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Loss of free volume over time (i.e. aging) is the main hurdle towards the commercial use of super glassy

polymers for gas separation membranes. Aging takes place at a much faster rate in polymeric thin films,

with permeability reductions of over 50% in only a few days. In this work 2D reduced holey graphene

oxide (rHGO) nanosheets containing amine groups were added into thin films of the super-glassy

polymer of intrinsic microporosity PIM-1. At filler loadings of 1 wt% of rHGO-tris(4-aminophenyl)amine,

the CO2 permeance after 1 year of physical aging was 846 � 37 GPU, which remained very close to that

of the fresh membrane tested right after preparation (1050 � 70 GPU), and was double that of 1 year-

aged purely PIM-1 thin film composite membranes (432 � 4 GPU). Membranes with lower filler

concentrations of 0.1 wt% showed CO2 permeance values of 604 � 34 GPU after 1 year of aging, but

they aged quite rapidly; the initial CO2 permeance values of the fresh thin film nanocomposite (TFN)

membrane at filler loading of 0.1 wt% was 3351 � 662 GPU. The aging behaviour was also investigated in

several tens of micrometres thick membranes (up to 2 years) for filler loadings of 0.1 wt% and the gas

separation performance showed similar tendencies to that of thin films; leading to higher CO2

permeability without sacrificing CO2/CH4 selectivity.
1. Introduction

The demand for new technologies to mitigate high atmospheric
levels of carbon dioxide (CO2) is experiencing an unprecedented
growth. Membrane-based processes can contribute to the
reduction of greenhouse gases emissions,1 as they feature
minimal operating cost, relatively small footprint, and are less
energy-intensive than conventional CO2 separation technolo-
gies such as amine absorption.2 Polymers are by far the most
commonly used materials in membranes for gas separation
applications. However, despite the extensive research in recent
years, only a handful of them are commercially available. The
need to nd newmaterials that can overcome current long-term
stability issues is crucial. Alcohol vapour and liquid treat-
ments,3 as well as blending with organic polymers and llers to
obtainmixedmatrix membranes (MMMs)4,5 have been shown to
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be efficient strategies to slow down physical aging, or to recover
from it. It is also important to bear in mind that physical aging
(i.e. densication due to polymer chain relaxation) and plasti-
cisation (i.e. swelling at high CO2 partial pressures) effects are
more pronounced in polymeric thin lms, which are the
preferred congurations for commercial membranes due to
their higher ux. Thin lms can be produced by depositing
a thin selective layer (typically only a few mm thick) on top of
a previously prepared porous support, giving so-called thin lm
composite (TFC) membranes. Another fabrication approach is
the one-step immersion-precipitation technique, where a thin
polymer solution is cast and introduced into a coagulation bath
to obtain integrally skinned asymmetric membranes. In both
techniques, nanollers may be introduced in the selective top
layer to render the membranes with superior properties. TFCs
containing disperse nanomaterials are known as thin lm
nanocomposite (TFN) membranes.

Over recent years, two-dimensional materials, including
graphene oxide (GO)6–8 and other GO derivatives such as porous
holey graphene oxide (HGO),9,10 have arisen as promising
materials for membrane technology. Like GO, HGO possesses
oxygen functional groups that result from the oxidation of
graphite and can act as anchoring sites for a range of molecules
and nanoparticles to tailor their properties. As the name
suggests, HGO can be described as a GO sheet with some
carbon atoms vacancies (holes/pores) in its lattice. When used
J. Mater. Chem. A, 2022, 10, 23341–23351 | 23341
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Fig. 1 (a) Tris(4-aminophenyl)-amine (TAPA) and (b) N,N,N′,N′-tetra-
kis(4-aminophenyl)-1,4-phenylenediamine (tetrakis).

Fig. 2 PIM-1 polymerization.
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as a ller, membranes can benet from the structural changes it
induces in the polymeric matrix and also from the additional
pores in its lattice, creating additional diffusion paths with low
resistance for the gas molecules, enhancing the membrane
permeability.11 Moreover, it is hypothesised that the incorpo-
ration of graphene can affect the chain packing and restrict the
mobility of the polymer chains, consequently reducing the
membrane swelling and physical aging.12–14 Most of the
research on the use of HGO in membrane technology is based
on simulations15–17 and only a few experimental works are
available in the literature. Li et al. reported an improvement in
CO2 permeability and CO2/N2 selectivity of 21% (70 GPU) and
20.8% (130), respectively, by incorporating porous graphene
oxide into thin-lm composite (TFC) polyimide membranes
through interfacial polymerization.10 Recently, Luque-Alled and
co-workers18 reported mitigation of physical aging of MMMs
when incorporating 10 wt% (PIM-1)-functionalised HGO into
PIM-1 polymeric matrix. These retained 70% of the initial CO2

permeability aer 150 days. Zhang and co-workers9 studied
Pebax@1657 membranes that were functionalised by o-
hydroxyazo-hierarchical porous organic polymers (o-POPs) and
PGO. The gas separation performance of these membranes
surpassed the Robeson’s upper bounds (2008), exhibiting a CO2

permeability and CO2/N2 ideal selectivity of 232.7 barrer and
80.7, respectively. Chen et al.19 reported a method to improve
the permeability and CO2 selectivity of PIM-1 by incorporating
GO nanosheets. The combination of the hydrophilic/
hydrophobic microphase segregation in the membrane from
the uniform assembly of GO nanosheets and the very porous
MMMs with pore size of about 0.78 nm signicantly improved
the gas separation performance of PIM-1 membrane with an
excellent CO2 permeability of up to 6169 barrer as well as a high
CO2/N2 selectivity of 123.5. Tamaddondar et al.20 showed that
the incorporation of a low cross-link density (LCD) network
PIM-1 into a PIM-1 matrix is an effective way to reduce the
physical aging effects of the membrane performance.

