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proved PIM-1 membrane gas
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Super-glassy polymer membranes have suffered from the trade-off relationship between permeability and

selectivity for gas separation applications, despite the fact that membrane technology exhibits remarkable

energy efficiency advantages over other separation methods. Polymers of intrinsic microporosity such as

PIM-1 offer high fractional free volume (FFV) and intermediate gas selectivity, with permeability several

orders of magnitude higher than conventional glassy polymers. The methods of producing mixed matrix

membranes (MMM) by incorporating nanoparticles into a polymer matrix, or crosslinking, have been

widely studied to improve membrane selectivity. While crosslinking and nanoparticle incorporation often

increase selectivity or permeability, respectively, this is typically at the expense of the other, limiting

transport properties to the Robeson upper bound. Porous aromatic frameworks such as PAF-1 have

been shown to significantly increase the permeability of PIM membranes. Here, this nanoparticle additive

is coupled with post UV irradiation treatment resulting in a membrane with both significantly improved

membrane selectivity (i.e., 16-fold improvement for H2/CH4 selectivity, from 5.4 to 90) and high

permeability (i.e., P(H2) ¼ 4800 Barrer). Characterisation of the dual-enhanced membrane revealed that

the synergetic performance is caused by a combination of the selective skin layer formed upon UV

photo-oxidation with the additional permeable gas transport channels introduced to the bulk matrix by

PAF-1. As a result of this dual-approach to membrane enhancement, the PIM-1 MMM exhibited better

gas separation performance, surpassing the 2015 upper bounds for H2/N2 and H2/CH4 as well as 2008

upper bounds for H2/CO2 and CO2/CH4. Aging studies confirmed that PAF-1 addition, UV irradiation, and

both modifications slowed physical aging rate compared to the pure PIM-1 membrane. The performance

of this membrane was also investigated at a range of thicknesses, revealing its potential as a candidate

for other membrane forms at scale.
Introduction

Due to its high energy efficiency and low instrument footprint
area compared with traditional phase-change separation
methodologies, membrane technology is garnering increased
attention for gas separation. The current market-dominated
membranes for industrial gas separation are mainly tradi-
tional glassy polymers, such as polyimides (PI), polysulfones
(PSF), and cellulose acetate (CA). These materials usually show
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high selectivities (e.g., H2/CH4 ¼ 56 for PSF) but low perme-
ability (e.g., H2: 14 barrer for PSF) due to having a low fractional
free volume (FFV).1 The invention of advanced glassy polymers
with high FFV was driven by the need for highly permeable
membranes. Polymers of Intrinsic Microporosity (PIMs), such
as PIM-1, have a high FFV polymer structure because of a kinked
and irregular polymer backbone through the contorted spiro-
center (spiro-bisindane) site, which effectively disrupts poly-
mer chain packing. PIM-1 usually possesses permeability
several orders of magnitude higher than those of traditional
polymers (e.g., P(H2): PIM-1 vs. PSF ¼ 4900 vs. 14 barrer).
Unfortunately, its selectivity (e.g., H2/CH4: PIM-1 vs. PSF ¼ 4.8
vs. 56) needs improvement to meet industrial application
requirements.1–5 The trade-off between permeability and selec-
tivity was rst examined in 1991 by Robeson using upper bound
plots.6–8 Later, as a result of enormous efforts to improve
membrane performance, the upper bounds were revised in
2008, 2015, and 2019 (for CO2/CH4 and CO2/N2).9–11 These
J. Mater. Chem. A, 2022, 10, 10107–10119 | 10107
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efforts include polymer structure design (e.g., introducing
Tröger's Base (TB)12–16 or triptycene moieties17,18); chemical19–21

or thermal crosslinking;22 UV crosslinking/oxidation;23–29 and
adding nanoparticles into the polymer matrix to form Mixed
Matrix Membranes (MMMs).30–34 Amongst these methods,
crosslinking and UV oxidation are most effective at improving
membrane selectivity, but with dramatic permeability loss.29 On
the other hand, adding porous nanoparticles to form MMMs
usually results in an improvement to membrane permeability,
but is less effective at improving selectivity.35–37

Porous aromatic frameworks (PAF-1) are formed by covalent
bonds and with a short-range ordered, rigid, and three-
dimensional open network. The highly porous structure has
made PAF-1 a promising additive in MMMs to improve
membrane permeability.31,35,38–45 For example, our previous
work showed that 10 wt% loading of PAF-1 enhanced gas
permeability (H2, N2, CH4, and CO2) of TPIM-2 membrane by
130–200%.45 Similarly, Smith et al. reported that PAF-1 con-
taining thermally rearranged (TR) MMMs showed a 55-fold
increased CO2 permeability without selectivity loss.36 Lau et al.
also reported that the functionalized PAF-1 (PAF-1-Li6C60) con-
taining PTMSP MMMs exhibited a 70% CO2 permeability
enhancement and was associated with a slower physical aging
rate relative to the pure PTMSP membrane (�9% vs. �74%).37

Our recent study also revealed that PAF-1 also works for
conventional low FFV polyimide membrane.46 Despite these
remarkable achievements, industrial applications will require
further improvement to their relatively moderate selectivity.

