive
due to their close boiling points, high volatility and condens-
ability characteristics.2–5 Membrane technology,3–7 which
possesses advantages of low energy consumption, easy opera-
tion and maintenance, small footprint and operational cost,
and environmental friendliness, is one of the potential strategy
to debottleneck the traditional separation process.

Until now, many kinds of membrane materials have been
tried for propylene/propane separation, such as (1) pure poly-
meric membranes, (2) metal ion doped membranes, (3) mixed
matrix membranes, and (4) carbon molecular sieve (CMS)
membranes. Merits coexist with drawbacks in each kind of
membrane material. Polymeric membranes are relatively inex-
pensive and easy to scale up, but their C3H6/C3H8 separation
performance oen suffers from the trade-off relationship
between permeability and selectivity.1,3–5,7–15 For example, poly-
imide membranes prepared from Matrimid® 5218 have a high
ar Engineering, National University of
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hemistry 2017
C3H6/C3H8 selectivity of 10 but an extremely low C3H6 perme-
ability of 0.1 barrer.3 As a result, it's a challenge to design
polymeric membranes with both high permeability and good
selectivity simultaneously.

Metal ion doped membranes oen possess good C3H6/C3H8

separation performance due to specic interactions between
the olen's hybrid molecular orbitals and the metal's atomic
orbitals.5,16–21 However, metal ion doped membranes also face
the inherit problems of short life time and carrier poisoning
induced by trace amounts of methyl acetylene and sulfur
impurities in the C3H6/C3H8 feed mixture.22 Mixed matrix
membranes consisting of MOF or ZIF nanoparticles in polymer
matrices are promising materials because they combine the
merits of both polymer and molecular sieving characteris-
tics.9,23–27 However, poor compatibility between nanoparticles
and polymer matrices oen results in particle agglomeration
and defective membranes.

Carbon molecular sieve (CMS) membranes have received
considerable attention because of their good thermal and
chemical stability and superior gas separation perfor-
mance.3,28–33 However, CMS membranes suffer from the draw-
backs of brittleness and high energy consumption and costs.
Until now, no CMS membranes derived from the PIM precursor
are reported for C3H6/C3H8 separation even though some data
were available for C2H4/C2H6 separation.34,35 Therefore, we aim
to explore if we can develop exible thermally treated PIM
membranes for C3 separation with performance exceeding the
upper bound of the trade-off relationship.
J. Mater. Chem. A, 2017, 5, 4583–4595 | 4583
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Polymers of intrinsic microporosity (PIM) were chosen in
this study because they possess extremely high free volume and
surface areas.36–40 The ladder-type structure and rigidly con-
torted spiro-carbon sites can prevent polymer chains from
becoming densely packed. However, the linear PIM polymer
chains interact with each other by relatively weak van der Waals'
forces which may easily slide over one another. To enhance
inter-chain interactions and improve molecular sieve charac-
teristics, Liu et al. incorporated b-cyclodextrin (b-CD) with
a unique 3D hollow bowl structure into PIM chains (referred to
as PIM-CD).41 The incorporation of a very small amount of b-CD
into PIM signicantly enhanced the gas permeability that sur-
passed the Robeson upper bound without much compromising
the selectivity. The PIM-CD membrane also exhibited a greater
resistance to physical aging than the PIM membrane.

Since b-CD is a thermally labile molecule containing
multiple reactive hydroxyl groups, one may convert the highly
permeable PIM-CD precursor to covalently cross-linked polymer
networks with signicantly improved molecular-sieving prop-
erties by thermal annealing. The thermally labile CD units may
decompose and create microvoids as well as generate free
radicals, which can effectively accelerate the self-cross-linking
reaction within the rigidly contorted PIM polymer framework.
As a result, the annealed PIM-CDmembrane has not only a large
free volume for gas transport but also a tighter structure to
separate C3H6/C3H8 mixtures. Therefore, various annealing
temperatures from 300 to 600 �C would be used to investigate
their effects on the chemical structure and gas separation
performance of PIM-CD membranes under both pure gas and
mixed gas testing environments. These results may open up
new avenues for molecular designing of highly permeable
membranes for propylene/propane separation.