In this work, supported TFN and freestanding mixed matrix
membranes were fabricated by incorporating amine-
functionalised reduced graphene oxide into polymer of
intrinsic microporosity PIM-1. PIM-1 possesses high CO2

permeability and relative high selectivity for important gas-
pairs, such as CO2/CH4, which contributed to the revision of
the Robeson’s upper bound in 2008.21 Two different amines
were investigated (N,N,N′,N′-tetrakis(4-aminophenyl)-1,4-phe-
nylenediamine (tetrakis) and tris(4-aminophenyl)-amine
(TAPA)). The performance of all membranes was investigated
for CO2/CH4 gas separation, as well as the effect of ller loading
on the physical aging.

2. Experimental part
2.1. Materials

Hydrogen peroxide (H2O2, 30% w/v) was purchased from Acros
Organics. L-Ascorbic acid (AA, 99%), anhydrous dimethylaceta-
mide (DMAc), anhydrous dichlorobenzene (DCB), methanol,
ethanol, 1,4-dioxane and chloroform were purchased from
Sigma Aldrich (UK) and used as received. Anhydrous potassium
23342 | J. Mater. Chem. A, 2022, 10, 23341–23351
carbonate (K2CO3, 99%) from Fisher Scientic Ltd (UK) was
ground into a ne powder and dried in a vacuum oven at 110 °C
overnight before use. Tetrachloroterephthalonitrile (TCTPN,
$99%) was purchased from Jinan Finer Chemical Co. Ltd
(China). Aqueous GO at a concentration of 10 mg mL−1 was
kindly provided by William Blythe (UK). N,N,N′,N′-tetrakis(4-
aminophenyl)-1,4-phenylenediamine (tetrakis) (C30H28N6,
$95%) was purchased from Carbosynth (UK). Tris(4-
aminophenyl)-amine (TAPA) (C18H18N4, 97%) and 3,3,3′,3′-tet-
ramethyl-1,1′-spirobisindane-5,5′,6,6′-tetraol (TTSBI, $96.0%)
were purchased from Alfa Aesar. Both TTSBI and TCTPN were
dried in a vacuum overnight at room temperature before use.
Polyacrylonitrile (PAN) supports were supplied by Saudi Aramco
(Saudi Arabia). The chemical structures of TAPA and tetrakis are
shown in Fig. 1(a) and (b), respectively.
2.2. Synthesis and characterisation of PIM-1

The PIM-1 synthesis was modied from the procedure
described by Foster et al.,22 with 51.06 g of TCTPN (0.15 mol),
39.89 g of TTSBI (0.15 mol) and 62.19 g of K2CO3 (0.45 mol)
reacted in a solvent mixture of 300 mL of DMAc and 150 mL of
DCB under N2 at 120 °C (Fig. 2). The polymerization was carried
out under mechanical stirring with the addition of the base in
the monomers-containing solution aer 25 min, when the
internal temperature of the reaction mixture had reached 60 °C.
The reaction mixture was brought up to 120 °C and maintained
at that temperature for 2.5 h (Fig. S1†). These temperature
conditions were selected to provide a topologically-rich PIM-1
polymer which has been shown in membranes to give
improved gas separation performance. The stirring rate was
increased throughout the reaction time as the viscosity of the
solution increased. The viscous solution was then quenched
into excess methanol. The yellow crude product was collected by
vacuum ltration, redissolved in chloroform (5 g/120 mL), and
then reprecipitated by pouring slowly into excess methanol. The
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Diagram and picture of the apparatus used for the fabrica-
tion of TFN membranes via kiss coating, and (b) representative TFN
PIM-1 membrane supported on a PAN porous support.
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polymer was again collected via ltration and then reuxed in
deionized water for 16 h. The recovered product was immersed
in a minimal amount of 1,4-dioxane for 15 min, before being
washed with copious amounts of acetone during ltration. The
polymer sample was le to soak in methanol overnight. It was
then nally vacuum-ltered using a sintered glass funnel and
dried in a vacuum oven at 120 °C for 2 days. 67 g (97% yield) was
obtained aer purication. A Viscotek gel permeation chro-
matography (GPC) max VE 2001 instrument (Malvern, UK)
equipped with two PL mixed B columns and a Viscotek TDA302
triple detector array were used to determine the weight-average
molecular weight (Mw), number-average molecular weight (Mn)
and dispersity (Đ) of PIM-1. PIM-1 was dissolved in chloroform
to obtain a concentration of 1 mgmL−1. Analysis was performed
in chloroform at a ow rate of 1 mL min−1 and an injection
volume of 100 mL. OmniSEC soware (Malvern, UK) was used to
analyze the data. GPC results: Mw = 74 100, Mn = 49 500, Đ =

1.5. A Flash 2000 organic elemental analyser (Thermo Scientic,
The Netherlands) was employed to obtain elemental analysis
data. 5 mg of powder was used for each experiment. Elemental
analysis results (wt%): C= 72.32%, H= 4.33%, N= 5.75%, Cl=
1.42% (theoretical content for C29H20N2O4: C = 75.64%, H =

4.37%, N = 6.08%). 1H nuclear magnetic resonance (NMR)
spectrum of PIM-1 polymer was recorded using a Bruker Avance
II 500 MHz instrument. 50mgmL−1 polymer solutions in CDCl3
were prepared for the NMR analysis. 1H NMR spectrum indi-
cated a branched PIM-1 is formed, this is shown in the ESI,
Fig. S2.†

2.3. Synthesis of holey graphene oxide (HGO)

Holey graphene oxide (HGO) was prepared by gradually adding
5 mL of H2O2 into a 200 mL GO aqueous dispersion (1 mg
mL−1). The mixture was constantly stirred and reuxed for 10 h
at 80 °C. Aer that, part of the HGO suspension (120 mL) was
centrifuged and washed with deionized (DI) water to remove the
remaining H2O2 and debris, and nally dried in a vacuum oven
for 24 h at room temperature. The remaining HGO suspension
(80 mL) was functionalised with two different amines as
described in the next Section 2.4.