UV crosslinking can effectively improve membrane selec-
tivity. First reported in a US patent for a polyimide membrane
with highly selective and stable properties,47 it has since been
applied to many other polyimide membranes that contain
aromatic ketone moieties (a photosensitizer) and benzylic
methyl groups crosslinked through a hydrogen abstraction
mechanism.23,24,27,28 In 2010, it was extended from these low
permeable polyimide membranes to highly permeable PIMs
membranes, which also effectively improved membrane selec-
tivity as is the case for traditional polyimide polymers.48 For
instance, H2/CO2 selectivity of PIM-1 membrane increased from
0.6 to 7.3 (11-fold up) in Chung et al.'s work.26 Similarly, H2/N2

and H2/CH4 selectivity of PIM-1 membrane increased from 9.8
to 37.4 and from 7.6 to 33.6 (upon 60 min UV exposure in air),
respectively in Song's group work.29 Accordingly, the mecha-
nism for the improved selectivity of PIM-1 membrane was
revised as a photo-oxidation/chain scission effect due to its
different polymer structure and reaction upon UV irradiation
compared to low permeable polyimide membrane. Despite
improved membrane selectivities for all the UV treated samples,
their gas permeabilities were compromised by UV irradiation.
For instance, the gas permeability of H2 decreased from 3731 to
452 barrer (an 88% drop upon 4 h UV irradiation at 254 nm) in
Chung's group work and reduced from 3195 to 1427 barrer (a
55% drop upon 1 h UV exposure at 254 nm) in Song's group
work, respectively.26,29

Given the distinguishing effects of nanoparticle addition and
UV irradiation on membrane performance, this work has
applied these two methodologies on PIM-1 membranes to
10108 | J. Mater. Chem. A, 2022, 10, 10107–10119
obtain both high permeability and selectivity. Specically, PIM-
1 membrane was incorporated with PAF-1 nanoparticles to
fabricate MMMs which were then irradiated with UV light.
Despite the previous studies of either PIM-1/PAF-1 MMMs or UV
treated PIM-1 membrane, this work is highlighted by the
novelty of the synergistic effects between the advanced mate-
rials of PAF-1 and PIM-1 under UV exposure which contribute to
a superior gas separation performance than that of the single
functionalized PIM-1 membranes. The resulting membrane
performance surpassed the 2015 upper bound for H2/CH4 and
H2/N2, as well as 2008 upper bound for H2/CO2 and CO2/CH4

separation. A slower physical aging rate was also demonstrated.
To elucidate the mechanism behind membrane performance,
characterisations were conducted including Fourier-transform
infrared spectroscopy (FT-IR), X-ray photoelectron spectros-
copy (XPS), positron annihilation lifetime spectroscopy (PALS),
scanning electron microscopy (SEM), and gel permeation
chromatography (GPC).

Experimental section
Materials

Reagents 3,3,30,30-tetramethyl-1,10-spirobiindane-5,50,6,60-tetraol
(TTSBI, 99%, Sigma-Aldrich) and tetrauoroterephthalonitrile
(TFTPN, 99%, Sigma-Aldrich) were puried by methanol recrys-
tallization and sublimation, respectively. Potassium carbonate
(K2CO3) was dried under reduced pressure at 120 �C overnight.
Other reagents and solvents including bis(1,5-cyclooctadiene)
nickel(0), 2,20-bipyridyl, 1,5-cyclooctadiene, tetrakis(4-
bromophenyl)methane, anhydrous dimethylformamide (DMF),
anhydrousmesitylene, calcium hydride (CaH2), hydrochloric acid
(HCl, 37%), anhydrous chloroform (CHCl3), and tetrahydrofuran
(THF), were used as received from Sigma-Aldrich without further
purication. Deionized water (H2O) was used in PAF-1 synthesis
as a washing agent.

PIM-1 synthesis

PIM-1 polymer was synthesized as described in our previous
work.2 Briey, in a Schlenk tube, an equimolar ratio of TFTPN
(51.6 mmol) and TTSBI (51.6 mmol) with excess K2CO3 (154.8
mmol) was stirred in a 1 : 1 DMF : mesitylene solvent mixture
(118 mL : 118 mL) for 3 h at 160 �C under N2 atmosphere. The
product was puried by precipitating PIM-1 from an excess
volume of methanol and washing with dilute HCl (2 mol L�1)
aer redissolution into minimal chloroform. Yellow PIM-1
powder was obtained through repeated precipitation from
methanol. The nal product was dried under reduced pressure
at 80 �C for 6 h. PIM-1 molecular weight was 242 kDa with
a polydispersity of 3.7 (Table S1†). The molecular structure of
PIM-1 is shown in Fig. 1a (inset).

PAF-1 synthesis

PAF-1 was synthesized according to Lau's work.39 Briey, in
a Schlenk tube, an equimolar ratio of 2,20-bipyridyl (1.28 g, 8.18
mmol) and degassed bis(1,5-cyclooctadiene)nickel(0) (2.25 g,
8.18 mmol) were mixed and stirred in anhydrous DMF (120 mL)
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) P (PIM-1) membrane cross-sectional image. The inset at the bottom right is the PIM-1 molecular repeating unit. (b) M (PIM-1@PAF-1
MMM) membrane cross-sectional image. The inset at the bottom right is the PAF-1 repeating unit.
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under argon, followed by adding 1,5-cyclooctadiene (1.05 mL,
8.32 mmol) dried over CaH2 under argon. The mixture was
heated to 80 �C for 1 h, tetrakis(4-bromophenyl)methane
(1.00 g, 1.57 mmol) was added under argon atmosphere, and
the mixture was stirred overnight at 80 �C. Aer cooling to room
temperature and thoroughly washing with CHCl3 (�8), THF
(�8), and H2O (�8), in that order, we recovered an off-white
powder with a surface area of 3440 m2 g�1 (Fig. S1†). The
molecular structure of PAF-1 is shown in Fig. 1b (inset).
Membrane fabrication