2. Experimental
2.1 Materials

b-Cyclodextrin (b-CD) was purchased from Cyclolab Ltd and
dried overnight at 100 �C under vacuum prior to use. The
molecular weight of the dehydrated b-CD (formula: (C6H10O5)7)
is 1134. The outer diameter of the larger opening of the b-CD
toroid is 15.3�A, the side rim depth is 7.8�A and the inner cavity
diameter of b-CD is 6.0–7.8�A; therefore, CD was usually used in
separation science and technology because of its unique hollow
bowl structure.41,42 2,3,5,6-tetrauoroterephthalonitrile (TFTPN,
99%) was acquired from Matrix Scientic and puried by
sublimation under vacuum prior to syntheses. The monomer
5,50,6,60-tetrahydroxy-3,3,30,30-tetramethyl-1,10-spirobisindane
(TTSBI, 97%) was ordered from Alfa Aesar and puried via re-
crystallization from methanol. The spirocentre within TTSBI
is a kinked and shape-persistent ladder structure with a dihe-
dral angle of 90�. N,N0-Dimethylformamide (DMF, >99.5%) from
Merck (Germany) was further puried via vacuum distillation at
65 �C before being utilized as the solvent for the polymer
synthesis. Anhydrous potassium carbonate (K2CO3, >99.5%)
from Sigma Aldrich, methanol (MeOH, $99.9%) from Merck
and dichloromethane (DCM, 99.99%) and hydrochloric acid
(HCl, 37.5%) from Fisher Scientic (UK) were used as received.
4584 | J. Mater. Chem. A, 2017, 5, 4583–4595
All puried gases (at least 99.95%), such as C3H6, C3H8, and
mixed C3H6/C3H8 (50%/50%) were supplied by SOXAL Pte. Ltd.
(Singapore).

2.2 Syntheses of polymers and fabrication of membranes

The typical synthesis procedure of PIM-CD polymers and the
fabrication of PIM-CD membranes were carried out according
to a previously reported procedure.41 PIM-CD-1% means the
molar ratio content of CD is 1 percent in copolymerization. The
average membrane thickness was measured from 10 different
points using a Digimatic indicator (IDC-112B-5) with an accu-
racy of 1 mm. The cast dense membranes with a thickness of
about 50 � 5 mm were used for further studies.

2.3 Thermal treatment of PIM-CD membranes

The thermal treatment of PIM and PIM-CD membranes was
carried out using a VBF-1200X vacuum furnace from MTI
Corporation. The oxygen concentration inside the furnace was
measured with an EQ-W3000 Trace Oxygen Analyzer and
controlled at about 10 ppm at all times. The vacuum furnace
temperature was increased to 100 �C at a rate of 2 �C min�1 and
held for a period of 1 h to dry the membranes. Subsequently the
temperature was increased to a set value at a slow rate of 1 �C
min�1 in order to prevent the membranes from cracking.
Finally, the temperature was held isothermally at the set
temperature for 2 h. Aer the thermal treatment, the
membranes were cooled down to room temperature naturally in
the vacuum furnace and stored in a dry box for further studies.
The thermally treated membranes were labeled as “PIM-CD-
content (temperature)”, for example, PIM-CD-1% (300 �C). A
clear coloration from yellow to dark brown and black colors
could be observed for the thermally treated membranes
depending on the annealing temperature. However, the
membranes thermally treated at 700 �C were extremely fragile,
hence leading to enormous difficulties in characterization and
sample preparation for permeation tests.

2.4 Characterization

The chemical structures of pristine membranes and the ther-
mally treated membranes were analyzed using a Shimadzu
Fourier transform infrared spectroscopy (FTIR) 8400 spec-
trometer in the range of 400–4000 cm�1. The thermogravimetric
analyses (TGAs) of pristine membranes were performed by
using a Shimadzu Thermal Analyzer (DTG-60AH/TA-60WS/FC-
60A) with a heating rate of 10 �C min�1 from 50 �C to 800 �C
under a nitrogen atmosphere with a ow rate of 50 mL min�1.
The TGA outlet was coupled on-line with a Perkin-Elmer FTIR
Spectra 2000 spectrometer. Thus, the exhausted products from
the TGA were analyzed in a gas cell and the IR spectra were
obtained by using a KBr beam splitter. The decomposition
process of PIM-CD membranes was recorded over the range of
50–800 �C.

The insoluble content of the thermally treated membranes
was determined by soaking the respective membranes in a DCM
solvent for 24 h. The remaining insoluble portions of the
membranes were dried under vacuum at 120 �C for 24 h to
This journal is © The Royal Society of Chemistry 2017
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remove the residual solvent before weighing. The insoluble
content was evaluated using eqn (1):

% insoluble content ¼ M1/M0 � 100 (1)

where M0 and M1 are the weights of the thermally treated
membrane before and aer soaking in DCM, respectively.

