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The polymer of intrinsic microporosity PIM-1 was synthesized with different topologies and negligible network
content. A more rapid heating rate from room temperature yielded a predominantly di-substituted PIM-1 (D-PIM-
1), whereas a marginally lower heating rate produced a more branched structure (B-PIM-1). Both polymers were
acid-hydrolyzed to give carboxylic acid functionalization (cPIM-1), as indicated by FT-IR, 'H NMR, and
elemental analysis. Both PIM-1 and cPIM-1 were processed into self-supported membranes and into thin film
composite (TFC) membranes on a polyacrylonitrile support. For a 70% hydrolyzed polymer (D-cPIM-1-70%), the
initial CO permeance reached 7700 GPU, with ideal selectivity of 56 for CO2/N2 and 37 for CO2/CH4. D-PIM-1
and D-cPIM-1-70% showed 85% and 52% CO, permeance drop after 60 days’ aging, respectively. B-PIM-1, with
initial COy permeance of 3100 GPU and ideal selectivity of 19 for CO2/N2 and 11 for CO»/CHy4, showed only a
65% decrease. Polymer that was both branched and hydrolyzed (B-cPIM-1-73&81%), with CO2 permeance of
3200 GPU and selectivity of 64 for CO2/N; and 45 for CO,/CH4, showed no decrease of CO, permeance after 60
days. The branched structure is crucial for reducing membrane aging. Plasticization gave rise to reduced
selectivity in mixed gas experiments, but nevertheless TFC membranes prepared from B-cPIM-1-81% were able to
concentrate CO2 to 38% from a 10% CO2/90% N, mixture at 4.8 bar.

1. Introduction

attractive for industrial applications [4,16,17]. Defect-free and thin se-
lective layers can maximize gas throughput by minimizing trans-

Excessive CO; emission to the atmosphere caused by anthropogenic
activities such as fossil fuel combustion has led to global warming [1-3].
Membranes are promising tools for carbon capture due to the advan-
tages of module compactness, operational simplicity, energy efficiency
and easy scalability [4,5]. Various types of polymer membranes [6-13]
have been developed, many exhibiting highly CO, permeable and se-
lective properties over competing gases such as N and CHg, but all these
membranes are hampered by the permeability-selectivity trade-off [14,
15].

Most studies of novel membrane materials are characterized through
the performance of relatively thick films, with thicknesses of tens to
hundreds of micrometres. Thin film composite (TFC) membranes with
active layer thicknesses less than a couple of micrometres are more
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membrane resistance, without sacrificing gas selectivity, to meet
industrial requirements. Merkel et al. [18] suggested an optimum region
for industrial post-combustion CO; capture using such TFC membranes
of COy permeance more than 1000 GPU and CO,/N; selectivity in the
range of 20-150.

Recent studies have focused on developing ultra-thin TFC mem-
branes with active layer thickness ranging from 50 to 300 nm. To ach-
ieve this target, complex systems often have to be adopted, such as a
mixed-matrix active layer [19-22], additional (modified) gutter layer
[23,24], surface polymerization [25,26] and development of new ma-
terials [27,28]. Lee et al. [22] successfully fabricated mixed-matrix TFC
membranes of poly(vinyl imidazole)-poly(oxyethylene methacrylate)
copolymer with ZIF-8. A 300 nm active layer containing 50% ZIF gave
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CO, permeance of 4474 GPU and CO,/N> selectivity of 32. Fu et al. [25]
developed a surface polymerization method to graft a 100 nm dense
selective layer directly on top of a modified support and the TFC
membrane showed a CO; permeance of 1260 GPU and CO2/Nj; selec-
tivity of 43. Qiao et al. [29] prepared a thinner metal-induced, ordered
microporous polymer layer of less than 50 nm and showed 3000 GPU for
CO, with COy/Nj selectivity of 78.

Polymers of intrinsic microporosity (PIMs), first reported by Budd
and McKeown in 2004 [6], have received much attention due to their
highly contorted polymer structure and inefficient packing, which pro-
vides high free volume and high gas permeability [30]. The excellent
solubility in chloroform and tetrahydrofuran endows the original PIM-1
with good processibility. By controlling the polymerization conditions,
such as the temperature profile, purging nitrogen flow and monomer
reactivity, PIM-1 samples with different topologies, including branched
and network structures, can be synthesized [31-33]. These structurally
different variants of PIM-1 show differences in membrane performance,
especially in terms of aging [34]. Furthermore, the nitrile group of
PIM-1 allows further chemical modification such as amination [35],
amidoximation [36,37], carboxylation [38-40] and chemical cross-
linking [41].

The base hydrolysis method has been much developed over the years
and was originally believed to yield a carboxylated-PIM-1. However,
this early method was later found mainly to produce an amide group,
rather than carboxylic acid [38,42]. Base hydrolyzed PIM-1 membranes
exhibit improved separation performance [43,44] and can also incor-
porate metal ions [45-48]. Methods have been developed to give a high
—COOH conversion by long-term base hydrolysis [39], nitrous acid post
treatment of amide-PIM-1 [49,50], and acid hydrolysis [40,51]
methods. The intense hydrogen bonding interaction caused by a car-
boxylic acid rich environment provides a better molecular sieving effect
for CO4 separation [40], but the densely packed structure also results in
reduced free volume and gas permeability. Jeon et al. [39] synthesized
PIM-COOH using a 360 h base hydrolysis method with more than 92%
conversion, and the carboxylation resulted in thick films exhibiting an
initial CO, permeability decrease from 3934 barrer to 96 barrer, with
CO2/Nj selectivity increase from 14.6 to 52.6. Rodriguez et al. [40]
developed a more time-efficient 2-day acid hydrolysis method to syn-
thesize PIM-COOH with 96% conversion, and this functionalization
resulted in a CO, permeability decrease from 2800 barrer to 290 barrer
with an increase in CO2/N3 selectivity from 20 to 32.

In the present work, we prepared highly permeable and selective TFC
membranes on a polyacrylonitrile (PAN) support using acid-hydrolyzed,
carboxylated PIM-1 through an industrially applicable kiss-coating
method. Two variants of PIM-1 were investigated, one predominantly
di-substituted (D-PIM-1) and the other more branched (B-PIM-1). The
TFC membranes were coated from polymer solutions in tetrahydrofuran
(THF), which is generally a challenging solvent for a PAN support.
However, thin active layers with thickness ranging from 600 nm to 3.4
pm were directly coated onto the support without any gutter layer. Some
TFC membranes exhibited evidence of penetration into the bulk of the
PAN support, which does not adversely affect membrane performance.
Membranes were characterized by single gas permeation of Ny, CH4 and
COs. To the best of our knowledge, ideal gas separation performance of
the branched and hydrolyzed PIM-1 TFC membrane, B-cPIM-1-73&81%,
is beyond any other reported PIM-1 based TFC membranes. However,
plasticization may occur under the conditions of use, as indicated by
studies of the pressure dependence of CO, permeability, and by mixed
gas testing (10% COg, 90% Ny).