Membranes with a thickness of�80� 10 mmwere fabricated by
the solution casting method. These thick pure membranes were
made by dissolving PIM-1 polymer (300 mg) into anhydrous
chloroform (6.5 mL) with stirring for 24 h, followed by pouring
the ltered solution (0.45 mm microlters) into a Teon dish
(diameter: 7.5 cm) with a perforated aluminum foil cover to
slowly evaporate the solvent. Aer 48 h evaporation, the formed
membranes were soaked in methanol for 24 h to remove the
residual casting solvent and then dried under reduced pressure
at 80 �C for 6 h. MMMs with 10 wt% PAF-1 loading were fabri-
cated in the same way as pure membranes except that 30 mg
PAF-1 nanoparticles were added into the ltered PIM-1 (270 mg)
solution and stirred for another 24 h. Both pure and MMM
membranes demonstrated thermal stability up to 400 �C
(Fig. S2†). The thin membrane (thickness of �1 mm) was
fabricated by the spin coating method. Porous polyacrylonitrile
(PAN) was applied as a substrate and cleaned with isopropanol
before use. 10 wt% polydimethylsiloxane (PDMS) solution in
hexane was coated on PAN as the gutter layer by spin coating at
rotation speed 3000 rpm for 1min. Aer being cured in the oven
at 60 �C overnight, the PDMS surface was coated with 3 wt%
PIM-1 solution at 3000 rpm for 1 min and then dried in the oven
at 60 �C for 2 h. The pure membranes and MMMs were denoted
as P and M, respectively.
UV treatment on membranes

Both sides of the membrane were exposed in air under the UV
light lamp (l ¼ 254 nm, 6 W with lter assembly, ENF-260C) at
a distance of 1 cm for a controlled period (0.5, 1.5, 3.0, and 4.5
This journal is © The Royal Society of Chemistry 2022
h). The UV-treated membranes with specic time sessions were
labelled as P0.5, P1.5, P3.0, P4.5, and M0.5, M1.5, M3.0, M4.5
for pure membranes and MMMs, respectively.
Characterization methods

Based on polystyrene standards (Pst), the molecular weight and
polydispersity index (PDI) of the pure PIM-1 polymer and UV
irradiated samples were measured through gel permeation
chromatography (GPC) in tetrahydrofuran (THF) solvent. The
surface area of PAF-1 was calculated by the BET method from
nitrogen isotherms at 77 K, which were obtained using
a Micromeritics ASAP 2420, with activation at 100 �C under
vacuum (10�6 torr) for 24 h before analysis. Average fractional
free volume, pore sizes, and the relative number of pores for
samples were determined by positron annihilation lifetime
spectroscopy (PALS) using Ortec fast–fast coincidence spec-
trometers under vacuum (5 � 10�6 torr). Thermal stability for
samples was assessed on a Mettler Toledo TGA 2 STARe System
thermogravimetric analyser from 50 �C to 800 �C at 10 �Cmin�1

under 50 mL min�1 nitrogen ow. Cross-sectional SEM images
of membranes were taken through a JEOL JSM-7001 eld
emission scanning electron microscope (FESEM) with an
accelerating voltage of 5 kV. Fourier transform infrared (FT-IR)
spectra of all membrane samples were collected using a Thermo
Scientic NICOLET 6700 FT-IR. Depth element analysis for
membranes was performed by X-ray photoelectron spectroscopy
(XPS) using an AXIS Nova spectrometer (Kratos Analytical Inc.,
Manchester, UK) with a monochromated Al Ka source at
a power of 180 W (15 kV � 12 mA). Single gas measurements
were performed on a home-built set-up following the constant
volume and variable pressure method at 25 � 1 �C. Mixed gas
measurements were performed on a home-built set-up
following the constant pressure and variable volume method
at 35 �C. See the ESI† for further details.
Results and discussion
Membrane initial performance

The effect of UV irradiation on membrane performance was
investigated by measuring UV treated membrane gas
J. Mater. Chem. A, 2022, 10, 10107–10119 | 10109
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permeability and ideal selectivity changes under different
exposure times. The distance between UV source and sample,
duration of UV irradiation, and UV intensity will affect the
extent of UV modication. Therefore, the UV source (6 W) and
distance between UV lamp and membranes (1 cm) were xed to
systematically investigate UV effects on membrane
performance.

UV irradiation effects were initially examined on pure PIM-1
membranes, as shown in Fig. 2. Fig. 2a demonstrates the
continuing permeability drop with increasing UV irradiation
time for all the studied gases (H2, N2, CH4, and CO2). For
example, the relative permeability of H2 dropped from 1, to 0.70,
0.66, 0.38, and 0.19 at UV time from 0, to 0.5, 1.5, 3.0, and 4.5 h,
respectively. A similar trend was observed on other gases,
including N2, CH4, and CO2. In addition, a greater permeability
drop for larger gases was recorded, with an increasing gas
kinetic diameter order of H2, CO2, N2, and CH4. For instance,
the largest gas studied, CH4, in line with the aforementioned
H2, exhibited a 2–9 times greater permeability drop. Conse-
quently, the reduced permeability loss for smaller gases (H2 and
CO2) over larger gases (N2 and CH4) led to a continuous selec-
tivity improvement for H2 over N2 and CH4 throughout the UV
irradiation period from 0 to 4.5, as shown in Fig. 2b. For
instance, H2/CH4 and H2/N2 selectivity increased from 5.4 to 127
and 8.6 to 109, respectively. On the other hand, CO2/CH4 and
CO2/N2 selectivity continued increasing from 12.5 to 35 and
from 19.8 to 30 at UV time from 0 to 3 h, then dropped to 19.5
and 16.8 at UV time 4.5 h, respectively. The reduced CO2

selectivity from UV time 3 to 4.5 h was due to the same amount
of permeability loss for gases of N2 and CH4 as CO2 at UV 4.5 h
as shown in Fig. 2a (99% loss for CO2, N2, and CH4 at UV time
4.5 h). The greater permeability loss of CO2 at UV time 4.5 h also
contributed to the remarkable H2/CO2 selectivity enhancement,
Fig. 2 UV irradiation time effect on pure PIM-1membrane (a) relative per
of H2/CO2 is enlarged in the inseted figure in (b). Lines and arrows are dr
each gas at 25 � 1 �C. The deviation is within �10%. Individual data for e