2.4. Synthesis of reduced amine-functionalised graphene
oxide

Amine-functionalisation of HGO was carried out following the
procedure described by Alberto et al.23 The concentration ratio
of HGO to amines (tetrakis and TAPA) was xed at 1.0 mg of
HGO to 0.01 mmol of amine. Firstly, amine was dissolved in
ethanol up to a concentration of 5 mg mL−1. Then, the amine
solution was slowly added into the HGO aqueous dispersion
and stirred for approximately 24 h at 60 °C under reux. The
reaction suspension was ltered with ethanol to remove the
unreacted amine followed by a nal wash with chloroform.

The obtained functionalised HGOs were chemically reduced
to improve their dispersion in chloroform for membrane
preparation. For that, 0.992 g of AA were added to 140 mg of
amine-functionalised HGO (1 mg mL−1) and the mixture was
allowed to stir for 2 h at 90 °C. The resulting suspension was
This journal is © The Royal Society of Chemistry 2022
ltered and washed with ethanol and chloroform. The nal
product was collected and dispersed in chloroform (2.86 mg
mL−1) and labelled as rHGO-TAPA or rHGO-tetrakis.

2.5. Membrane fabrication

2.5.1. Mixed matrix membranes (MMMs). 2 wt% of PIM-1
polymeric solutions were prepared with different loadings of
reduced amine-functionalised HGO (0.01, 0.05, 0.1, 0.25, 1, and
5 wt%, relative to the mass of PIM-1). The dope solutions were
prepared by adding the required amounts of llers into the
polymeric solution (PIM-1 dissolved with chloroform) and
undergoing probe sonication (UP200St (200 W, 26 kHz),
Hielscher Ultrasound Technology, Germany) for 15 min in
a pulsatile manner (5 s sonication with 3 s pause), followed by
bath sonication for 2 h. Aer that, the dope solutions were
poured onto Steriplan® Petri dishes (diameter of 5 cm) and
immediately covered with a lid and placed in a drying cabinet
for 3 days at room temperature under nitrogen atmosphere. The
resulting lms were removed from the glass petri dish and
soaked in methanol for 24 h and dried at 80 °C for 8 h under
vacuum prior to gas permeation tests and characterisation. The
thickness of the membranes was measured by a micrometer
(Mitutoyo IP65 Coolant Proof, United Kingdom, accuracy of
�0.5 mm). The average membrane thickness resulted from at
least 5 measurements on each membrane. These membranes
were labelled xxrHGO-tetrakis and xxrHGO-TAPA, for tetrakis
and TAPA functionalisations, respectively where xx represents
the wt% of the ller in the PIM-1 polymeric matrix, followed by
the holey reduced graphene oxide ller. Pristine PIM-1 free-
standing membranes were prepared as controls and were
labelled PIM-1.

2.5.2. Thin-lm nanocomposite (TFN) membranes. TFC
membranes supported on porous PAN were prepared through
kiss coating using the in-house built system that is shown in
Fig. 3(a). The polymer content used in all coating solutions was
2 wt% in chloroform, and the ller loading ranged from 0.01 to
5 wt% relative to the polymer weight. PAN membranes were cut
into rectangular shapes (2 cm × 6 cm) and coated with PIM-1
for approximately 0.7 s. The membranes were dried at room
temperature and atmospheric pressure and were labelled TFN-
xxrHGO-tetrakis and TFN-xxrHGO-TAPA for rHGO-TAPA and
rHGO-tetrakis-containing membranes, respectively, where xx
J. Mater. Chem. A, 2022, 10, 23341–23351 | 23343
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represents the wt% of the ller. Pristine PIM-1 TFC membranes
were labelled TFC-PIM-1. Fig. 3(b) shows a picture of one of the
prepared TFN membranes.
2.6. Characterisation of HGO llers and membranes

Attenuated total reection fourier transform infrared spectros-
copy (ATR-FTIR) was used to analyse the structure of the
graphene-based materials, pristine PIM-1 membranes (free-
standing and TFC), MMMs, and TFN membranes. The spectra
were acquired with an iDS Nicolet iS5 instrument (Thermo
Scientic, UK), equipped with a Ge crystal as background over
the wavenumber range of 500–4000 cm−1, and step size of 0.5
cm−1.

Thermogravimetric analysis (TGA) was used to study the
thermal stability of the synthesized graphene-like llers, MMMs
and TFC membranes. A TGA 550 thermal analyser (TA instru-
ments, USA) was used, with a heating rate of 10 °C min−1 and
under 60 mL min−1 nitrogen ow rate. The analysis was carried
out from 50 to 800 °C.

A scanning electron microscope (SEM) FEI Quanta 650 FEG
SEM (FEI, USA) was used to study the morphology of the
membranes and the lateral size distribution of the GO nano-
sheets. Cross sectional samples were prepared by cryo-
fracturing in liquid nitrogen. Initially, the sample membranes
were immersed in ethanol for about 30 s, and subsequently
introduced into liquid nitrogen for another 30 s, where the
membranes were fractured. Also, the samples were sputtered
with platinum nanoparticles using an Emitech sputter coater
(Quorum Technologies, UK) before imaging under SEM. To
obtain the lateral size of the prepared GO nanosheets, a silicon
wafer was dipped in a GO dispersion (0.05 mg mL−1), dried at
room temperature under vacuum and imaged. The processing
soware ImageJ® was used to perform the ake size analysis.
2.7. Gas permeation measurements

2.7.1. Testing of mixed matrix membranes (MMMs). Gas
permeation measurements were conducted using a binary CO2/
CH4 mixture with equal volume fractions of each gas (ow rates
of 25mLmin−1 of each gas). The feed pressure was controlled at
2–2.4 bar, while the permeate side was kept at atmospheric
pressure. Helium (ow rate of 20 mL min−1) was used as
a sweep gas to dilute the permeating gases and direct them to
a 490 micro gas chromatography system (Agilent, USA) equip-
ped with a PoraPLOT (PPU) column. The experiments were
conducted at 25 °C.