The inter-chain spacing of the membranes was investigated by
using a BrukerD8 Advance X-ray diffractometer (XRD) utilizing Cu
K-a as the X-ray radiation source with a wavelength of 1.54�A. The
X-ray diffraction angles between 5 and 30 were studied. The
average d-spacing was evaluated based on Bragg's law (nl ¼
2d sin q), where n is an integer (1, 2, 3,...), l represents the X-ray
wavelength, d represents the intersegmental spacing between
two polymer chains and q denotes the X-ray diffraction angle.
2.5 Measurements of gas permeation

The gas permeation properties for both pure gases and mixed
gases were determined on a variable-pressure constant-volume gas
permeation cell. The detailed experimental design and procedures
have been reported by our group.41,46 The dense membrane was
mounted onto the permeation cell and vacuumed at 35 �C for 12 h
before tests. Pure gas permeability was tested following the order
of C3H6 and C3H8. The cell temperature was kept constant at
35 �C. The permeability tests were repeated at least three times for
three different samples prepared under the same conditions and
the average deviation obtained was less than 5%.

The ideal selectivity between two different gases across
a polymeric membrane is the ratio of their single gas perme-
ability as described in the following eqn (2):

aA=B ¼ PA

PB

(2)
Fig. 1 Synthesis and thermal crosslinking schemes of PIM-CD polymers

This journal is © The Royal Society of Chemistry 2017
where PA and PB refer to the permeability coefficients of gases A
and B, respectively. According to the solution-diffusion model,
permeability is the product of diffusivity (D) and solubility (S).
Therefore, the ideal permeability selectivity (aP) can be dened
as the product of diffusivity selectivity (aD) and solubility
selectivity (aS) as described in eqn (3) and (4):

P ¼ D � S (3)

aA=B ¼ aP ¼ aD � aS ¼ DA

DB

� SA

SB

(4)

where DA and DB are the diffusion coefficients of gases A and B,
respectively (cm2 s�1); SA, and SB are the solubility coefficients of
gases A and B, respectively (cm3 (STP) cm�3 polymer atm). In the
case of mixed gas experiments, a binary mixture of 50% C3H6 and
50% C3H8 was used. The membranes were tested at 35 �C with
a feed pressure of 3, 5 and 7 atm. The mixed gas composition was
analyzed by using a Hewlett Packard (HP) 6890 Series gas chro-
matograph (GC) integrated with aHP 5973mass selective detector.
2.6 Measurements of gas sorption

Pure gas sorption of the thermally treated membranes was
measured via the dual-volume pressure decay method using
a XEMIS microbalance system.41 The membranes weighing
about 50–60 mg were placed into the sample chamber and
a vacuum was maintained for 3 h before sorption tests were
conducted. Both the reference and sample chambers were
immersed in the same water bath ((Techne FTE-10DE) from
Techne Cambridge LTD (UK) with an accuracy of �0.01 �C) to
maintain the desired temperature. The sorption isotherm of
each gas was obtained at 35 �C up to a maximum pressure of 5
atm. Sorption tests were conducted for C3H6 and C3H8 pure
gases.
.

J. Mater. Chem. A, 2017, 5, 4583–4595 | 4585
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3. Results and discussion
3.1 Characterization of the polymer membranes

As presented in Fig. 1, the 3D PIM-CD polymer precursors were
synthesized via nucleophilic substitution copolymerization of b-
CD, TFTPN, and TTSBI. Since b-CD comprises multiple reactive
hydroxyl groups, it can be copolymerized into the main chains
of PIM easily. The copolymerization was conducted in a polar
aprotic anhydrous solvent of DMF at 80 �C for 24 h, using K2CO3

as the catalyst. The chemical structures of the original PIM and
PIM-CD polymers were characterized and conrmed in our
previous report.41 The thermal stability of the original PIM and
PIM-CD membranes was evaluated by TGA. Fig. 2 shows their
Fig. 2 TGA spectra of b-CD, pristine PIM and PIM-CD membranes.