10110 | J. Mater. Chem. A, 2022, 10, 10107–10119
which was 0.4 at UV time 0, improving to 2.1 at UV time 3 h, and
jumping to 6.5 at UV time 4.5 h (Fig. 2b, inset). The decreased
membrane gas permeability and enhanced selectivity resulting
from UV irradiation in this study were consistent with previous
studies.26,29

The PAF-1 effect on membrane was investigated by
measuring changes in membrane morphology and perfor-
mance (Fig. 1 and 3), comparing pure PIM-1 and PAF-1 con-
taining MMMs. 2008, 2015, and 2019 upper bounds are
included in Fig. 3 for purposes of comparison. Consistent with
prior work, PAF-1 was found to be homogeneously dispersed in
the PIM-1 matrix, and no non-selective voids were observed
from the cross-sectional SEM images (Fig. 1b).2 As expected, the
as-cast pure PIM-1 membrane demonstrated high permeability
(e.g., P(H2) ¼ 5300 barrer) but weak size sieving property (e.g.,
H2/CH4 ¼ 5.4). Aer the addition of PAF-1 into the PIM-1
polymer matrix, the permeability of the small kinetic diameter
H2 gas increased signicantly, from 5300 to 7100 barrer, while
larger gases such as N2, CH4, and CO2 remained relatively
constant (from 620 to 640, 990 to 900, and 1200 to 1200 barrer,
respectively). This behaviour led to a slightly increased H2

selectivity over CO2, N2, and CH4 (Fig. 3a–c, shaded area) which
in return conrmed that no obvious defects were formed at the
polymer-additive interface, consistent with the well-dispersed
PAF-1 nanoparticle performance in PIM-1 polymer matrix
(cross-sectional SEM image, Fig. 1b). We note the disparity
between this work and Lau et al.'s previous PIM-1@PAF-1 work,
which showed that H2, N2, and CH4 gas permeability increased
signicantly with the addition of PAF-1, from 1700 to 5500, 290
to 1200, and 500 to 2250 barrer, respectively.40 We ascribe this
variance to the differing polymer synthesis procedures (this
study vs. prior work: polycondensation reaction time: 3 h vs. 1 h;
solvents: 1 : 1 volume ratio of DMF/mesitylene vs. 2 : 1 volume
meability change and (b) ideal selectivity change. The selectivity change
awn to guide the eye. Membrane permeability was measured twice for
ach sample are given in Tables S2 and S3.†

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 PAF-1 incorporation and UV irradiation time effect on PIM-1-based membranes gas separation performance trade-off and their
comparisonwith prior UV treated PIM-1membranes and PIM-1 basedMMMs of (a) H2 versusCH4, (b) H2 versusN2, (c) H2 versusCO2, and (d) CO2

versusCH4. Membrane permeability in this work wasmeasured twice for each gas, at 25� 1 �C, and the deviation is within�10%. Dotted/solid red
and royal lines are drawn to guide the eye. Black upper bound curves of 2008, 2015, and 2019 are included. Individual data for each sample are
given in Table S3.†
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ratio of DMAC/toluene) and different membrane fabrication
processes (with vs. without methanol soak, 80 �C, 6 h vs. 40 �C,
24 h membrane drying conditions). Budd's and Schwarz's
work49,50 have suggested that trivial differences during the
material polymerisation process, such as solvent choice/
amount and reaction time, can have a signicant effect on the
resulting polymer conformation properties. Similar effects are
known to result from variations in the membrane pre-treatment
procedure undertaken immediately before gas testing.51

Consequently, different polymer architecture, membrane
morphology, and polymer-additive interactions can be ex-
pected, and all these are known to inuence membrane
performance. Therefore, different gas permeability was also
exhibited for the pure as-cast PIM-1 membrane (this work vs.
prior work for P(H2): 5300 vs. 1700 barrer) as well as the afore-
mentioned MMMs.

UV treated MMM exhibited similar performance (high-
lighted in royal dotted lines in Fig. 3) to the UV treated pure
PIM-1 membrane (highlighted in red dotted lines in Fig. 3), with
This journal is © The Royal Society of Chemistry 2022
continually decreased gas permeability and increased gas
selectivity (H2 over N2, CH4, and CO2, Fig. 3a–c) with increasing
UV irradiation time. For example, Fig. 3a shows H2 permeability
of MMM decreased from 7100 barrer to 1500 barrer aer UV
irradiation 4.5 h, with a correspondingly increased H2/CH4

selectivity from 7.8 to 94. A similar trend was found for H2/N2

(Fig. 3b). Similar behavior was observed for CO2/CH4 selectivity
(e.g., UV treated MMM) which initially increased from 13.7 to 39
aer UV time 3 h and then decreased to 23 at UV time 4.5 h
(Fig. 3d), due to the similar degree of reduced permeability for
CO2 and CH4 (�97–98% reduced, Table S2†) with longer UV
exposure. Consequently, the larger gases' (CO2, N2, and CH4)
transportation through themembrane were largely blocked (97–
99% blocked, Table S2†), and the smallest (H2) gas diffused
relatively freely through the membrane,26 which halted the
increase in CO2 selectivity over N2 and CH4 (Fig. 3d) and
continually increased H2/CO2 selectivity (Fig. 3c). Similar
behaviour was also reported in Chung's previous work, where
CO2/CH4 selectivity of PIM-1 membrane increased from 15.3 to
J. Mater. Chem. A, 2022, 10, 10107–10119 | 10111
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31.3 upon shorter UV exposure and then decreased to 23.8 upon
longer UV irradiation.26 Conclusively, the simultaneous
increase in membrane selectivity resulting from UV irradiation
and the retained high gas permeability granted by the incor-
porated highly porous PAF-1 made the UV treated MMMs easily
surpass 2015 H2/N2 and H2/CH4 upper bounds compared to the
UV treated pure PIM-1 membrane (Fig. 3a and b). Both UV
treated pure membrane and MMM surpassed the 2008 upper
bounds for H2/CO2 and CO2/CH4 separation (Fig. 3c and d).
Synergistic effect from PAF-1 and UV irradiation