The gas permeability P for each gas was calculated using
eqn (1).

P ¼ Q l

ADp
(1)

in which Q is the permeate gas ow rate (cm3(STP) s−1), l is the
membrane thickness (cm), A is the effective membrane area
(cm2) and Dp is the partial pressure difference across the
membrane (cmHg) for the gas. P is given in barrer units (1
barrer = 10−10 cm3[STP] cm cm−2 s−1 cmHg−1). The selectivity
23344 | J. Mater. Chem. A, 2022, 10, 23341–23351
for a gas pair, aA/B (gases A and B) is calculated as the ratio of the
permeabilities of the two gases, PA and PB, using eqn (2):

aA=B ¼ PA

PB

(2)

All membrane samples were sandwiched between two
aluminum tape rings and sealed with epoxy resin to prevent
breakage and cracking when handling and during testing. The
effective membrane area ranged from 0.18 to 0.48 cm2. At least
two membranes of each composition were tested.

2.7.2. Testing of thin-lm nanocomposite (TFN)
membranes. Single gas permeation measurements were per-
formed based on the xed pressure, variable volume method.24

Pure gas permeation measurements were performed for CH4

and CO2 at room temperature with TFN membranes of 2.1 cm2

effective area. Membranes were cut into discs of the required
size and directly placed into the permeation cell (no aluminium
rings were used). The pressure of the feed side was maintained
at 2.4 bar. Aging effects in this case were monitored using
different discs but cut from the same rectangular membrane. At
least two discs from two different membranes were tested and
the average permeance values are reported. The gas permeance
(K, in GPU (1 GPU = 10−6 cm3[STP] cm−2 s−1 cmHg−1)) was
calculated using eqn (3):

K ¼ 106 � Vk

tADp
(3)

where, Vk (cm
3) is the volume of the permeated gas at STP (0 °C

and 1 atm) during a time t (s) through a membrane area A (cm2).
2.7.3. Single gas permeability measurements. Pure gas

permeation measurements of aged membranes were obtained
using time-lag apparatus at a temperature of 25 °C and feed
pressure of 1.2 bar. Both sides of the membrane cell were
emptied for 2.5 h using an Edwards T-station turbo pumping
station 75 with an EXT75DX turbopump and an E2M1.5 rotary
vane oil-sealed pump. On the permeate side, the initial pressure
was 10−3 mbar and subsequent increments in pressure were
measured with MKS baratron gauges at intervals of 1 s for
∼500 s and with an accuracy of 10−4 mbar. Data was collected
using Labview and NI CRio. The permeability of a gas (Pi) was
calculated using eqn (4) and (5).

Qi ¼
Vpvstp

RT
� dp=dt (4)

Pi ¼ Qi l

ADp
� 1010 (5)

where Qi is the gas ow rate (cm3 s−1), Vp (cm
3) is the permeate

side volume, vstp is the molar volume of a gas at standard
temperature and pressure (22 400 cm3 mol−1), R is the gas
constant (cmHg cm3 K−1 mol−1), T is the absolute temperature
(K), dp/dt is the pressure build-up of permeate side (cmHg s−1),
Dp is the average pressure difference between feed and permeate
sides (cmHg), and l is the membrane thickness (cm).

The diffusion coefficient (D) was obtained using eqn (6). The
solubility coefficient (S) was calculated from the permeability (P)
This journal is © The Royal Society of Chemistry 2022
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Fig. 4 SEM images of surface and cross sections of (a and c) PIM-1
TFC, and (b and d) TFN-1.0rHGO-TAPA membranes.
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and diffusion (D) coefficients using eqn (7); the time-lag (q) was
obtained from the graph of permeate pressure against time, and
l is the membrane thickness.

D ¼ l2

6q
(6)

P = DS (7)

The permeability of the membrane can be modelled using
Maxwell–Wagner–Sillars equation. Eqn (8),25 which is an
adjusted function of the Maxwell equation, includes a param-
eter n that can be related to the orientation and shape of the
holey GO llers in the membranes

PM ¼ Pp

nPf þ ð1� nÞPp þ ð1� nÞ�Pf � Pp

�
B

nPf þ ð1� nÞPp � n
�
Pf � Pp

�
B

(8)

where PM, Pp and Pf are the gas permeability values of the TFN
membranes, the continuous phase (polymer, PIM-1) and the
dispersed phase (ller, TFN-rHGO), respectively, all in barrer. Ø
is the volume fraction of the ller, and n is the shape factor of
the ller related to the geometry and the orientation. For prolate
ellipsoids 0# n# 1/3, for oblate ellipsoids 1/3 # n# 1, and for
spherical llers n = 1/3, which is the key assumption of
Maxwell’s theory. When n = 0 the gas passes through parallel
plates, and when n = 1 the gas goes through laminate series
plates.26 The above mentioned model has been broadly used for
the prediction of permeation performance in MMMs and re-
ported by our group for 2D llers-containing membranes.18,27
3. Results and discussion

The lateral size distribution of the GO nanosheets was obtained
from several SEM images; a representative SEM image is shown
in Fig. S4(a).† According to the normal distribution curve-tting
used, the mean value of the lateral GO ake size is 3.5 � 2.5 mm
(Fig. S4(b)†).