Fig. 3 FTIR-TGA spectra of b-CD, pristine PIM and PIM-CD membranes

4586 | J. Mater. Chem. A, 2017, 5, 4583–4595
thermal decomposition and derivatives of weight losses (e.g.
decomposition rates) as a function of temperature in a nitrogen
atmosphere. Pure b-CD is also included in TGA tests for
comparison; it decomposes from about 300 to 400 �C.
Compared to the pristine PIM membrane, the PIM-CD
membranes exhibit a little lower thermal stability due to the
weight loss of b-CD in their polymer chains. There are two
stages of thermal degradation for PIM-CDmembranes. The rst
stage of weight loss starts from 300 �C to 400 �C and the amount
of weight loss increases with increasing CD loading, while the
second stage of weight loss from 450 �C is attributed to the
decomposition of the PIM polymer chains.

Fig. 3 presents the simultaneous 2D FTIR spectra of pyrolysis
gases evolved from the membranes during TGA tests. Three
major fragments are found in the decomposition of pure b-CD
due to the rupture initiated from the C–O and C–C bonds in
glucose units of b-CD. The release of compounds at about 3600,
2350 and 1750 cm�1 may be characteristic bands of OH, CO2

and CxHyO (aldehydes or ketones), respectively. In addition,
there is no other IR peak during the decomposition of pure b-
CD. Only the CD structure decomposition contributes to the
weight loss of the PIM-CD membranes during the rst stage of
weight loss from 300 to 400 �C. Compared with pure b-CD, the
PIM-CD-1% and PIM-CD-2% have new characteristic peaks at
about 3050 (C–H) and 1500 cm�1 (C^N). These C–H fragments
arise mainly from the decomposition of methyl groups, while
the C^N fragments come from nitrile groups of PIM in the
range of 400–600 �C. Clearly, the b-CD will decompose to form
microvoids and cross-linking points when the membranes are
treated at 300–400 �C, while the PIM polymer chains will
decompose or partially carbonize when the membranes are
treated at 500–600 �C. As shown in Fig. 4, aer thermal
.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Photographs and thermal treatment procedures of PIM-CD membranes.
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treatments, the transparent membranes change from the orig-
inal uorescent yellow to dark brown at 400 �C and then to deep
black at 500 �C. The PIM-CD membranes treated at 300 �C are
slightly darker than the PIM membrane because of little more
cross-linking points induced by b-CD and more formation of
inter-chain charge transfer complexes (CTCs). All membranes
thermally treated at and below 400 �C are exible and can be
bended tightly, while the membranes thermally treated at and
above 500 �C are fragile.

The chemical structure changes and the formation of
triazine aer thermal treatment were conrmed by FTIR-ATR
and XPS analyses. As illustrated in Fig. 5, the characteristic
absorption at 2239 cm�1 is assigned to the stretching of C^N
Fig. 5 FTIR-ATR spectra of the membranes after thermal treatment.

This journal is © The Royal Society of Chemistry 2017
groups. The broad band at 3400 cm�1 is attributed to the O–H
groups in PIM-CD polymers. The intensity of both C^N and
O–H peaks decrease dramatically with increasing the annealing
temperature. In contrast, the intensity at 1495 cm�1 attributed
to the triazine ring slightly increases due to the thermal self-
cross-linking of C^N groups.38 Additionally, the C]C bonds
persist when the thermal treatment temperature is lower than
the decomposition temperature of PIM polymer chains, while
the C]N bonds are gradually generated from the thermal self-
cross-linking of C^N groups. Since the characteristic peaks of
both the C]C stretching of aromatic rings and the C]N
stretching of the triazine ring fall in approximately the same
position 1610 cm�1, the intensity of the absorption at 1610
cm�1 increases a little with increasing the thermal treatment
temperature. There are no obvious peaks of the membranes
thermally treated at 500 or 600 �C, probably because of the weak
IR reection of dark black membranes due to partial carbon-
ization and formation of carbon molecular sieves.