To investigate the synergistic function that results from PAF-1
and UV irradiation, we selected samples irradiated for 3 h
with both desirable apparent permeability and selectivity (P3.0
and M3.0), accompanied by controlled non-UV treated pure (P)
and MMM (M) samples for comparison. Before further discus-
sion, we note that the permeability of the UV irradiated samples
reported here is the apparent gas permeability, due to the
asymmetric membrane structure (further details in Fig. 4).
Apparent membrane permeability was used to compare with
other previously reported UV treated PIM-1 and PIM-1 based
MMMs membranes in Fig. 3 (Table S3†) as well as in the long-
term property study shown in ESI (Fig. S10).†

Fig. 3 shows that porous PAF-1 had the primary role in
improving H2 permeability, which increased from 5300 to 7100
barrer (highlighted by the red solid arrows from P to M in
Fig. 3a–c), whereas UV irradiation mainly contributed to the
signicantly enhanced gas selectivity (Fig. 3a–d, highlighted
with red solid arrows from P to P3.0, e.g., H2/CH4: from 5.4 to
72.7 in Fig. 3a), although accompanied by reduced gas perme-
ability. In contrast, with the double functionalized membrane
with both PAF-1 incorporation and UV irradiation (M3.0),
a coupling effect was observed, which demonstrated both high
selectivity and permeability and is highlighted by royal solid
arrows from P to M3.0 (located between the single functional-
ized membranes in Fig. 3). For example, 16-fold and 12-fold
increases in H2/CH4 selectivity (H2/CH4 ¼ 90) were demon-
strated for double functionalized M3.0 relative to the pure PIM-
1 (P, H2/CH4 ¼ 5.4) and the single functionalized MMM (M, H2/
CH4 ¼ 7.8). The high H2 permeability of M3.0 was also retained
(4800 barrer) and was 2.4-fold higher relative to the corre-
sponding P3.0 (2000 barrer), despite being lower than the pure
PIM-1 (5300 barrer). Moreover, a synergistic effect was observed
between the functions of PAF-1 and UV irradiation; that is, the
porous PAF-1 property was not only responsible for the afore-
mentioned retained permeability but also further improved
membrane H2 selectivity when UV treatment (from 0 to 3 h) was
applied. For instance, UV treated MMM (M3.0) had a 23%
higher selectivity for H2/CH4 than the counterpart without PAF-
1 (P3.0) (89.7 vs. 72.7) and 12% higher for H2/N2 (70.4 vs. 62.7),
in Fig. 3a, b and Table S3.† The mechanism of this synergistic
effect is discussed in detail in the next section. Consequently,
the gas separation performance of the double functionalized
membrane (M3.0) was superior to that of PIM-1 membranes
reported in prior work with either UV treatment (cyan star
symbols in Fig. 3) or nanoparticle incorporated MMMs
10112 | J. Mater. Chem. A, 2022, 10, 10107–10119
(including PAF-1, grey star symbols in Fig. 3) by showing higher
permeability, higher selectivity, or both.2,26,30,35,52 It is rare to see
this behavior for MMMs in literature, as they usually possess
high membrane permeability but only moderate selectivity.31

Furthermore, compared with the commercial polymer Matri-
mid, M3.0 not only surpassed H2 permeability by several orders
of magnitude (e.g., P(H2) forM3.0 ¼ 4800 vs. P(H2) for Matrimid
¼ 27 barrer) but also performed with comparable H2 selectivity
(e.g., H2/CH4 forM3.0 ¼ 89.7 vs. H2/CH4 for Matrimid ¼ 83.3).53

This superior membrane performance suggests many more
opportunities for using UV irradiated PIM-1 MMMs in indus-
trial applications.
Mechanism

To investigate the synergistic effects of PAF-1 and UV irradia-
tion, membrane cross-sectional images (Fig. 4b–e and S4†) were
obtained to visualize membrane surface morphology changes.
As can be seen from Fig. 4c (highlighted in red frame), a thin
dense layer was formed on the surface of pure PIM-1
membranes upon UV irradiation. This observation was consis-
tent with Song's previous work, which illustrated that polymer
chains were oxidized into shorter ones by the excited singlet
oxygen and ozone resulting from UV irradiation in the presence
of air, resulting in a tightly packed membrane surface acting as
a selective layer (enhanced selectivity for UV treated
membranes).29 The localized free volume on the PIM-1 surface
acted as the micro-reactor for the photo-oxidative reaction.
Consequently, with increasing UV exposure time (0, 0.5, 1.5, 3.0,
and 4.5 h) on PIM-1, the dense skin layer thickness gradually
increased from 0 to 174, 303, 369, and 415 nm (red line in
Fig. 4a and SEM cross-sectional images in Fig. S4A–E†). This
matched well with the continuingly increased H2 selectivity
(over N2, CH4, and CO2) presented in Fig. 2b.