2. Experimental section
2.1. Materials

5,5’,6,6’-Tetrahydroxy-3,3,3’,3’-tetramethyl-1,1’-spirobisindane
(TTSBI, 97%) was purchased from Alfa Aesar.
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Tetrafluoroterephthalonitrile (TFTPN, >99%) was purchased from Flu-
orochem. Potassium carbonate (KoCOs, anhydrous, >99.5%), tetrahy-
drofuran (THF, analytical reagent grade, >99.8%), sulfuric acid (H2SO4,
laboratory reagent grade, >95%) and glacial acetic acid (analytical re-
agent grade, >99.7%) were purchased from Fisher Scientific. Toluene
(ACS reagent, >99.7%), N,N-dimethylacetamide (DMAc, anhydrous,
99.8%), chloroform (HPLC, >99.8%), methanol (ACS reagent, >99.8%),
1,4-dioxane (anhydrous, 99.8%), acetone (for analysis), ethyl acetate
(GC, >99.5%), hexane (HPLC, >97%), chloroform-d (99.8 atom %D)
and glass wool were purchased from Sigma-Aldrich. Dimethylsulfoxide-
de (DMSO-dg, D, 99.9%) was purchased from Cambridge Isotope Labo-
ratories, Inc. Sepro PA350 polyacrylonitrile (PAN) ultrafiltration mem-
brane support was kindly supplied by Prof. Ingo Pinnau, KAUST.
UF010104 PAN support (batch G) was purchased from SolSep BV (The
Netherlands).

The TTSBI monomer required further purification prior to use. 40 g
TTSBI was first refluxed in 667 ml ethyl acetate at 90 °C for 2 h, then
667 ml hexane was added. The contents were left refluxing for 10 further
minutes, before being cooled down in ice for 3 h. Purified TTSBI was
recovered by filtration and dried under vacuum for at least 1 day before
use.

2.2. PIM-1 synthesis, purification and characterization

PIM-1 was synthesized based on the high temperature method [52]
but modified into a larger scale with a different solvent addition process.
17.03 g (50 mmol) TTSBI, 9.99 g (50 mmol) TFTPN and 20.73 g (150
mmol) K5CO3 were added into a 500 ml three-neck round-bottom flask
placed in a heating block (Asynt, UK) on top of a RCT basic hot plate
magnetic stirrer (IKA, UK) which was set at 160 °C. Heating block
temperature was monitored by a temperature sensor. The flask was
fitted with a Ny purge inlet, an open-end coil condenser, and an over-
head stirrer (Hei-TORQUE Expert 100, Germany). Solvent was prepared
by mixing DMAc and toluene at a ratio of 2:1. The system was
pre-purged by Ny flow. 180 ml (20% excess on the 150 ml normally
used) solvent mixture was added into the flask [33]. The overhead
stirrer with initial speed of 250 rpm and hot plate were turned on
immediately, accompanied with a strong positive Ny flow. The stir speed
was increased appropriately over the time of the reaction, based on the
increasing viscosity. The extra solvent present at the start changes the
temperature profile of the reaction mixtures at the very start compared
to a conventional PIM-1 polymerization. In addition, different ap-
proaches to heating the reaction mixture were employed to further
examine the role of this temperature profile. For di-substituted PIM-1
(D-PIM-1) synthesis, a small heating block (dish) was used to give a
rapid heating rate, initially at 13.9 °C min~'. Two batches of 30 ml
solvent mixture were added at 11 min and 18 min, respectively, and the
reaction was stopped at 30 min, with an average temperature of 141 °C
over the reaction period. For branched PIM-1 (B-PIM-1), a larger heating
block was used to give a slower heating rate, initially at 10.5 °C min L.
Two batches of 30 ml solvent mixture were added at 15 min and 22 min,
and the reaction was stopped at 40 min, with an average temperature of
127 °C. The temperature, stir speed and torque profile can be seen in
Fig. S1. The reaction scheme is shown in Fig. 1 [31,34].

Each reaction was quenched with excess methanol. The precipitated
PIM-1 polymer was collected by vacuum filtration and re-dissolved in
550 ml chloroform in the case of D-PIM-1 and 700 ml for B-PIM-1
(structurally different polymers solubilize differently in chloroform).
After the polymer was totally dissolved, PIM-1 was reprecipitated by
slowly pouring the solution into excess methanol. The PIM-1 recovered
after vacuum filtration was refluxed in de-ionized water overnight and
then vacuum filtered again. PIM-1 was immersed in a minimum amount
of 1,4-dioxane (just enough to cover the polymer) for 15 min and then
washed by copious amounts of acetone and methanol, followed by
immersing in methanol overnight. Finally, vacuum collected PIM-1 was
dried at 100 °C in an oven for 1 day and at 120 °C in a vacuum oven for
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Fig. 1. Step growth polymerizations of TTSBI and TFTPN to produce D-PIM-1 and B-PIM-1.

another two days to remove any remaining solvent.

Proton nuclear magnetic resonance (lH NMR) spectra were recorded
from 25 mg ml~" solutions of PIM-1 in deuterated chloroform using a
Bruker Avance II 500 MHz instrument. Lorentz peak fitting of the aro-
matic proton region (& = 6.0—7.2 ppm) of each proton NMR spectrum
was used to determine the respective integral areas associated with
resonances attributed to di-substituted PIM-1 residue and branch point
stuctures (aromatic protons labeled a, b, ¢ and d in Fig. 1). The peak
fittings obtained for the aromatic proton regions of \H NMR spectra of D-
PIM-1 and B-PIM-1 (Figs. S2 and S3) polymers are presented in Figs. S4
and S5. This allowed an estimation of the percentage of branch points
present in each PIM polymer sample as a proportion of all residues
present.

Number-average molar mass M,, weight-average molar mass My,
and dispersity P of the PIM-1 polymers were determined through gel
permeation chromatography (GPC). Sample solutions were prepared as
1 mg ml~! polymer solutions in chloroform, which were then filtered
through a polytetrafluoroethylene (PTFE) membrane filter (0.45 pm,
Fisherbrand) before analysis. Samples were analyzed with a flow rate of
1 ml min~! using a Viscotek VE2001 SEC solvent/sample module with
two PL Mixed B columns and a Viscotek TDA 302 triple detector array
(refractive index, light scattering, viscosity detectors). Data was
analyzed using OmniSEC software and a 110 kg mol™! polystyrene
standard was used for system calibration.

Elemental analysis was performed by a Flash 2000 Organic
Elemental Analyser (Thermo Scientific, The Netherlands). Ultra-
violet-Visible (UV-Vis) spectroscopy was collected from 0.09 mM PIM-1
tetrahydrofuran (THF) solutions using a Varian Cary 5000 UV-Vis NIR
spectrophotometer at room temperature. Fourier-transform infrared
spectroscopy (FT-IR) was carried out with a Nicolet iS 5 FT-IR Spec-
trometer (ThermoFisher Scientific). Powder X-ray diffraction (PXRD)
was performed on a Philips X’pert X-ray diffractometer (40 kV and 30
mA) using Cu-Ka radiation (A = 1.5406 1°\). The data were collected at
room temperature in a 20 range of 5-50 with a scan speed of 4° min "
Dynamic light scattering (DLS) data were collected from 50 ppm poly-
mer solutions in THF using a Malvern Zetasizer Nano ZS instrument at
room temperature. Thermogravimetric analysis (TGA) was performed
by a PerkinElmer TGA DSC 8000 System. The polymer was heated up
from room temperature to 150 °C at a rate of 10 °C min~! under nitrogen
and maintained at 150 °C for an hour to remove any moisture. Then
polymers were heated up to 600 °C at 10 °C min~" for thermal degra-
dation measurements.