Besides, XPS analyses were also applied to conrm the
thermal cross-linking process and the generation of the triazine
ring. Fig. 6 depicts the XPS spectra of the original and thermally
treated membranes. The original PIM-CD-1% membrane pres-
ents a symmetrical Gaussian-type N1s core signal with the
maximum peak at 398.3 eV which is ascribed to the C^N
(nitrile) groups of the PIM polymer chains. Aer thermal
treatment, the symmetrical N1s signal becomes broader and
asymmetrical with a newly formed shoulder peak at about
399.5 eV, which is assigned to the nitrogen of C]N groups in
the thermally self-cross-linked triazine ring. In order to quan-
titatively detect the degree of the thermally self-cross-linking
reaction, the N1s XPS spectrum was deconvoluted into two
peaks at 398.3 and 399.5 eV. In addition, the highest peak at
402.5 is probably due to the p-excitation which appears in all
carbon compounds with double bonds. The ratio of integrated
J. Mater. Chem. A, 2017, 5, 4583–4595 | 4587
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Fig. 6 N1s XPS analyses of the untreated and thermally treated PIM-CD-1% membranes.
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area C]N/C^N + C]N (i.e., N2/(N1 + N2)) shows an increasing
trend from 0.12 to 0.23 with an increase in the thermal treat-
ment temperature. This suggests that the content of the thermal
cross-linking triazine ring is more pronounced at a higher
temperature. The direct evidence for the inter-chain cross-
linking reaction is the color change of the membrane from
the original uorescent yellow to dark brown and then to deep
black. During the thermal treatment process, b-CD units rst
decompose to generate free radicals, which can effectively
accelerate the self-cross-linking reaction of nitrile. The
Fig. 7 The insoluble content of membranes treated at different temper

4588 | J. Mater. Chem. A, 2017, 5, 4583–4595
formation of triazine rings tends to pull the PIM polymer chains
closely together and allows the transfer of p-electrons from the
electron donors (i.e., ether groups) to the electron acceptor (i.e.,
triazine ring). Thus, charge-transfer complexes between the
polymer chains are formed that generates the dark colors.

A direct indication of the occurrence and the extension of the
self-cross-linking reaction at different treatment temperatures
is provided by the insoluble content of the membranes. As
observed from Fig. 7, the degree of the self-cross-linking reac-
tion increases with increasing the thermal treatment
atures and then soaked in DCM for 24 hours.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Comparison of the pure and mixed gas performance of the
thermally treated PIM membranes at 35 �C (lines are drawn to guide
the eyes).
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temperature. Clearly, there is more than 89% insoluble content
for the membranes treated above 500 �C, the thermally cross-
linked membranes are largely insoluble in DCM even aer 24
hour immersion. Additionally, the insoluble content of PIM-CD
membranes is higher than those of pristine PIM membranes,
and the free radicals generated from b-CD decomposition can
effectively facilitate the self-cross-linking reaction of nitrile.
3.2 Pure and mixed gas separation performance

Fig. 8 plots the pure and mixed gas separation performance
against their corresponding upper bound lines.3 The previously
Table 1 Permeability, solubility and diffusion coefficients of the therma

Membranes

Pure gas
permeability
(barrer)

Permeability
selectivity

So
co
cm

C3H6 C3H8 C3

PIM (untreated) 2861 1022 0.
PIM (300 �C) 1792 498 0.
PIM (400 �C) 817 154 0.
PIM (500 �C) 127 20 0.
PIM (600 �C) 27 4 0.

PIM-CD-1% (untreated) 4315 1725 0.
PIM-CD-1% (300 �C) 2942 817 0.
PIM-CD-1% (400 �C) 1217 214 0.
PIM-CD-1% (500 �C) 122 18 0.
PIM-CD-1% (600 �C) 22 3 0.

PIM-CD-2% (untreated) 5032 2097 0.
PIM-CD-2% (300 �C) 3642 958 0.
PIM-CD-2% (400 �C) 2093 403 0.
PIM-CD-2% (500 �C) 192 27 0.
PIM-CD-2% (600 �C) 42 5 0.

This journal is © The Royal Society of Chemistry 2017
reported data of PIM-1, PIM-PI and commercial polymers for
propylene/propane separation are also included in Table 2 and
the Robeson plot. The gas separation performance of the ther-
mally treated PIM-CD membranes is better than those of
commercial polymeric membranes.43–45 In this study, for both
pure and mixed gas tests, the thermally treated membranes
have a higher selectivity than the original untreated ones, while
the C3H6 permeability measured in mixed gases is always lower
than that in pure gas because of competitive sorption of C3H6

and C3H8 in the membranes. Except the PIM membrane
annealed at 400 �C, no other annealed PIM membranes can
surpass the upper bound lines in either pure or mixed gas tests.
In contrast, the thermally treated PIM-CD-1% membranes at
300 and 400 �C can all surpass the upper bound lines, as
illustrated in Fig. 9.