Fig. S3a and b† show the porosity of the surface of PAN
supports at low and high magnications, respectively. From the
acquired images, the obtained average pore size and surface
porosity are 45.6 nm and 11.7%, respectively. Fig. 4 shows SEM
images of the surface and cross-sections of pristine PIM-1 TFC
membranes and TFN-1.0rHGO-TAPA-TFC membranes. From
these images, it can be observed that the kiss-coating method
followed in this study led to the production of defect-free TFN
membranes and no agglomerates were visible, suggesting that
the llers were uniformly dispersed in the polymeric matrix.
Generally, the membrane thickness for thin membranes was
about 2–5 mm. More SEM images of the surface and cross
sections of the TFC prepared in this study are shown in Fig. S5.†

FTIR spectra of rHGO, rHGO-TAPA and rHGO-tetrakis
samples are shown in Fig. S6(a).† The FTIR spectrum of rHGO
showed the oxygen-containing groups in which the main broad
absorption band occurs at 3320 cm−1 representing O–H group
stretching vibrations of hydroxyl and carboxyl groups. More-
over, the absorption peaks at 1700 cm−1 and 1600 cm−1 corre-
spond to the C]O stretching of carboxylic and C]C stretching
This journal is © The Royal Society of Chemistry 2022
in the aromatic ring, respectively. The absorption peaks at
approximately 1200 cm−1 and 1040 cm−1 represent epoxy C–O
stretching vibration and alkoxy C–O stretching vibrations,
respectively.28 Aer functionalisation, the FTIR spectra of TAPA/
GO and tetrakis/GO show the N–H wag peaks at 875 cm−1.
Additionally, both GO-based materials show two peaks at 1535
and 1571 cm−1 that are attributed to N–H stretching. New
medium intensity peaks appeared in these spectra in the 1400–
1200 cm−1 region due to antisymmetric C–N stretching vibra-
tions coupled with out-of-plane NH2 and NH modes.29 The
peaks in the region from 3400 to 3250 cm−1 correspond to N–H
stretching. FTIR was also employed to study the chemical
structure of the as-cast free PIM-1 membrane. As shown in
Fig. S6(b),† the characteristic peaks from approximately 2800
cm−1 to 3010 cm−1 correspond to the aliphatic and aromatic C–
H stretching. In addition to that, the FTIR also showed char-
acteristics peak at ∼2240 cm−1 for C^N, ∼1610 cm−1 for C]C
aromatic bending and 1000–1300 cm−1 for C–O bending.30

Fig. S6(c) and (d)† show the FTIR spectra of MMMs and TFN
membranes, respectively. No signicant difference was
observed between the FTIR spectrum of pristine PIM-1
membranes (freestanding and TFC) and the spectra of MMMs
and TFN membranes, which might be due to the low ller
concentration of the prepared membranes.

The thermal stability of TAPA (as received), tetrakis (as
received), GO, rHGO-tetrakis and rHGO-TAPA was assessed by
TGA and the curves are shown in Fig. S7(a).† For all the samples
the weight loss up to approximately 100 °C is attributed to the
evaporation of adsorbed water. The weight loss between 100
and 300 °C of GO stems from the decomposition of oxygen-
containing functional groups, and at higher temperatures up
to 650 °C the pyrolysis of the carbon skeleton takes place.31 At
700 °C, the GO registered a weight loss of 95.4%. TAPA and
tetrakis are thermally stable up to approximately 250 °C,
showing negligible weight loss in this temperature range, with
J. Mater. Chem. A, 2022, 10, 23341–23351 | 23345
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subsequent degradation at higher temperatures.28 rHGO-TAPA
and rHGO-tetrakis are both more hydrophobic than GO due
to the amine functionalisation and chemical reduction, as
conrmed by the lower weight loss up to 100 °C. The thermal
stability of MMMs and TFN membranes was also investigated
and the results are shown in Fig. S7(b) and (c),† respectively.
Results show that the thermostability of those membranes has
not been signicantly affected by both the type and loading of
the llers.

Gas permeation tests of PIM-1 TFC membranes and rHGO-
tetrakis- and TAPA-based PIM-1 TFN membranes were carried
out with single gases (CO2 and CH4) on a xed pressure cell at 25
°C. The CO2 permeance and the ideal CO2/CH4 selectivity of the
rHGO-tetrakis/PIM-1 and rHGO-TAPA/PIM-1 TFNs are plotted in
Fig. 5(a) and (b), respectively, and the raw data is provided in ESI
(Tables S1 and S2†). As can be observed, the incorporation of
the llers affected the CO2 and CH4 gas permeation of the PIM-1
thin lms, with increased selectivity for less permeable
membranes (>0.25 wt% of llers). The TFNs containing a ller
loading of 0.1 wt% showed a two-fold increase in CO2 per-
meances as compared to pristine PIM-1 TFC membranes for
both llers: 3351� 662 and 3200� 842 GPU for 0.1rHGO-TAPA-
TFN and 0.1rHGO-tetrakis-TFN, respectively. The ideal CO2/CH4

selectivity of both sets of membranes, decreases from ∼9 for
pure PIM to ∼7. Li et al.10 studied the incorporation of porous
graphene nanosheets into polyimide membranes for CO2/N2

separation and reported similar results; at relatively low ller
loadings (0.04–0.05 wt%) the CO2 permeation through the
membrane increased and it then decreased for higher ller
loadings. Similarly, Kim et al. incorporated GO and reduced GO
(rGO) into thermally rearranged (TR) polymers to form ultrathin
TFN membranes. TFNs containing rGO showed a high initial
CO2 permeance of 1784 GPU which corresponds to an increase
of 482 times compared to pristine polymer TFC membranes,
with a selectivity of 32.4.32 This behaviour can be rationalised
considering two competitive factors – disruption of the poly-
mers chains that cause the increase in the gas permeability and
Fig. 5 (a) CO2 permeance and (b) CO2/CH4 ideal selectivity of rHGO-tet
performance of TFC PIM-1 membranes (dashed lines are used for guide