Not limited to the pure PIM-1 membrane, MMMs containing
PAF-1 presented a similar densied skin layer on the membrane
surface (Fig. 4e, highlighted in red frame, details in Fig. S4A*–
E*†) but slightly thicker than its counter-part pure PIM-1 under
the same UV illumination conditions (from 0 to 227, 331, 455
and 495 nm, royal line in Fig. 4a). We attribute this to the high
porosity property of PAF-1 (SA: 3435 m2 g�1) that allowed more
oxygen to penetrate the membrane subsurface and enable
further sub-surface photo-oxidization. This explains the syner-
gistic effect resulting from PAF-1 and UV irradiation for further
enhanced H2 selectivity that can be observed in Fig. 3a and b,
compared with the counter-part UV treated pure PIM-1
membrane (e.g., H2/CH4 for M3.0 ¼ 89.7 vs. H2/CH4 for P3.0
¼ 72.7). The synergistic effect occurred with UV irradiation from
0 to 3 h and disappeared at UV 4.5 h, possibly due to the trade-
off function of PAF-1 between a thicker dense skin layer
formation (contribution to the decreased permeability and
increased selectivity) and its permanent gas transportation
channels (contribution to the increased H2 permeability) in the
bulk polymer matrix at UV 4.5 h. This does not affect the overall
synergistic mechanism, as UV irradiation time# 3 h yielded the
optimal membrane performance. The membrane morphology
changes upon PAF-1 nanoparticle incorporation and UV
This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Membrane surface skin layer thickness change based on UV irradiation time. Thickness was measured ten times for each UV irradiated
sample and the deviation is within STDEV 6 nm. Red colour represents pure PIM-1 samples; royal colour represents MMMs (PIM-1@PAF-1).
Cross-sectional SEM images of (b) P, (c) P3.0, (d) M, and (e) M3.0. (f) The effects of PAF-1 and UV irradiation on membrane morphology and
performance change. The addition of porous PAF-1 contributes to the enhanced membrane permeability and densified skin layer resulting from
UV irradiation is responsible for the improved membrane selectivity.

This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. A, 2022, 10, 10107–10119 | 10113
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Table 1 Positron annihilation lifetime spectroscopya

FFV FFV3 (%) � FFV4 (%) � Total FFV (%) �

P 2.18 0.40 27.5 1.7 29.6 2.1
M 3.64 0.46 33.6 1.8 37.3 2.3
P3.0 2.32 0.74 25.8 2.8 28.1 3.5
M3.0 2.59 0.46 30.8 1.8 33.4 2.2

a �: deviation.
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irradiation, as well as the effects on membrane performance,
are summarized in Fig. 4f. This synergistic behaviour is more
obvious in this work for PIM-1 than in our prior work for the
PTMSP membrane.54 This is possibly due to their vastly
different reaction rate with UV irradiation (3 h vs. 5 min) and
slower rate give a chance to monitor the synergistic perfor-
mance by recording membrane performance change.

Positronium Annihilation Lifetime Spectroscopy (PALS)
helped to further elucidate the membrane pore sizes, their
relative abundance (intensity, I%), and the average fractional
free volume (FFV) associated with the membrane morphology
changes that result from PAF-1 addition and UV irradiation on
PIM-1 membranes. As can be seen in Fig. 5, the pure PIM-1
membrane has a bimodal pore size distribution at around 7
and 12�A. With 3 h UV irradiation on the pure membrane (from
P to P3.0, solid to the dotted red line and highlighted in red
arrows), the decreased peak intensity at 12 �A led to an overall
total FFV decline of 5% from P to P3.0 (Table 1), despite a slight
shi to larger pores for both pore sizes. This drop in FFV was
correlated to the decreased apparent membrane permeability
upon UV exposure. The increased selectivity from P to P3.0
couldn't be identied by pore size change in PALS due to the low
ratio (�1%) of the dense skin layer formed on the bulk
membrane surface. As a comparison, for homogenously
dispersed highly porous PAF-1 (10 wt% loading and with SA ¼
3435m2 g�1, Fig. S1†) in PIM-1 matrix, both pore sizes shied to
larger pore size (P to M, highlighted by black arrows in Fig. 5),
and the FFV rose from P (total FFV ¼ 29.6%) to M (total FFV ¼
37.3%, a D 26% increase, Table 1). The increased FFV from
added PAF-1 was in line with the greatly enhanced H2 perme-
ability for MMM (P to M, Fig. 3a–c). Despite the increase in FFV
due to an increase in pore sizes and a considerable increase in
intensity of the smaller pores, there was still an improvement in
gas selectivity (P to M, Fig. 3a–c). This indicates that there may
be a change in the interconnectivity between the small and large
pores, due to the introduction of PAF-1. Upon further UV
treatment of PIM-1@PAF-1 MMM from M to M3.0, both small
and large pore sizes shied smaller (highlighted by blue arrows
in Fig. 5) and demonstrated a lower FFV but still higher than the
UV treated pure PIM-1 membrane (e.g., total FFV: 28.1 (P3.0) <
Fig. 5 PALS for P (PIM-1), M (PIM-1@PAF-1), P3.0 (PIM-1 with 3 hours
UV irradiation), M3.0 (PIM-1@PAF-1 with 3 hours UV irradiation).

10114 | J. Mater. Chem. A, 2022, 10, 10107–10119
33.4 (M3.0) < 37.3 (M), Table 1). The narrowed pore sizes fromM
to M3.0 matched with the considerably enhanced membrane
selectivity demonstrated in Fig. 3 (e.g., H2/CH4 from 7.8 to 89.7).
Despite the decreased total FFV from M to M3.0, the FFV was
still higher than that of the P3.0 sample. This nding correlated
to the coupling effect (Fig. 3a–c) that H2 permeability from M
(7100 barrer) decreased to M3.0 (4800 barrer), but nonetheless
higher than that of P3.0 (2040 barrer).

Due to differences between the heterogeneous structure of
UV irradiated samples (�1% among overall membrane thick-
ness) and the homogenous structure of PAF-1 dispersed
membrane, a direct comparison of pore size change including
these two factors need to be carefully considered. PALS (Fig. 5,
Table 1) represents the bulk membrane properties, and any
features due to UV exposures on the surface can not be sepa-
rated from the bulk measurements. The overall FFV parameter
was applied to determine average bulk membrane property
changes with combined UV illumination and PAF-1 incorpora-
tion. PALS data were consistent with the corresponding
apparent membrane performance.