PIM-1 network content measurements were also performed. 10 mg of
each PIM-1 sample was dissolved in 10 ml chloroform and the solution
filtered through a 0.45 pm PTFE membrane filter to remove any
colloidal network content. The collected filtered solution was left open
in a fume hood at room temperature for evaporation of chloroform. The
polymer remaining after solvent evaporation was measured by weight.
Network content was calculated based on the following equation:

Network content = wZwe x 100% (€D}
w

where w was the initial weight of PIM-1 and w, was the weight of PIM-1
remaining after filtration [31].

2.3. PIM-1 acid hydrolysis, purification and characterization

The acid hydrolysis of PIM-1 was a scaled up version (x16) of the
method described by the Smith group [40]. In short, 288 ml deionized
(DI) water, 288 ml H,SO4, 96 ml glacial acetic acid and 4.8 g PIM-1 were
added into a 1 L round bottom flask in sequence. The flask was fitted
with a coil condenser and placed into a heating block on top of a hot
plate. The reaction was conducted at 150 °C under continuous stirring
for either 24 h or 48 h. The hydrolysis reaction for the di-substituted
PIM-1 sample is presented in Fig. 2.

The solution was then cooled down and neutralized in 8 L de-ionized
(DI) water. The precipitated carboxylated PIM-1 (cPIM-1) was vacuum
filtered and refluxed overnight in slightly acidic DI water, prepared by
adding 15 drops of HySO4 into 2.5 L DI water. Finally, cPIM-1 was
collected by vacuum filtration and dried at 120 °C in a vacuum oven for
two days.

'H NMR analysis of each cPIM-1 was carried out in deuterated DMSO
solution (25 mg ml™Y). FT-IR, TGA, XRD, UV-Vis, elemental analysis
were performed to quantify the success of carboxylated PIM-1 conver-
sion, with equipment details mentioned in the previous section. Hy-
drolyzed PIM-1s are named as D/B-cPIM-1-X%, where D and B represent
di-substituted and branched structure, respectively, and X represents the
hydrolysis conversion.

2.4. Preparation of self-standing membranes

Self-standing membranes were prepared of PIM-1 and cPIM-1 by
casting from 3% w/v solutions in chloroform and THF, respectively.
0.15 g polymer dissolved in 5 ml of solvent was pre-filtered through
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Fig. 2. Acid hydrolysis of D-PIM-1.

glass wool to remove any solid impurities or network, and each filtered
solution was poured into a polytetrafluoroethylene (PTFE) Petri dish
with a diameter of 60 mm. The Petri dish was loosely covered with a
bigger glass Petri dish and placed in a N, cabinet at room temperature to
allow slow solvent evaporation and film formation over 2-3 days. The
films were peeled from the petri dishes and placed in a 120 °C vacuum
oven overnight to remove any remaining solvent. Film thicknesses were
measured six times for each membrane using a digimatic micrometer
(Mitutoyo, Japan). Average thicknesses of PIM-1 films were 48 + 3 pm
and of cPIM-1 films were 40 + 2 pm.

2.5. Preparation of thin film composite membranes

TFC membranes were prepared by a kiss coating method using a
roller coater (Fig. S6). The PAN support was cut into a 4.5 cm x 10 cm
rectangular sheet and applied to the roller wheel, with edges sealed with
aluminum tape to prevent any solution penetration to the sheet bottom
and ensure only top-side coating. The programmable DC power supply
motor (RS-3005P, RS PRO, UK) was set at 15 V and the current reading
at 0.14 A to ensure a total coating time of about 5 s (solution contact
time in 1 revolution). Coating solutions were prepared as 3% w/v THF
PIM-1 solution and 4-6% w/v THF cPIM-1 solution. In the coating
process, the amount of contact between the coating solution and the
support sheet on the roller wheel was controlled by tuning the number of
glass slides placed under the solution tray. The solution concentration, y,
used to cast the TFC membranes is prefixed as y % w/v in front of the
designated polymer name. After coating, sheets were peeled off from the
roller and placed in a N; cabinet at room temperature overnight, prior to
permeance testing.

The thickness of the PIM-1 layer on the PAN support was determined
by transmission electron microscopy (TEM) analysis. For the prepara-
tion of the TEM specimens, the TFC samples were embedded in EMBed
812 epoxy resin overnight under vacuum and the resin was polymerized
at 60 °C for 48 h afterwards. The block of resin was trimmed first using a
Leica EM Trim and then using a glass knife, resulting in a pyramid-like
shape with a narrow window exposing the cross-section of the TFC
samples. Ultrathin sections of 70 nm were obtained using a diamond
knife on a Leica EM UC7 ultramicrotome device at room temperature.
The angle of the knife was set at 6°, the step at 70 nm and the speed at 1
mm s~ 1. The ultrathin sections were mounted on carbon 300 mesh
copper grids, left to dry on a filter paper and then transferred to a grid
box. Imaging of the TEM specimens was carried out using a Tecnai T20
TEM at an acceleration voltage of 200 kV.

A scanning electron microscope (SEM) FEI Quanta 250 FEG-SEM was
used to study the cross-section and porosity of various polyacrylonitrile
supports and TFC membranes of PIM-1 and cPIM-1. Samples for cross-
sectional imaging were prepared by immersing the samples in DI
water for 15 s, then introducing them into liquid nitrogen for another 15
s, where the membrane was fractured. The membranes were coated with
5 nm of Au/Pd (80:20) nanoparticles using a Pt/Au Quorum Sputter
(UK), then left to dry for 3 h. The images were produced by utilizing a
Secondary Electron (SE) detector. ImageJ software was used to perform
size and area measurements on the PAN supports.

2.6. Gas permeance testing

2.6.1. Single gas permeance testing and ideal selectivity calculation

Single gas permeance testing was carried out using pure Ny, CH4 and
CO,, in that sequence, by the standard variable volume method [32]. An
upstream gauge pressure around 2.5 atm was maintained at room
temperature, with the downstream permeate side at atmospheric pres-
sure. Membranes were cut into circular coupons to fit the testing cell,
with active permeation area of 2.84 cm?. Before any test, membranes
were pressure-conditioned for 20 min for self-standing membranes and
for 5 min for TFC membranes (prepared on Sepro PA350 support) for
each gas. At fixed pressure, the time for a specific volume of permeate
gas was recorded for permeance calculation based on the following
equation:

ke 2 108 )

tA(p1 — p2)

where K is the gas permeance (GPU, 1 GPU = 1076 cm® [STP] em 257!
emHg ! = 3.348 x 1071 mol m2s7! Pa~1), Q is the volume of pene-
trated gas (cm3, corrected to STP [0 °C, 1 atm]), t is the permeation time
(s), A is the active membrane permeation area (cmZ), and p; and p, are
pressure in the membrane feed side and permeate side (cmHg),
respectively. Membrane gas permeability was calculated by:

P=K x| 3
P is the membrane permeability (barrer, 1 barrer = 10719 ¢m? [STP]
cm em 2571 cmHg’1 =3.348 x 10 ® mol m m 2 57! Pa’l), 1 is the

membrane thickness (pm). Membrane ideal gas selectivity was calcu-
lated as the ratio of gas permeance or gas permeability by:

cous =g =0 @
where x is either N, or CH4. TFC membranes were all tested as fresh
samples unless mentioned otherwise. TFC membrane performances
were tracked during a physical aging period of 60 days. Aged TFC
membranes were further refreshed by storing them along with
methanol-wetted tissue paper (kept in an open plastic bag to allow slow
release of methanol vapor) in a sealed plastic zipper bag at room tem-
perature for 7 days [53]. At least two membranes of each sample were
tested for reproducibility, and the average with standard deviation is
reported.