Fig. 10 also shows the gas separation performance of the
thermally treated PIM-CD-2% membranes against the upper
bound lines. The C3H6/C3H8 selectivity increases with
increasing the thermal treatment temperature and generally
follows the order of PIM-CD-2% (600 �C) > PIM-CD-2% (500 �C)
> PIM-CD-2% (400 �C) > PIM-CD-2% (300 �C), while the gas
permeability decreases and follows the opposite order. Inter-
estingly, the PIM-CD-2% membranes thermally treated at 300,
400 and 500 �C can all surpass the upper bound line for mixed
gas separation. Since the main released gases derived from CD
decomposition are C2/C3 compounds (Fig. 3) which have similar
sizes with C3H6 and C3H8, the transport channels resulted from
CD's decomposition may possess the appropriate characteris-
tics to discriminate C3H6 and C3H8, thus improving the gas pair
selectivity.47–49 In other words, the decomposition of thermal
liable b-CD at high temperatures would generate free radicals
and effectively accelerate the self-cross-linking reaction of
nitrile to form triazine rings and pull the polymer chains closely
lly treated membranes at 3.5 atm and 35 �C

lubility
efficient (cm3

�3 cm Hg�1)
Solubility
selectivity

Diffusion
coefficient (10�10

cm2 s�1)
Diffusivity
selectivityH6 C3H8 C3H6 C3H8

45 0.41 6358 2493
43 0.38 4167 1311
37 0.33 2208 467
33 0.27 385 74
45 0.37 59 11

46 0.43 9380 4012
44 0.39 6686 2095
40 0.35 3042 611
29 0.25 421 72
35 0.29 63 10

47 0.45 10 706 4660
44 0.38 8277 2521
39 0.33 5367 1221
37 0.31 519 87
41 0.32 102 16
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Table 2 A comparison of the C3H6/C3H8 transport properties with those of previously reported PIM-1, PIM-PI and commercial polymersa

Membranes

Pure gas permeability (barrer)

Selectivity Feed pressure (atm) Temperature (�C) ReferenceC3H6 C3H8

Matrimid® 0.10 0.01 10.0 2.0 35 3
PIM-1 1575 205 7.68 1.0 25 39
PIM-1 1051 140 7.51 1.0 30 51
PIM-1 2534 851 2.98 3.5 35 21
PIM-1 2861 1022 2.80 3.5 35 This work
PIM-PI 393 65 6.00 2.0 35 52
PDMS 6600 6000 1.10 2.0 50 43
PPO 9 2 4.25 3.0 30 44
CA 15 6 2.60 3.0 30 45
PSF 25 18 1.40 3.0 30 45

a Note: polydimethylsiloxane (PDMS), cellulose acetate (CA), polysulfone (PSF), poly(2,6-dimethyl-1,4-phenylene oxide) (PPO), the date of CA and
PSF in ref. 45 were tested using a mixed gas containing 55% propylene and 45% propane.

Fig. 9 Comparison of the pure and mixed gas performance of the
thermally treated PIM-CD-1% membranes at 35 �C (lines are drawn to
guide the eyes).

Fig. 10 Comparison of the pure and mixed gas performance of the
thermally treated PIM-CD-2% membranes at 35 �C (lines are drawn to
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together. This results in a three-dimensional cross-linked
network with narrow gates that not only offer a better size and
shape selectivity but also keep the overall permeability suffi-
ciently high for rapid diffusion of gas molecules. Therefore, the
gas selectivity of the membranes treated at and below 400 �C
increases rapidly while their gas permeability just decreases
slightly compared to that of the original untreated one.

There are two competing factors inuencing the gas
permeability. The positive one is the provision of super high-
ways by the CD units for gas transport, while the negative one is
the shrinkage of the microspores when annealed at high
temperatures. As observed from the TGA spectra, only CD
decomposes during the rst stage of weight loss from 300 to
400 �C. Clearly, aer the CD decomposition, the spaces origi-
nally occupied by CD convert to micro-pores, which provide
highways for gas transport. On the other hand, the heat treat-
ment densies the polymer chains, which is a negative factor for
4590 | J. Mater. Chem. A, 2017, 5, 4583–4595
gas transport. When the annealing temperature increases to
500 �C or higher (above the glass transition temperature of
PIM), the polymer chains tend to pack more densely. Cross-
linking reactions and partial carbonization may also occur
that shrink the micropores to ultrane micropores with pore
dimensions able to discriminate the C3H6/C3H8 gas pair. Since
gas selectivity is mainly determined by ultra-ne micro-pores,
while gas permeability is largely related to the micro-pores,
the gas permeability of PIM-CD membranes decreases while
their selectivity increases with an increase in the thermal
treatment temperature.