23346 | J. Mater. Chem. A, 2022, 10, 23341–23351
the creation of the more tortuous path for the gas transport that
leads to a reduction in gas permeation. This phenomenon is
also reported in other studies in the literature.33,34 A similar
study by Zhao et al. where metallic ion-cross-linked PIM-1 thin
lm membranes were fabricated, reported high CO2/N2 selec-
tivity (23) and good CO2 permeance (1058 GPU).35 Likewise,
PIM-1 based ultrathin membranes containing 2D metal–
organic framework (MOF) nanosheets fabricated by Cheng et al.
resulted in a CO2/CH4 selectivity of 15.6 and CO2 permeance up
to 407 GPU, surpassing other PIM-1 based membranes.36

More important than the initial gas separation values, is the
performance of the thin lms over time. Stability is crucial in
industrial operations, where predictable outputs are required.
Due to the intrinsic high free volume of PIM-1, polymer chain
relaxation that leads to a lower energy state and thus lower free
volume is expected.37,38 The prepared TFNs in this work were
kept in plastic petri dishes, sealed with paralm and monitored
up to 1 year and the results are plotted in Fig. 6 (raw data is
provided in ESI in Tables S1 and S4†). On day 1, PIM-1 TFC
membranes showed CO2 permeance of (1583 � 400) GPU and
ideal CO2/CH4 selectivity of (9.2� 2). Aer 66 days of aging, 58%
of the initial CO2 permeance was lost, and aer 1 year the loss
was 73% ((432 � 4) GPU). The reduction in CH4 permeance was
higher (c.a. 81%) than that for CO2 over the same period,
leading to the expected increase in ideal selectivity for the CO2/
CH4 mixture upon aging. As explained in the work by Bernardo
et al.39 aging in PIM-1 membranes mainly affects the gas
diffusivity, which is more pronounced for molecules with larger
kinetic diameters. The kinetic diameters of CH4 and CO2 are 3.8
Å and 3.3 Å, respectively. Thus, the physical aging in PIM-1
membranes tends to restrict to a higher degree the diffusion
of CH4, improving the CO2/CH4 selectivity, as observed for the
prepared TFNs. Moreover, the results also show a more rapid
physical aging rate in thin lms than in thick lms (ESI†). In
this study, thick freestanding PIM-1 membranes showed a CO2

permeability reduction of approximately 67% aer 457 days.
The physical aging rate dependency on the membrane
rakis and rHGO-TAPA-based PIM-1 TFN membranes. + represents the
purposes only).

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 (a) CO2 permeance and (b) ideal CO2/CH4 selectivity of PIM-1 TFC and TFN membranes containing rHGO-tetrakis and rHGO-TAPA as
fillers. Pure gas measurements at room temperature and a feed pressure of 2.4 barg. Effective membrane area 2.1 cm2, and samples stored at
ambient conditions between testing. (1 GPU = 10−6 cm3[STP] cm−2 s−1 cmHg−1) (dashed lines are used for guide purposes only).
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thickness has been reported previously.40 As an example, Bor-
isov et al. showed a drop in CO2 permeance of 3 month-aged
PIM-1 TFC membranes between 10 and 40 times (208–297
GPU).41 More recently, Foster et al. reported the effect of
blending topologically distinct samples of PIM-1 on the
performance and aging behaviour of TFCs.42 Those containing
a multi-loop polymeric structure (with 3 small loops) and very
few chain ends (0–1 max) showed the best aging behaviour, with
CO2 permeance of 671 GPU aer 120 days.

Some of the prepared TFN membranes with amine-
functionalised-rHGO were able to reduce the physical aging of
the PIM-1 polymer, for example the membrane containing 0.25
wt% of tetrakis (TFN-0.25rHGO-tetrakis) experienced a loss of
CO2 permeance of only 14% (from (1265 � 70) to (1092 � 108)
GPU) over a period of 66 days. Similarly, the membrane con-
taining 1 wt% of TAPA (TFN-1.0rHGO-TAPA) was able to
preserve 81% of its initial CO2 permeance aer one year from
preparation at (846 � 37) GPU, only a reduction of ∼19.4%. In
all cases, CO2/CH4 ideal selectivities increased quite substan-
tially for the rst couple of months (Fig. 6b) due to the afore-
mentioned more effective packing of the polymer and,
therefore, an increase in the diffusivity-selectivity. However,
prolonged aging of the TFNs led to selectivities down to their
original values, which could be explained by the formation of
small interfacial gaps between the polymer and the ller during
the testing period.

The incorporation of llers into the PIM-1 polymer to obtain
gas separation membranes has been previously reported in the
literature. However, most studies focus on freestanding thick
MMMs, and only a few report the preparation of TFNs. In
a recent publication by our research group,43 thin lm nano-
composites (TFNs) membranes were prepared by incorporating
porous silica nanosheets (SN) functionalized by a sulfonic acid
(S-SN) in the PIM-1 polymer matrix. The incorporation of 0.05
wt% of S-SN led to 35% higher initial CO2 permeance (3771 � 5
GPU) than the TFC PIM-1 (2778 � 1010 GPU), and enhanced
This journal is © The Royal Society of Chemistry 2022
physical aging was obtained. However, the CO2 permeance of 28
days-aged TFC PIM-1 and TFN PIM/S-SN0.05 dropped by 97%
(81 � 10 GPU) and 87% (403 � 43 GPU), respectively.