2.6.2. COg pressure dependent measurement of TFC membranes

The effect of CO;, pressure on separation performance was carried
out with pure CO; using a similar dead-end gas permeation cell to that
described above, but with an active permeation area of 8.7 cm? TFC
membranes prepared on UF010104 PAN support (batch G) were tested
from gauge pressure 1.4 bar-15 bar to track the CO, permeance change
based on feed pressure.

2.6.3. Mixed gas testing

Mixed gas testing was carried out using a 10% CO2/90% N2 mixture
under upstream gauge pressure around 2.5 and 4.8 bar at room tem-
perature, with the downstream permeate side at atmospheric pressure.
Cross gas flow (0.8-1 L/min) was maintained on the feed side to reduce
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D-PIM-1 and B-PIM-1 polymers produced from step growth polymerization in dilute solvent mixtures, from different temperature profiles; results from 'H NMR and

multi-detector GPC analysis.

Polymer sample” Polymerization details”

'H NMR analysis®

Multi detector GPC analysis’

Temp. Set/Av. (°C) Time (min) Yield (%) Branching (%) M,, (kg mol 1) M, (kg mol 1) D Intrinsic Viscosity (cm® g’l)
D-PIM-1 160/141 30 97.2 3.7 116 59.5 1.9 35.0
B-PIM-1 160/127 40 97.2 6.5 143 55.9 2.6 39.3

@ D-PIM-1 denotes a predominantly di-substituted PIM-1 polymer, whereas B-PIM-1 refers to a more heavily branched PIM-1 polymer. Both polymers exhibit low

network contents, below 2%.

b Set/average polymerization temperature, total reaction time and yield obtained in the respective polymerizations.

¢ Aromatic proton integral area analysis to provide estimation of the level of branching, based on the defect peaks attributed to branch points (¢ and d) compared as
percentage of major peaks attributed to di-substituted PIM-1 residue structures (a and b) as outlined in Table S1.

4 Molar mass distribution analysis of polymers in chloroform to obtain weight-average molar mass (M,y), number-average molar mass (M,) and dispersity = M,,/M,

for the samples.

the concentration polarization effect [54]. The stage cut was less than
3%. The permeate gas composition was analyzed by gas chromatog-
raphy using an Agilent 490 Micro GC (10 m PPU Heated Inj, column
temperature 70 °C, injector temperature 40 °C). The mixed gas per-
meance was calculated using:

K. Oy;

== % 10° (5)
tA(p1x; — p2yi)

where i represents either Ny or COy, x is the mole fraction on the feed
side and y is the mole fraction on the permeate side. K, Q, t, A, p; and p»
are as defined above. Mixed gas selectivity was calculated as a ratio of
permeances. Mixed gas separation factor (SF) was calculated using:

SF:yCOZXNZ ©)
YN, Xco,

where x¢o, and xy, are the mole fractions of CO2 and Nj in the feed,
respectively, and yco, and yy, are the mole fractions of CO; and N in the
permeate, respectively. UF010104 PAN support (batch G) was used for
the mixed gas study.

3. Results and discussion
3.1. PIM-1 synthesis and hydrolysis

Two PIM-1 samples, a predominantly di-substituted (D-PIM-1) and a
more branched (B-PIM-1) polymer, with similar weight-average molar
mass and negligible network content (below 2%) were produced in high
yield polymerizations carried out at average temperatures of 141 and
127 °C, respectively (Table 1). Compared to previous work, 20 vol%
more solvent was present at the beginning of each polymerization,
altering the early temperature profile in these reactions, with two extra
20 vol% additions in the middle of the reactions ensuring uniform
mixing throughout the remainder of the process and helping to avoid

Table 2

excessive network formation. However, excess solvent at the beginning,
and later dilutions, made it more difficult to monitor the torque change
on the overhead stirrer. The reaction quenching points were therefore
more dependent on direct visual observation of mixing status. Once the
solution became viscous and hard to mix, the reaction was stopped. Even
though the hot plate temperature for both reactions was set at the same
160 °C, the short reaction time and different size of the heating block led
to a 14 °C temperature difference on average, resulting in differences in
topology as indicated in Fig. 1 and discussed below. Results of analysis
by multi-detector GPC are included in Table 1. Both PIM-1 polymers
showed high weight-average molar mass (M,, >100 kg mol™) with
moderate dispersity (P <3). Elemental analysis was conducted to
confirm the -COOH conversion and is summarized in Table 2. Conver-
sion to amide would result in very little change in terms of nitrogen
content. All cPIM-1s synthesized in this work contained significantly
decreased levels of nitrogen compared to PIM-1, which supported the
presence of -COOH. The 48 h hydrolysis of B-PIM-1, which exhibited the
lowest nitrogen content (0.52%) and equated to 90% conversion, was
denoted as B-cPIM-1-90%. The 24 h hydrolysis reactions showed similar
conversions of around 70-80%.

3.2. Polymer characterization

The 'H NMR spectrum of D-PIM-1 (Fig. 3) is consistent with previous
studies [55,56]. Resonances attributed to methyl protons show at 1.25
ppm and methylene protons at around 2.2 ppm. The aromatic protons
are subdivided into two different peaks (a and b), due to the spiro-center
of the TTSBI monomer, at 6.75 ppm and 6.35 ppm. When the poly-
merization is conducted at a lower temperature there are more
mono-substituted connections giving rise to a branched structure, which
is reflected in the 'H NMR spectrum of B-PIM-1 (Fig. 3) with two minor
peak shoulders (c and d) shown at 6.6 and 6.2 ppm, which are attributed
to the aromatic protons adjacent to the branching ~-OH group [31,32].

Elemental analysis of PIM-1s and cPIM-1s, and hydrolysis conversion calculations. Expected values for PIM-1 and fully hydrolyzed cPIM-1 are in bold.

Polymer Hydrolysis time (h) C (%) H (%) N (%) N/C ratio Conversion (%)“
PIM-1 75.6 4.38 6.08 0.080 0

D-PIM-1 0 73.4 4.23 6.15 0.084 0

B-PIM-1 0 73.5 4.20 6.09 0.083 0
D-cPIM-1-70% 24 66.5 4.51 1.63 0.025 70
B-cPIM-1-73% 24 67.1 4.63 1.46 0.022 73
B-cPIM-1-81%" 24 65.6 4.59 0.99 0.015 81
B-cPIM-1-90% 48 66.3 4.69 0.52 0.0078 90

cPIM-1 69.9 4.45 0.00 0 100

@ Hydrolysis conversion was calculated based on N/C ratio change through the equation:Conversion =

(N/C ratio)ppy_y — (N/C ratio) ppy_y

- x 100%.
(N/C ratio)ppy_;

b B-cPIM-1-81% was prepared in the same way as B-cPIM-1-73% but had slightly different conversion. Polymer characterization of B-cPIM-1-81% can be found in

Supplementary Information Figs. S9, S11, S13 and S14.
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Fig. 3. 'H NMR spectra of D-PIM-1 and B-PIM-1 in CDCl; and B-cPIM-1-90% in
DMSO-dg. The inserted figure is an amplified B-PIM-1 spectrum range from 6 to
7 ppm. The letters are related to the proton positions reflected in Figs. 1 and 2.
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Fig. 4. FT-IR spectra of D-PIM-1, B-PIM-1, and B-cPIM-1-90% polymers.