In addition to the membrane morphology and average FFV
changes observed from SEM (Fig. 4) and PALS (Fig. 5) charac-
terisations, FT-IR spectra of membrane samples were also ob-
tained to analyse membrane chemistry change as a function of
PAF-1 and UV irradiation. No obvious change was found
between PAF-1 loaded MMM and the pure PIM-1 in Fig. S5a,†
possibly due to the low loading of PAF-1 in the polymer matrix
and the fact that PAF-1 was embedded in the membrane rather
than exposed on its surface. FT-IR spectra of PIM-1@PAF-1
MMM before and aer UV treatment, Fig. 6, are representative
of the UV irradiation effect on membrane surface chemistry. In
addition to the representative peaks from PIM-1 polymer,
including the nitrile group at 2238 cm�1, aromatic bending (C]
C) at 1607 cm�1, C–H stretching from aromatic, methyl (CH3),
and methylene (CH2) at 3055 cm�1, 2955 cm�1, 2930 cm�1, and
2840 cm�1, respectively, new oxidized groups emerged aer UV
exposure. These included the hydroxide (OH) group at
3300 cm�1 and the carbonyl group (C]O) at 1730 cm�1,
1630 cm�1, and 1600 cm�1, all of which are in agreement with
previous work.55 The broad peak of the carbonyl group was
ascribed to the existence of various oxidation groups, including
carboxylic acids, ketones, or aldehydes. UV irradiated samples
also exhibited a newly formed nitroso group at 2207 cm�1 that
resulted from the oxidization or dimerization of the nitrile
(–CN) group in PIM-1. With increasing length of UV exposure,
the intensity of these oxidized groups was reinforced
This journal is © The Royal Society of Chemistry 2022
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Fig. 6 FT-IR spectra of PIM-1@PAF-1 MMM before and after UV irradiation with 0.5, 1.5, 3.0, and 4.5 h.
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accordingly, and the results matched well with the growing skin
layer thickness in Fig. 4a and the correspondingly enhanced
membrane H2 selectivity in Fig. 3a–c. The same oxidized groups
appeared in pure PIM-1 upon UV irradiation, as seen in
Fig. S5b.† This was consistent with Song's previously reported
work and again affirmed the photo-oxidation mechanism.
Conclusively, the synergistic effect of UV irradiation and PAF-1
addition on membrane performance showed that combining
MMM and UV irradiation techniques can yield desirable
membrane performance, with both high permeability and high
selectivity. Furthermore, from the MMMs viewpoint, there are
innite combinations of polymers with porous nanoparticles
that can be selected to target specic gas separation
applications.

XPS depth proling experiments were employed as well to
better understand the chemistry occurring at the surface and
sub-surface of the UV-treated membranes. We compared four
samples: the pure PIM-1 and PIM-1@PAF-1 samples, each with
and without 4.5 h of UV treatment on both sides. The elemental
quantication presented as atomic ratios was derived from
survey spectra (Fig. 7), while insights into the carbon-based
functional groups present were obtained from the tting of
high-resolution C 1s spectra (Fig. S6†).29,56 An example of the t
employed for the high-resolution C 1s spectra appears in
Fig. S7.† Prior to etching, a signicant increase in the O/C value
can be observed for both UV treated membranes compared to
the untreated membranes, conrming oxidation of the
membrane surface with UV treatment. For example, M4.5
(MMM PIM-1@PAF-1 membrane with UV irradiation 4.5 h for
both sides) andM (MMM PIM-1@PAF-1 without UV irradiation)
had O/C values of 0.27 and 0.14 (expected value of 0.14),
respectively, and the relative fractions of C derived from the
tting of high-resolution spectra support these results. An
increase in component C5, assigned to O–C]O, and compo-
nent C3, assigned to C–O and C^N, for the UV-treated samples
were consistent with observations from FT-IR (Fig. 6). The
increased O signal from the UV-treated samples can be observed
at all time points of the etching, providing evidence that the UV
This journal is © The Royal Society of Chemistry 2022
treatment penetrates the membrane surface. We examined
high-resolution N 1s spectra (Fig. S8†) of the samples to deter-
mine what impact, if any, UV-treatment had on the nitrile
groups of the PIM-1 membrane, as suggested by the results
from FT-IR (Fig. 6). A signicant fraction of tted spectra from
the M4.5 and M samples was associated with nitrile (399.6 eV),
as expected. An increase in the full width at half maximum of
the component assigned to nitrile for sample M4.5 (1.3 eV)
compared to M (0.95 eV) is consistent with an increase in the
number of types of N-based functional groups contributing to
this component. Nitroso groups have been reported in this
region and higher binding energies (BEs), depending on the
local environment of this functional group.57 A change in the
component N2 at approximately 401.8 eV was observed with UV
treatment. It is feasible that this component is associated with
such groups, though N+ would also contribute intensity at this
binding energy. Considering the non-specic nature of the UV
treatment, which could result in the production of a wide range
of different functional groups at the surface, it is difficult to
provide denite assignments for the N 1s spectra based on the
available information.

The photo-oxidation mechanism was further supported by
the reduced PIM-1 molecular weight (e.g., 242 kDa for P vs.139
kDa for P3.0) and increased polydispersity (e.g., 3.7 for P vs. 9.2
for P3.0) for UV irradiated samples (Table S1†). To check for any
crosslinking between the newly formed oxidized groups, which
can also lead to narrowed pore size and enhanced membrane
selectivity, a gel fraction test was performed.23 No crosslinking
was found as no remaining pieces (precipitation) were found in
the commonly PIM-1 dissolved solvents of tetrahydrofuran
(THF) or chloroform (CHCl3) (Fig. S9†).