Bhavsar et al.44 showed that the incorporation of highly
permeable nanoparticulate llers (carbonized form of hyper-
crosslinked polystyrene, C-HCP) into PIM-1 TFN membranes
drastically reduced the physical aging rate. The incorporation of
a very high loading of C-HCP (60 wt%) into the PIM-1 polymeric
active layer showed CO2 permeance of >9300 GPU aer 90 days.

Tables S3 and S8(a)† show the gas separation performance of
freestanding PIM-1 membranes and freestanding MMMs con-
taining rHGO-tetrakis as ller (0.01–5.0 wt%). A 50/50 vol% CO2

and CH4 binary mixture was introduced to the feed side and
tests were conducted at 25 °C under a transmembrane pressure
of 1 bar. At least two membranes of each composition were
tested. Experimental results showed that the incorporation of
rHGO-tetrakis into the polymeric matrix has distinct effects of
the gas separation performance, depending on the loading of
the ller. A signicant increase in CO2 permeability of the
MMMs was observed with increasing ller loading over the
range 0.01–0.1 wt% rHGO-tetrakis, reaching a maximum CO2

permeability of (9760 � 449) barrer for the sample 0.1rHGO-
tetrakis, representing an increase of 31% when compared to
pristine PIM-1 membrane. On the other hand, the permeability
of CO2 dropped for ller loadings higher than 1.0 wt% rHGO-
tetrakis. The membrane 5.0rHGO-tetrakis presented a CO2

permeability of (3393 � 315) barrer, the lowest amongst all,
even lower than a pristine PIM-1 membranes. In addition to
that, membrane selectivity increased for this range of ller
loadings. These ndings are underpinned by both the semi-
impermeability of holey graphene and by the creation of
a more tortuous path for the gas molecules to cross the
membrane. Similar results were obtained by Althumayri et al.45

that reported a two-fold increase in CO2 permeability of MMMs
containing a loading of graphene of 0.05 vol% in a PIM-1
polymeric matrix, whereas, the CO2 permeability decreases
J. Mater. Chem. A, 2022, 10, 23341–23351 | 23347

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta06339e


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 3

/1
8/

20
26

 2
:3

4:
27

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
with the further increasing loading of graphene. Shen et al.34

reported a similar trend when GO was incorporated into Pebax
matrix. CO2 permeability increased upon addition of 0.1 wt%
GO to the Pebax membrane reaching 100 barrer. Further addi-
tion of GO led to a decrease of the CO2 permeability from 100 to
30 Barrer for an addition of 0.5 wt% GO. MMMs based on
polyimide with either GO or laminated GO as llers prepared by
Ge et al.46 showed the same behaviour. The addition of both
llers resulted in an increase of CO2 permeability with the
increase of ller loading up to 3.0 wt% which was followed by
a decrease in CO2/N2 selectivity. Opposite behaviour was shown
by both MMMs when the ller loading surpassed 4.0 wt%.
Functionalised multi-walled carbon nanotubes (f-MWCNTs)
with polyethylene glycol (PEG) in PIM-1 MMMs were investi-
gated by Khan et al. Similar to previous studies, the addition of
0.5 wt% of f-MWCNTs loading to polymer matrix resulted in
∼21% increase in CO2 permeability. Likewise, f-MWCNTs
loading between 1 wt% and 2 wt% further enhanced the gas
permeability. On the other hand, with the increase of f-
MWCNTs loading from 2% to 3%, the CO2 permeability
decreased.47 A related study on MMMs incorporating g-C3N4

nanosheets into the PIM-1 matrix reported by Tian and co-
workers also showed an enhancement in gas permeabilities
with increase ller loadings. At low g-C3N4 loadings (<1.5 wt%),
there was an apparent increase in gas permeability until it
reached the maximum of 1 wt% g-C3N4 loading, then further
loading decreased the permeability. The decrease in perme-
ability was hypothesised to be due to the partial agglomeration
of restacked g-C3N4, which blocked the ultramicropores of the
PIM-1 matrix.48

Assuming the addition of 2D sheets (rHGO) into PIM-1
follows the ellipsoids theory and knowing that the perme-
ability of the rHGO is way lower than the PIM-1 permeability,
hence the Pf can be neglected. The n parameter can be calcu-
lated from the experimental gas permeability values for the
PIM-1 and the TFN membranes. The calculation of the volume
fraction Ø was determined by considering the wt% of each
membrane. The density of PIM-1 was considered to be 0.948 g
cm−3,12 and the density of GO was calculated as the two-
dimensional mass density of a graphene single layer (7.63 ×

10−8 g cm−2) divided by the GO ake thickness (1 nm) as
previously reported.18 The n parameter was calculated for each
TFN membranes using eqn (8) with PM (experimental gas
permeability of the TFN membranes) and Pp (experimental gas
permeability of pure PIM-1), and the results are shown in Table
S5.† The n values results range between 0.943 and 1, which
indicates that most of the rHGO akes are parallel to each other
and horizontally orientated to the gas ow. Fig. S8† shows the
CO2 permeability prediction for the rHGO-tetrakis-containing
membranes based on the Maxwell equation.