The proportion of branching residues was calculated by comparing the
integral areas of shoulder peaks (c and d) to the integral areas of main
peaks (a and b), yielding a value of 6.5%. After 48 h acid hydrolysis of
B-PIM-1, a peak appears at 13.6 ppm in the 'H NMR spectrum (Fig. 3),
which is representative of a carboxylic acid proton (e) in B-cPIM-1-90%,
rather than an amide proton, which typically arises at 7-8 ppm [39].
Full 'H NMR spectra of polymers synthesized in this work are presented
in Fig. §2, S3, and S7-S10.

FT-IR spectra are presented in Fig. 4 and Fig. S11. There was little
difference between the FT-IR spectra of B-PIM-1 and D-PIM-1 polymer
samples, similar to previous reports [45,57]. Peaks at around 1007 and
2950 cm ! are related to the stretching of the dioxane group (CG-0-C)
and alkyl groups (-CHs, —-CHj-) of PIM-1, respectively. The small sharp
peak at 2234 cm™! is a typical nitrile (-CN) stretching. The branching
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Fig. 5. UV-Vis absorption spectra of PIM-1s and cPIM-1s, obtained from 0.09
mM THF solutions.

hydroxy group is not obvious in the spectra, probably due to the low
content. The nitrile group decreases or disappears after hydrolysis, with
a new carboxylic acid — carbonyl (—C=0) stretch arising at 1710 cm >,
rather than forming an amide carbonyl stretch at 1650 cm™* [42].

Polymers were also characterized in solution in THF by UV-Vis
spectroscopy (Fig. 5). The absorption at 433 nm is partially related to the
n-n* conjugation [31] of five fully fused aromatic rings (6,13-dicyano-
benzo-1,2,4’,5’-bis-1,4-benzodioxane chromophores) between the
spiro-centres in the di-substituted PIM-1 structure. However, each
branch point disrupts this conjugated structure, leading to a decreased
absorption at 433 nm. The lower absorbance obtained for B-PIM-1,
compared to D-PIM-1 at 433 nm, shown in Fig. 5, supports the branched
structure formation in that sample. The conversion from ~CN group to
—COOH group also leads to a color change from bright yellow to brown.
The main —CN absorption at 433 nm diminishes after hydrolysis and the
absorption of -COOH at 378 nm rises [42]. Longer hydrolysis time (24 h
vs. 48 h) is associated with higher conversion, accompanied with lower
—CN and higher -COOH absorption. The relative difference at 433 nm
between D-cPIM-1-70% and B-cPIM-1-73% again supports the disrup-
tion of n-n* conjugation by the branch points.

In DLS analysis (Figs. S12 and S13) all polymers exhibit similar size

] IE . B-cPIM-1-80%

3000
M M B-cPIM-1-73%
Wponf e i P

-

.

D-cPIM-1-70%

2000 4

Intensity

1000

Fig. 6. XRD analysis of powder samples of PIM-1s and cPIM-1s.
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(hydrodynamic diameter) distribution in terms of both intensity and
number. All number-average particle sizes of the diluted dispersion in
THF are around 10-15 nm. The size distributions indicate no large ag-
gregates that typically appear at a size of more than 100 nm with sig-
nificant number percent.

Polymer powder samples were characterized by XRD as shown in
Fig. 6. Two obvious peaks around 13° (d-spacing = 6.8 A) and 18° (d-
spacing = 4.9 A) may be attributed to the distances between loosely
packed chains and micropores of the ladder-structured polymer,
respectively [44,46,58]. The structural difference evident in the two
PIM-1 samples was not reflected in the respective diffraction peaks.
However, the d-spacing decreased as the hydrolysis proceeded from 0 to
48 h, which may be attributed to more intense polymer chain in-
teractions produced by the —COOH rich environment. This change
would favor CO5 permeation over N, and CH4 as will be demonstrated in
the following section.

TGA was performed on all polymers as shown in Fig. 7 and Fig. S14.
Each sample had an isothermal pre-treatment at 150 °C for 1 h to remove
any residual water and solvent. Both the di-substituted and the branched
PIM-1 polymers were thermostable and significant weight loss only
started to occur around 500 °C, related to the polymer backbone
decomposition [59,60]. The slightly greater weight loss for B-PIM-1
compared to D-PIM-1 indicated that the structure richer in
mono-substituted linkages is less stable than a predominantly
di-substituted polymeric structure. For all carboxylated PIM-1s, two
stages of weight loss are observed. The weight loss of the first stage
around 300 °C-450 °C is due to the decomposition of -COOH groups.
For a fully carboxylated PIM-1, this weight loss should equate to 18%.
Based on this assumption, 12% weight loss of D-cPIM-1-70% and
B-cPIM-1-73% and 14% weight loss of B-cPIM-1-90% indicate approx-
imate hydrolysis conversions of 67% and 78%, respectively, represent-
ing a small discrepancy from the elemental analysis determination. The
—COOH loss of B-cPIM-1-90% starts at a higher temperature than the 24
h hydrolyzed PIM-1, which suggests the greater content of ~-COOH
produces a more stable structure by the rich H-bonding environment.
The interaction can intensify the chain packing of polymer under TFC
membrane conditions, which will be demonstrated later.

3.3. Single gas permeability of self-standing membranes

PIM-1s and cPIM-1s were firstly prepared as self-standing mem-
branes for permeability testing. However, all cPIM-1s proved brittle and
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Fig. 7. TGA traces obtained from powder samples of PIM-1s and cPIM-1s.
Weight losses of D-cPIM-1-70%, B-cPIM-1-73% and B-cPIM-1-90% at first
stage are labeled.
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Fig. 8. Robeson plot with Robeson 2008 upper bound (solid line) [14] and
Jansen/McKeown 2019 upper bound (dashed line) [15], showing CO; and Ny
single gas derived membrane performance of thick films of D-PIM-1 and
B-PIM-1 aged for 1, 30 and 145 days, and of hydrolyzed samples,
D-cPIM-1-70% and B-cPIM-1-73% after 1 day aging. For comparison, initial TFC
performance of all these materials after 1 day is also included. The grey arrow
indicates the thick PIM-1 film aging trend and the two-way red arrows indicate
performance comparisons between thick film and thin film composite mem-
branes prepared from the same material. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)

particularly hard to retest to obtain aging data, which might be due to
the intense H-bonding effect. In particular, the product of the 48 h hy-
drolysis of the branched PIM-1 sample, B-cPIM-1-90%, could not be
initially cut into a coupon to fit the testing rig. By contrast, it has been
reported that the long-term base hydrolyzed PIM-1, which also proved
to have high COOH conversion [39], can be cast into self-standing
membranes which still maintain a yellowish color and are flexible.
The thick film CO,, N5 and CH4 permeation data for PIM-1s and cPIM-1s
are compiled in Table S2 and data from individual membranes can be
viewed in Table S3. The CO,/N; performances are shown in a Robeson
plot in Fig. 8. The initial gas permeability and selectivity for both types
of PIM-1 (1 day aging) proved identical within experimental error, with
CO,, permeability recorded at nearly 9000 barrer and CO2/Nj selectivity
around 12. B-PIM-1 membranes maintained 30% of their initial CO5
permeability after 145 days aging and had a slightly better aging per-
formance than their D-PIM-1 counterparts, which only maintained 23%
of their initial COy permeability. The aging behavior followed the
Robeson upper bound slope (grey arrow in Fig. 8). All cPIM-1 mem-
branes showed significantly improved CO2/Ny ideal selectivity, more
than 40, but reduced gas permeability, around 400 barrer of CO5. This is
attributed to a more intense H-bonding network and overall densified
polymer structure producing a better molecular sieving ability that fa-
vors CO, permeation [40].