Therefore, it is the photo-oxidation mechanism that
contributed to the changes in membrane morphology and
performance. Besides the aforementioned improvement in
initial membrane performance, a slower physical aging rate was
also demonstrated either by PAF-1 addition or by UV irradia-
tion, or both. Details appear in ESI and Fig. S10.† Consistent
with the single gas performance, the mixed gas performance of
J. Mater. Chem. A, 2022, 10, 10107–10119 | 10115
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Fig. 7 Elemental quantification derived from survey spectra expressed as atomic ratios from XPS depth profiling experiments for (a)M4.5, (b)M,
(c) P4.5, (d) P. Although initial O/C values are higher at the beginning of the experiment for UV treated samples, indicating oxidation of the
surface, N/C is roughly consistent throughout. Arrows and lines are included only to guide the eye and don't represent trendlines.
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50/50 CO2/CH4 also showed a similar synergistic effect. For
instance,M3.0 exhibited a higher selectivity (66% up, 14 vs. 8.5)
and retained permeability (6700 barrer) compared to that of the
pure PIM-1 membrane. The lower selectivity of mixed gas (14)
than that of single gas (39) performance is a typical phenom-
enon in gas mixture due to the competition of adsorption and
diffusion compared to pure gas measurement conditions.
Details appear in ESI and Table S4.†
Fig. 8 UV treated membranes selectivity change based on membrane
thickness. Gasmeasurements operated at 25� 1 �C individual data can
be found in Table S3.†
Membrane thickness effect

To check membrane thickness effect on UV treated membrane
performance, both thick membranes (�10–1000 mm,58 in this
work: �10 to 80 � 5 mm) fabricated via a solution casting
method and thin membranes (�400 nm to 10 mm,58 in this
work: �890 nm) made using a spin coating technique were
given UV irradiation treatment. As seen in Fig. 8, solution
casting-made thick membranes exhibit gradually increasing H2

selectivity along with decreasing membrane thickness, from 77
to 9 mm (black arrow in Fig. 8, e.g., H2/CH4P3.0,77 mm ¼ 72.7 to H2/
CH4P3.0,9 mm ¼ 142.4). The same trend applies to the H2/N2 gas
pair. On the other hand, CO2 gas pairs (CO2/N2 and CO2/CH4)
exhibited reduced selectivity with decreasing membrane
10116 | J. Mater. Chem. A, 2022, 10, 10107–10119
thickness (e.g., CO2/CH4P3.0,77 mm ¼ 35.2 to CO2/CH4P3.0,9 mm ¼
26.4). This behaviour was similar to the trend observed for
samples of similar thicknesses with increasing UV irradiation
This journal is © The Royal Society of Chemistry 2022
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time, as shown in Fig. 2b and 3d. For instance, H2 selectivity
kept increasing with increasing UV exposure time, whereas CO2

selectivity increased initially and then decreased with longer UV
exposure. We ascribe this behavior to the gradually narrowed
average size of membrane pores that results from increasing UV
photo-oxidation effects, until the sieving point between H2 and
CO2 is reached, terminating the increase in CO2 selectivity and
even causing it to decrease. Similarly, with the same UV irra-
diation time, the densied skin layer ratio rises with a decrease
in membrane thickness, and as a result, the average FFV of the
entire membrane drops, demonstrating a similar gas selectivity
trend. The consistent increase in H2/CO2 selectivity (from 2.1,
4.6, 4.8, and 5.4) as membrane thickness falls (from 77 to 47, 20,
and 9 mm, black arrow) also supports this theory (highlighted by
the enlarged inset in Fig. 8). A trade-off comparison of
membrane performance based on various thicknesses is
included in Fig. 3. On the other hand, as membrane thickness
decreases further, the spin-coating fabricated thin membrane
(�890 nm) lost the remarkably enhanced gas selectivity
performance that was present in thick membranes, perhaps
because of contributions from the transition mesoporous
intermediate layer beneath the densied layer.29 Unlike the
thick membrane (>9 mm in this study)—which has a densied
top skin layer, the intermediate mesoporous layer, and a bulky
polymer as support—a thin (890 nm) membrane probably has
only a surface skin layer, perhaps along with the mesoporous
intermediate layer but without the bulky PIM-1 polymer, which
leads to the drop in H2 and CO2 selectivity over N2 and CH4. This
indicates membranes with various membrane thicknesses may
have a different asymmetric membrane structure that directly
affects the overall membrane performance. A proper membrane
thickness is needed when UV irradiation apply to the
membrane to avoid the mesoporous (pore size too large for gas
separation) layer being the bottom/support layer.

Conclusion

Membranes with both high gas permeability and selectivity are
pursued for gas separations. Here, favourable membrane
performance, with both high H2 permeability and selectivity,
was achieved under the synergistic function of PAF-1 and UV
irradiation on the PIM-1 membrane. The incorporation of PAF-1
contributed to the largely enhanced PIM-1 membrane perme-
ability, especially for such a small kinetic diameter gas as H2

(permeability increased from 5300 to 7100 barrer), thanks to the
extra highly permeable gas transport channels provided by PAF-
1. The densied selective skin layer formed on the membrane
surface through photo-oxidation was responsible for the
remarkably improved H2 selectivity (e.g., H2/CH4: from 7.8 to
89.7 and H2/N2: from 11.1 to 70.4). The simultaneously
enhanced H2 permeability and selectivity enabled H2 separation
performance superior to that of many recently reported poly-
mers, including prior UV treated PIM-1 and PIM-1 based MMMs
membranes with various additives. Dual-functionalized
membrane performance also surpassed the 2015 upper
bounds for both H2/CH4 and H2/N2 gas separation and the 2008
upper bounds for H2/CO2 and CO2/CH4 gas pairs. The slower
This journal is © The Royal Society of Chemistry 2022
aging rate of PIM-1 prepared with either PAF-1 addition or UV
oxidation or a combination of the two as well as similar syner-
gistic effect found in mixed gas performance makes them even
more desirable for potential large-scale application. In addition,
membrane selectivity can be easily regulated by adjusting UV
irradiation time andmembrane thickness, based on specic gas
separation needs. The challenge of transferring the UV-
treatment resulted high selectivity from thick to thin
membrane demonstrated that the UV irradiation effect on
membrane performance needs a proper thickness (no thinner
than �1 mm). More studies related to membrane thickness are
needed to transfer the synergistic effect observed in thick
membranes to the industrially preferred thin membranes.
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