Fig. 11 shows the evolution of the d-spacing of the polymer
chains as a function of thermal treatment temperature. The
untreated PIM-CD-1%membrane has a peak at about 6.6�A which
is probably attributed to the loosely packed polymer chains
derived from the kinked ladder-type backbone of PIM because of
the formation of micro-pores among the polymer chains.50 The
next peak at 4.9 �A is the d-spacing of the efficiently packed
guide the eyes).

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 XRD spectra of the untreated and thermally treated PIM-CD-
1% membranes.
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polymer chain-to-chain distance that contributes directly to the
conformation of small micro-pores. Aer thermal treatment, the
two peaks at 6.6 and 4.9 �A gradually shrink with increasing
annealing temperature. They almost disappear when the anneal-
ing temperature increases to 500 or 600 �C (i.e., above the glass
transition temperature of PIM). These suggest the densication of
the polymer chains and the occurrence of the self-cross-linking
reaction or partial carbonization in the membrane. As a result,
the micropores shrink to ultra-ne micropores. However, the last
peak at 3.8�A is always there regardless of the annealing temper-
ature because it is a typical peak for aromatic systems and
amorphous carbon congurations. The kinetic diameters of
propylene and propane are about 4.0 and 4.2�A, respectively. The
ultra-ne micropores with a size about 4.1–3.5 �A (a broad distri-
bution near 3.8�A) play an important role as molecular sieves for
propylene/propane separation. The thermally liable b-CD
decomposes to generate free radicals aer thermal treatment,
which can effectively accelerate the self-cross-linking reaction of
nitrile. The resultant 3D cross-linking networks have narrow gates
as molecular sieves with better size and shape exclusion for
propylene/propane separation. Clearly, the XRD results support
our previous observation that the permeability always decreases
while the C3H6/C3H8 selectivity increases with an increase in the
thermal treatment temperature.
3.3 Gas sorption isotherms

The pure gas sorption isotherms of the untreated and thermally
treated membranes at 35 �C up to 5 atm are illustrated in
Fig. 12. For the same gas either C3H6 or C3H8, the amount of gas
sorption obeys the order of PIM-CD-2% > PIM-CD-1% > PIM
because the addition of CD into membranes creates more
micro-pores and free volume to capture gas molecules regard-
less of thermal treatment, while for the same membrane, the
sorption amount is in the order of C3H6 > C3H8, following the
exact order of their condensability (i.e., critical temperatures).
This journal is © The Royal Society of Chemistry 2017
The PIM-CD membranes annealed at 300 �C have slightly lower
C3H6 and C3H8 sorption concentrations than the untreated
ones because of partial CD decomposition and slight chain
densication at this temperature. When the annealing
temperature is 400 �C, almost all CD decomposes but the C3H6

and C3H8 sorption concentrations are further reduced due to
a greater degree of chain densication.

When the thermal treatment temperature is increased to 500–
600 �C, the gas sorption isotherms present an interesting
behavior. The C3H6 and C3H8 sorption concentrations increase
quickly at low pressures, and then reach plateaus rapidly. Obvi-
ously, the total sorption amounts of C3H6 and C3H8 in the
untreatedmembranes at 5 atm are higher than those in the 600 �C
treated membranes. This is probably due to the partial carbon-
ization of the PIM polymer chains that shrinks the micropores to
ultrane micropores during the pyrolysis. The sorption behavior
of the carbonized membranes (600 �C) is in agreement with the
Langmuir mode because it behaves like a hole-lling process (i.e.,
the ultrane micropores are lled with C3H6 or C3H8 rapidly at
low pressures) and there is a sorption capacity limitation for each
gas. The change of free volume could approximately be evaluated
from the gas sorption isotherms. The free volume gradually
shrinks according to the reduced C3H6/C3H8 gas sorption capa-
bility aer the thermal treatment.

Since the amorphous carbon sheets may have strong p–p

interactions with C3H6 and C3H8, the carbonized membranes
thermally treated at 600 �C have higher sorption concentrations
of C3H6 and C3H8 than the ones treated at 500 �C. In contrast,
the gas sorption behavior of the thermally treated membranes
at lower temperatures (<500 �C) follows the dual-mode sorption
model (i.e., Henry and Langmuir modes).39 Their sorption
concentrations exhibit convex curves against the pressure axis.
This non-linear behavior is a typical sorption pattern of glassy
polymeric membranes.
3.4 Gas diffusivity and solubility