3.4. Single gas permeance of thin film composite membranes

TFC membranes for initial single gas studies were prepared by a kiss-
coating method on Sepro PA350 support. In general, the solvents used
for coating do not significantly affect the permeance of a PAN support
(see Table 54), although some supports are more sensitive than others to
the coating process, as mentioned later. PIM-1 TFC membranes were
prepared from 3% w/v coating solution in THF. The viscosity of cPIM-1
coating solution decreased with increasing hydrolysis conversion. This
meant that a 3% cPIM-1 coating solution failed to form a complete
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70%, B-cPIM-1-73&81% with 4% (w/v) coating concentration, and B-cPIM-1-90% with 4.75% (w/v) and 6% (w/v) coating concentration, respectively.

selective layer on top of the PAN support, so higher concentrations were
used, namely 4% for D-cPIM-1-70%, B-cPIM-1-73% and B-cPIM-1-81%
(B-cPIM-1-73% and B-cPIM-1-81% were both prepared by 24 h acid
hydrolysis; where data are combined as an average when specified as B-
cPIM-1-73&81%) and two higher coating concentrations, 4.75% and
6%, for B-cPIM-1-90%. The aging behavior of averaged data is sum-
marized in Fig. 9, Fig. S15 and Table S6, and separation performance of
individual coupons can be viewed in Tables S7-S12. The thin active
layer in a TFC membrane usually experiences rapid physical aging ef-
fects that manifest in a few weeks, but which can take months or even
years in thick film membranes [19]. Structural rearrangement occurs
more easily with a thinner active layer, allowing faster approach to-
wards a thermodynamic equilibrium state [21], with its decreased free
volume and lower gas permeability. The di-substituted structure, either
D-PIM-1 or D-cPIM-1-70%, exhibits normal TFC membrane aging
behavior, with a dramatic permeance decrease within the first six days
and slower permeance decrease thereafter. The COy permeance of
D-PIM-1 and D-cPIM-1-70% falls by 85% and 52%, respectively, after 60

3% w/v D-PIM-1

days. However, the branched structure has better anti-aging properties.
The B-PIM-1 polymer, proposed to exist as a multi-branched polymeric
structure, containing very little colloidal network content [33], showed
only 15% and 65% CO; permeance decreases after 20 and 60 days,
respectively. Appropriate degree of carboxylation of this polymer
proved to maintain the original branched structure performance.
B-cPIM-1-73&81% showed quite stable performance over 60 days in
terms of both gas permeance and selectivity. However, by comparison,
highly hydrolyzed B-cPIM-1-90% TFC samples coated from 4.75%
sample solution tended to have rapid permeance fall at an early stage,
which suggests that rapid structure densification by strong H-bonding
interactions occurs in an extremely -COOH rich environment (see dis-
cussion of TGA). B-cPIM-1-90% TFC membranes coated from a higher
concentration solution of 6% yielded a comparatively thicker selective
layer (both shown in the TEM analysis presented in Fig. 10) exhibiting
CO, permeance of about 400 GPU. The steady CO, permeance over 20
days was accompanied by decreased selectivity, and even a loss in all
selectivity at the end, which could be ascribed to the membrane

Fig. 10. Cross-sectional TEM images of TFC
membranes prepared from 3% w/v solutions
of D-PIM-1 and B-PIM-1, along with TFC
membranes prepared from 4% w/v solutions
of D-cPIM-1-70% and B-cPIM-1-73%, and
TFC membranes of B-cPIM-1-90% prepared
from both 4.75% w/v and 6% w/v coating
solution. White dashed line indicates level of
solution penetration and yellow dashed line
indicates surface layer thickness. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
Web version of this article.)

1% w/v D-cPIM-1-70%
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breaking and leaking, probably due to increased material brittleness
brought on by membrane aging. Changes in CO, permeability over time
for B-PIM-1 and B-cPIM-1-73&81% TFC membranes are compared with
other topologically different PIM-1 TFC membranes in Fig. S16, and
initial aging rates (-dlogP/dlogt) [61,62] are given in Table S5. B-PIM-1
and B-cPIM-1-73%&81% TFC membranes exhibit minimal initial aging
compared to PIM-1 TFC membranes studied previously [31,34,63].

Both PIM-1s produced TFC membranes with a similar CO2/Nj
selectivity around 20. cPIM-1 TFC membranes exhibited significantly
improved ideal selectivity, above 45. The selective performance of B-
cPIM-1-73&81% was more stable over the aging test, however the more
fully hydrolyzed B-cPIM-1-90% underwent similar aging behavior to D-
cPIM-1-70%, showing decreased selectivity at the end.

TFC membranes of polymers that were both hydrolyzed and
branched were prepared from two different batches, B-cPIM-1-73% and
B-cPIM-1-81%, and in total 15 fresh membrane coupons were tested
over 60 days’ aging. The lowest ideal CO,/Nj selectivity of all coupons
tested was still greater than 40 and some selectivities exceeded 100,
which accounts for the large selectivity error bars. Given that the cPIM-1
polymers were coated from THF, which is hygroscopic, and that the
polymer itself may adsorb some moisture, it is possible that traces of
water in the membranes contribute to variations in selectivity. The full
data can be examined in Table S10.

Cross-sectional TEM images of a selection of the TFC membranes,
with the calculated surface active layer thickness values (marked in
yellow), are shown in Fig. 10. Both D-PIM-1 and B-PIM-1 show similar
thickness of 3.72 pm and 3.61 pm, respectively. These surface active
layers are thicker than reported in a previous publication [31,34], which
indicated an average of 2 pm for all PIM-1 TFC membranes with almost
the same coating procedure, except that a larger roller coater and THF
solvent were used in this work. The lower initial permeance observed for
B-PIM-1 TFC, when multiplied by its surface active layer thickness,
equated to membrane permeability in the range of 11-12,000 barrer, as
typically previously reported for PIM-1 TFC membranes [31,34]. Thick
films cast from the two PIM-1 samples in chloroform exhibited slightly
lower initial permeabilities of around 9000 barrer. The solution vis-
cosity of the di-substituted sample is higher than the branched sample in
the hydrolyzed state, which impacts interactions with the PAN support.
Starting from 4% w/v coating concentrations, 0.63 pm and 1.39 pm
surface active layer thicknesses, on top of the PA350 support, were
obtained from D-cPIM-1-70% and B-cPIM-1-73%, respectively. The TEM
analysis of the 4% w/v B-cPIM-1-73% TFC also showed some evidence of
partial penetration (marked in white, approx. 0.8 pm) into the under-
lying PAN support. All thin film permeabilities (calculated by multipli-
cation of the respective permeance and effective active layer thickness in
microns in each case) significantly improved compared with the thick
film (Fig. 10, Table S13), especially for cPIM-1s less than 90% hydro-
lyzed, which had material permeabilities more than tenfold greater than
those found in thick films. As with PIM-1, some of this increased initial
permeability found for cPIM-1 TFC membranes, compared to compa-
rable thick films, can be attributed to the mode of film formation. In
thick film formation, the solvent is allowed to evaporate slowly. How-
ever, in thin film formation, the solvent can evaporate very rapidly [64]
and potentially leaves an initially more loosely packed structure. This
loosely packed structure in TFC membranes would possess more free
volume and produce a higher CO, permeability. The most significant
contribution to the inflated single gas CO5 permeabilities may prove to
be attributable to increased plasticization occurring in the partially
hydrolyzed cPIM-1 TFC membranes, which will be discussed in more
detail later. By contrast, the more fully hydrolyzed cPIM-1-90% TFC
membranes coated from 6% w/v solutions actually exhibited initial
permeability much more closely aligned to their equivalent thick film.

TFC membranes of cPIM-1 often exhibited large variations in high
ideal selectivity between individual coupons, which contribute to
sometimes large standard deviations. Two particular membrane cou-
pons prepared from 4% w/v B-cPIM-1-81% solution, measured after 60
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days aging, with similar CO, permeance (coupon A 4600 GPU vs.
coupon B 5500 GPU) but significantly different CO2/N2 selectivity
(coupon A 60 vs. coupon B 160), were selected to be characterized by
TEM (Fig. S17). TEM analysis had previously shown significant pene-
tration of polymer into the support for 4% w/v B-cPIM-1-73% solution
(Fig. 10). In comparing these two additional coupons, it is possible to
discern that in the case of coupon B the coating solution has again
partially penetrated into the support (marked in white, approx. 0.7 pm),
causing additional transport resistance [65]. The overall similar cPIM-1
layer thickness (layer on support surface plus penetration layer) resulted
in a similar COy permeance. However, the Ny permeability is signifi-
cantly reduced where there is penetration into the pores of the support,
leading to higher CO,/Ns selectivity. This has been observed previously
by Chernova et al. [66] in studies of PIM-1 constrained in the pores of
anodic alumina membranes. Confinement of the polymer chains within
a small pore reduces polymer mobility, hindering diffusion of permanent
gases for which transport is diffusion-controlled, but with less effect on
condensable gases for which transport is solubility-controlled.

The TFC membrane CO,/N; performances are collated for compar-
ison to the industrially favored region in Fig. 11. Comparisons with other
state-of-the-art work published in the literature are presented in Fig. S18
and Table S14. Compared to self-standing membranes, typically with
thicknesses of more than 50 pm, TFC membranes are more attractive
because the overall asymmetric structure allows a thin active layer, thus
significantly reducing the mass transfer resistance and increasing the gas
throughput. Recently, research has focused on building thinner and
thinner active layers by using either surface polymerization [23,25] or
developing suitable materials [28], and the resulting thin layer has
reached a level below 100 nm. In this work, ultra-permeable cPIM-1 TFC
membranes are fabricated, simply using solution processable polymer
and a kiss coating method, directly on a PAN support without intro-
ducing a gutter layer, which is applicable to an industrial scale. Even
though active layer thicknesses are on the micrometer scale, the ideal
gas separation performance still falls comfortably within the target
range. By introducing a branched structure and the necessary amount of
hydrolysis to that PIM-1 polymer, the severe aging problems often
associated with PIM-1 membrane materials can be mitigated. However,
ideal selectivities from single gas measurements may differ markedly
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Fig. 11. Comparison of the CO5/N, separation performances of TFC mem-
branes of PIM-s and cPIM-1s prepared in this work with the industrial favored
range suggested by Merkel et al. [18] for post-combustion carbon capture. The
solid symbol and solid arrows indicate the trends of 60 days aging of TFC
membranes prepared from Sepro PA350 support, and the half-filled symbols
and dash arrows indicate the performance shift from single gas to mixed gas of
TFC membranes prepared from Solsep UF010104 support.
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from those realizable in practice with gas mixtures, because strongly
sorbing gases such as COy may plasticize the polymer. This is discussed
further below.

3.5. Pressure dependence and mixed gas performance of thin film
composite membranes

Glassy polymers are prone to plasticization, where a highly-sorbing
penetrant such as CO, modifies the interactions between polymer
chains and enhances the chain mobility, leading to an increase in free
volume. In a gas separation membrane, this is generally manifested as an
increase in permeability with increasing pressure, sometimes above a
minimum pressure referred to as the plasticization pressure. For gas
mixtures, plasticization usually leads to a decrease in selectivity. Plas-
ticization effects, which may arise even with “rigid” PIMs [67], can be
particularly pronounced in thin films [64,68,69].

In the present work, plasticization effects were investigated for TFC
membranes of PIM-1 and hydrolyzed PIM-1 on a SolSep UF010104 PAN
support (batch G). It should be noted that there are differences between
this support and the Sepro PA350 support used in the work described
above, the SolSep support being more prone to loss in porosity during
the coating procedure (see SEM analysis presented in SI, Figs. S19-521,
Tables S15-5S16). Fig. 12 shows that there is an increase in CO2 per-
meance with increasing pressure for both B-PIM-1 and B-cPIM-1-81%
TFC membranes, indicating significant plasticization in thin films (data
collated in Table S17). The CO, permeance approximately doubled as
feed pressure increased from 1.4 bar to 15 bar. Similar plasticization
behavior has been reported by Tiwari et al. [70] for a 1 pm self-standing
PIM-1 thin film. In contrast, for PIM-1 thick films (50-100 pm), Li et al.
[71] and Swaidan et al. [67] observed a decrease in COy permeability
with increase in pressure up to 10 bar, reflecting a decrease in solubility
coefficient with increasing pressure as expected for the dual-mode
sorption model.

Table 3 gives gas permeation results for a mixture of 10% CO3 in Ny
for TFC membranes of B-PIM-1, B-cPIM-1-81% and D-cPIM-1-70%,
along with ideal gas selectivities from single gas measurements at 2.5
bar. It is clear that mixed gas selectivities are significantly lower than
ideal selectivities, and that under these conditions the performance of
the hydrolyzed PIM-1 is similar to that of the parent polymer. Some loss
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Fig. 12. Pressure dependence of CO, permeance (relative to value obtained at
the lowest pressure) for B-PIM-1 and B-cPIM-1-81% TFC membranes from
single gas testing (raw data can be viewed in Table S17). Data from Tiwari et al.
[70] for a 1 pm PIM-1 self-standing thin film are included for comparison.
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of selectivity may be a consequence of concentration polarization, where
selective transport leads to a concentration gradient near the membrane
surface, but this was minimized by maintaining a high cross gas flow on
the feed side and keeping the stage cut below 3%. It is noteworthy that
although the CO,/N, mixed gas selectivity decreases with increasing
pressure, at this modest concentration of CO» in the feed the separation
factor nevertheless increases with increasing pressure. The cPIM-1 TFC
membranes can concentrate CO, from 10% CO-/90% N- feed to 28%
and 38% at feed pressures of 2.5 bar and 4.8 bar, respectively.