Since the solubility coefficient can be calculated from S ¼ c/p,
Table 1 summarizes the corresponding solubility coefficients
and diffusion coefficients at 3.5 atm and 35 �C. For PIM, PIM-
CD-1% and PIM-CD-2%, the sharp drop of their permeability
with an increase in the annealing temperature is mainly
attributed to the decrease of the diffusion coefficient. The
diffusion coefficient of C3H6 decreases about 100-fold from its
original value of 6358 � 10�10 cm2 s�1 in the pristine PIM to its
minimum value of 59 � 10�10 cm2 s�1 in the 600 �C treated
membrane; meanwhile, the diffusion coefficient of C3H8

decreases about 200-fold from its original value of 2493 � 10�10

cm2 s�1 to its minimum value of 11 � 10�10 cm2 s�1. Fig. 13
plots the diffusion coefficient of all membranes as a function of
annealing temperature. The diffusion coefficient has a slower
decreasing speed with the annealing temperature for the
membranes thermally treated up to 400 �C than those treated
from 500 to 600 �C, especially for PIM-CD membranes. This
interesting characteristic is probably due to the fact that the
bowl-shaped cavity of 3D b-CD can support the architecture and
make the micro-pores unable to collapse when the thermal
J. Mater. Chem. A, 2017, 5, 4583–4595 | 4591
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Fig. 12 Sorption isotherms of the untreated and thermally treated membranes at 35 �C.
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treatment temperature is low. However, when the annealing
temperature is higher than the glass transition temperature of
PIM and the decomposition temperature of CD, the bowl-
shaped cavity of 3D b-CD collapses. As a consequence, it
densies the polymer chains, shrinks the free volume and
reduces the diffusion coefficients of the membranes treated at
500 or 600 �C signicantly.

The diffusivity selectivity and solubility selectivity of the
untreated and thermally treated membranes are shown in
Fig. 14. Both the diffusivity selectivity and the solubility selec-
tivity increase with increasing the thermal treatment tempera-
ture. The diffusivity selectivity increases faster than the
solubility selectivity for all membranes. Since the ideal perme-
ability selectivity can be dened as the product of diffusivity
selectivity and solubility selectivity, the sharp increase of the gas
4592 | J. Mater. Chem. A, 2017, 5, 4583–4595
permeability selectivity is mainly attributed to the increase of
the diffusivity selectivity. The PIM-CDmembranes aer thermal
treatment have a greater increase in the diffusivity selectivity
than the PIM membrane. Comparing the diffusivity selectivity
between the untreated and 600 �C treated PIM membranes, it
increases from 2.5 to 5.4 with an increase of 2.2 times, while it
increases from 2.3 to 6.1 with an increase of 2.7 times for the
untreated and 600 �C treated PIM-CD-1% membranes. Simi-
larly, it increases from 2.3 to 6.6 with an increase of 2.9 times for
the untreated and 600 �C treated PIM-CD-2%membranes. Since
the diffusivity selectivity essentially matches the actual pure-gas
permselectivity for the whole temperature range, the molecular
sieving mechanism is dominant in these thermally self-cross-
linked membranes.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ta09751k


Fig. 13 The C3H6 and C3H8 diffusivity at 3.5 atm and 35 �C (lines are drawn to guide the eyes).

Fig. 14 The C3H6/C3H8 diffusivity and solubility selectivity at 3.5 atm and 35 �C (lines are drawn to guide the eyes).
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4. Conclusions

A series of PIM-CD polymers were prepared by incorporating
thermally labile 3D b-CD into PIM polymer chains via chemical
bonds from nucleophilic substitution copolymerization of b-CD,
TFTPN, and TTSBI. Once the PIM-CD membranes are thermally
treated at high temperatures, the thermal liable b-CD decomposes
to generate free radicals, which can effectively accelerate the self-
cross-linking reaction of nitrile. The formation of triazine rings
This journal is © The Royal Society of Chemistry 2017
tends to pull the PIM polymer chains approaching one another
closely. Since the spaces originally occupied by CD convert to
micro-pores while the rigidly contorted PIM polymer framework
persists, the resultant 3D cross-linking networks have narrow
gates for remarkably better size and shape selectivity while the
overall permeability is still maintained sufficiently high for rapid
gas diffusion. As a result, the selectivity for C3H6/C3H8 rises
rapidly while the permeability just drops slightly. In addition to
showing high mechanical exibility, the PIM-CD membranes
J. Mater. Chem. A, 2017, 5, 4583–4595 | 4593
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treated at 300 or 400 �C have separation performance surpassing
the upper bound line in both pure and mixed gas tests.
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