Strong plasticization has previously been observed in propene/pro-
pane separation with various polymers [64,72]. Lee et al. [64] investi-
gated a range of glassy polymers and demonstrated more intense
plasticization on decreasing the active layer thickness in TFC mem-
branes, leading to poor mixed gas selectivities in thin films compared to
isotropic bulk films. They utilized an additional plasticization-resistant
coating to minimize plasticization and improve mixed gas selectivities.
Ren et al. [72] studied amidoxime-functionalized PIM-1 as bulk films
and reported that coordination crosslinking with metal ions could
improve the plasticization resistance, however, the applicability of that
approach to thin films has not yet been established.

The present work confirms that for CO, separations the mixed gas
performance in thin films may deviate significantly from the ideal
behavior of the bulk polymer. This highlights the importance of studying
materials for gas separation membranes under mixed gas conditions in
commercially-relevant thin films. Future work will investigate strategies
for minimizing plasticization under these conditions.

3.6. Thin film composite membrane refreshment through methanol vapor
treatment

B-cPIM-1-73&81% TFC membranes showed good aging performance
during 60 days of physical aging, while the other TFC membranes still
underwent significant physical aging when stored under ambient con-
ditions in a sealed plastic zipper bag. It was found that when an aged TFC
membrane that had been tested previously was retested, it gave a lower
permeance than a similarly aged membrane that had not been tested
previously. Liquid alcohol treatment is commonly used to recover free
volume lost during aging of self-standing membranes [73,74]. However,
this method cannot be utilized to refresh a TFC membrane due to the risk
of membrane delamination. An alcohol vapor treatment has also been
used to regenerate self-standing membranes [75] and TFC membranes
[21]. In this work, a facile methanol vapor treatment method [53] was
used to refresh TFC membranes aged more than six months (Table 4).
Methanol vapor was allowed to diffuse into the membrane, which is
expected to swell the PIM-1, leaving it in a higher free volume state. The
permeance was at least partially recovered for all TFC membranes,
although this was not as effective for the predominantly disubstituted
structure as for the more branched structure, which may be attributed to
reinforced intermolecular interactions in a disubstituted structure after
fast initial densification. The performance of cPIM-1 TFC membranes on
Sepro PA350 support that were aged for 200 days then refreshed was
better than when previously retested after 60 days. For example,
refreshed D-cPIM-1-70% gave a CO, permeance of 3400 GPU, 70%
higher than the day 60 value, with CO5/Nj selectivity of 54, comparable
to the day 1 value.

4. Conclusions

A series of thin film composite membranes have been prepared using
PIM-1 and cPIM-1 polymers by a simple kiss coating method on PAN
supports. PIM-1 TFC membranes with active layer thickness around 3.6
pm were obtained with CO, permeance in the range 3000-6000 GPU
and COy/N; ideal selectivity around 20. cPIM-1 with hydrolysis degree
of 70-80%, even though 20 times less permeable than PIM-1 when cast
into thick films, can be successfully fabricated into 1 pm TFC membranes
with similar CO2 permeance to traditional PIM-1 TFC membranes (in the
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Table 3
Mixed gas separation performance of TFC membranes of B-PIM-1, B-cPIM-1-81% and D-cPIM-1-70% from 10% CO,/90% N, feed, and comparison with single gas
performance.
Sample Gauge pressure (bar) Mixed gas permeance (GPU) CO/N, mixed gas selectivity Separation factor Single Gas Permeance (GPU) CO2/Nj ideal gas selectivity”
Ny CO, CO,
B-PIM-1 2.5 27 £14 520 +177 19.6 + 3.4 3.5+0.1 1300 + 350 31.8 £6.7
4.8 31 +11 516 + 251 16.3 £2.7 5.6 £0.2
B-cPIM-1-81% 2.5 52+8 1012 +182 195+ 3.1 3.6+ 0.1 1900 + 410 86.7 £ 8
4.8 68+9 881 +63 13.2+1.4 5.3+0.1
D-cPIM-1-70% 2.5 44 +£11 717 + 32 16.8 £ 4.8 3.5+0.2 1000 + 320 36.5 + 6.4
4.8 52+15 708 +£174 13.6 £0.7 5.4+0.2

? Idea gas selectivity was obtained at 2.5 bar through single gas testing. Detailed data can be viewed in Table S17.

Table 4

Thin film composite membrane performance of D-PIM-1, B-PIM-1, D-cPIM-1-70% and B-cPIM-1-73% at day 1, day 60 and after methanol vapor refreshment.

Sample Aging (days) Single gas permeance (GPU) Ideal gas selectivity
Ny CHy CO, CO2/Ny CO2/CH4
3% w/v D-PIM-1 1 430 + 46 830 + 100 6200 + 720 14 £ 0.8 7.5+ 0.6
60 39 £13 52+ 25 930 + 400 23 +4.3 19+1.9
175 (refreshed)” 120 + 23 220 + 40 1800 + 2100 16 +1.3 8.5+ 0.6
3% w/v B-PIM-1 1 170 £ 61 300 + 120 3100 + 490 19 + 3.9 11+ 29
60 58 +£ 23 91 +£ 20 1100 + 160 20 + 6.8 12+1
195 (refreshed)” 180 + 50 340 + 110 2300 + 600 13+1.9 69+1
4% w/v D-cPIM-1-70% 1 140 + 44 210 + 68 7700 + 507 57 +£15 36 £11
60 (retest)” 84 + 84 110 £ 121 2000 + 1300 29 +19 24 +13
200 (refreshed)h 64 +7 90 + 22 3400 + 120 54 + 3.5 40 + 8.3
4% w/v B-cPIM-1-73% 1 40 +£11 53+9 2900 + 130 77 + 25 55+ 10
60 (retest)” 23+7 31+12 1000 + 290 49 + 24 39 + 20
200 (refreshed)h 40 + 11 57 + 22 1900 + 41 50 + 13 37 £ 14

2 Performance of 4% w/v D-cPIM-1-70% and B-cPIM-1-73% at day 60 was obtained by characterizing samples already tested before.
b performance of refreshed membranes was obtained by characterizing tested samples refreshed through methanol vapor treatment.

range 3000-7000 GPU), but significantly increased CO2/N5 ideal se-
lectivities of around 60-100.

Both hydrolysis and introduction of a branched structure were able
to mitigate membrane aging. In particular, B-cPIM-1-73&81% TFC
membranes maintained a stable performance during 60 days’ aging.
Some of the significant enhancement in cPIM-1 separation properties of
TFC membranes, compared to that of thick films, might be ascribed to
fast solvent evaporation during film formation. This could leave a
relatively loosely packed structure that ages differently to the structure
formed by the slow solvent evaporation process (2-3 days) used to form
self-standing films.

B-cPIM-1-73&81% TFC membranes exceeded the ideal performance
of any other previously reported PIM-1 based TFC membranes, but still
suffered from strong plasticization, which leads to a decreased gas
separation performance under mixed gas conditions compared with
single gas tests, similar to B-PIM-1. The effects of long-term physical
aging of TFC membranes could partially be reversed through a methanol
vapor treatment. The interaction between the support and coating
polymer solutions, alongside the solvent evaporation behavior, and
methods to mitigate plasticization effects, are deserving of further
investigation in the quest to develop high performance TFC membranes.
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