The CO2/CH4 separation performance of MMMs containing
different loadings of rHGO-TAPA into PIM-1 polymeric matrix
was also investigated under the same conditions as the previous
rHGO-tetrakis MMMs. The performance of rHGO-TAPA/PIM-1
MMMs is shown in Table S4. Fig. S9(b)† compares the perfor-
mance of rHGO-TAPA- and rHGO-tetrakis-based PIM-1 MMMs.
For ller loading up to 0.1 wt%, both llers induced an increase
23348 | J. Mater. Chem. A, 2022, 10, 23341–23351
in CO2 permeability. Among these membranes, the maximum
CO2 permeability was reached by the membrane 0.1rHGO-TAPA
((11 077 � 261) barrer). In terms of CO2/CH4 selectivity, rHGO-
TAPA/PIM-1-based membranes showed always higher selec-
tivity than rHGO-tetrakis/PIM-1-based membranes. This might
be due to the size of the molecules TAPA and tetrakis. Tetrakis
molecules are bigger than TAPA molecules, which can induce
a greater disruption of the polymer chains and therefore create
more non-selective voids between the ller and the polymer
chains. Moreover, bigger molecules may also cause an increase
in tortuosity path for the gas molecules and therefore a decrease
in membrane permeability.

Physical aging of the membranes was evaluated in terms of
CO2 permeability and CO2/CH4 selectivity for 611 days and the
results are shown in Fig. S10(a) and (b)†, respectively (Tables S3
and S4 in the ESI†). The CO2 permeability of all MMMs
decreased over time, while the CO2/CH4 selectivity is enhanced
for the same testing period. Aer 611 days, 0.05rHGO-TAPA and
0.05rHGO-tetrakis showed the highest ((3839� 907) barrer) and
lowest ((1999 � 173) barrer) average CO2 permeability, respec-
tively. The same tendency of highly permeable glassy polymers
to show a decrease in CO2 permeability over time has been
shown in the literature.13,39,49 The relative CO2 permeability and
relative CO2/CH4 selectivity of pristine PIM-1 membranes and
MMMs, 611 days aer preparation are shown in Fig. S10(c) and
(d)†, respectively. Pristine PIM-1 membranes experienced
a drop of 66% in CO2 permeability aer 611 days. Over the same
period, the lowest CO2 permeability loss, 55%, was shown by
0.05rHGO-TAPA. It is worth noting that the membrane
0.05rHGO-tetrakis presented the highest relative CO2 perme-
ability loss (79%) and also the second highest initial CO2

permeability ((9361 � 374) barrer). This might be due to the
greater free volume generated by the introduction of the ller
into the polymeric matrix. The higher the initial free volume,
the higher the gas permeability, increasing the tendency to raise
the physical aging rate. Generally, MMMs presented a lower
increase in relative CO2/CH4 selectivity compared to pristine
PIM-1 membranes. This might be due to voids still present in
the membrane structure upon the disruption of the polymer
chains created by the presence of the ller in the membrane
matrix.

Fig. S11† displays the gas separation performance of free-
standing PIM-1 and rHGO-tetrakis/PIM-1 and rHGO-TAPA/PIM-
1 MMMs, the 2008 Robeson and the 2019 Jansen/McKeown
upper-bounds. It can be observed that the performance of the
membranes moved towards lower CO2 permeability and higher
CO2/CH4 selectivity.

To further investigate the effect of the llers in the MMMs,
single gas permeation measurements of aged membranes (aged
for 850 days) were undertaken using a time-lag apparatus. The
solution-diffusion mechanism is the most widely used trans-
port model for gas permeation in polymer membranes, hence
pure gas measurements were obtained by a constant volume
instrument to evaluate the solubility (S) and diffusivity (D)
coefficients of PIM-1 and rHGO-tetrakis- and TAPA-based PIM-1
membranes (shown in Table 1). The calculated values of S and D
in the PIM-1 membrane are similar to those reported by Budd
This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Membrane performance of aged MMMs (457 days), PIM-1 TFC
and TFNmembranes (360 days) for CO2/CH4 separation with the 2008
Robeson upper-bound. A membrane thickness of 3 mm was consid-
ered. - PIM-1, � 0.1 TAPA, ; 0.05 TAPA, A 0.01 TAPA, + 1.0 TAPA
and : 0.1 tetrakis. Filled symbols: performance of TFC and TFN
membranes at day 1, unfilled symbols: performance of TFC and TFN
membranes at day 360, unfilled symbols with a +: performance of
MMM at day 1, unfilled symbols with X: performance of MMMs at day
457.
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et al.21 D and S values for CO2 are both greater than CH4, owing
to the smaller kinetic diameter of CO2 and higher polarity,
respectively. It has been found that aging has a signicant effect
on the diffusivity, however, the solubility is almost constant as
a function of time. The D values for all MMMs are greater than
pristine PIM-1. Therefore, the addition of the llers leads to
higher free volume aer a long period of aging. It is worth
mentioning that the permeability of all the MMMs was still
higher than that of neat PIM-1. Thus, the improvements in
permeability are due to faster diffusion of CO2 through the
MMMs. This suggests that adding amine-functionalised rHGO
helps keep a higher diffusivity, avoiding the collapse of free
volume. However, the lower values of solubility suggest some of
the polymer sorption sites in PIM-1 are blocked due to inter-
actions with the llers, as has been reported in the literature.50

For comparison reasons, the gas separation performance of
TFC PIM-1, TFN membranes and aged MMMs was plotted in
a selectivity-permeability log–log graph with the 2008 Robeson
upper-bound (Fig. 7). An average membrane thickness of 3 mm
(obtained from the SEM images) was considered. Results show
that TFC and TFN lms do age more rapidly thanMMMs, which
is in accordance with the ndings reported in the literature.51,52

It can be also seen that fresh MMMs at day 1 are all above the
2008 upper bound and loss in permeability over time makes
them go slightly below it. Contrarily, the initial performance of
the TFN containing TAPA-functionalised holey GO is below the
selectivity-permeability trade-off, which at low ller loadings
move parallel to it, and for the 1 wt% membrane (the less
permeable TFN at day 1) it remains almost unaltered aer 360
days.
J. Mater. Chem. A, 2022, 10, 23341–23351 | 23349
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4. Conclusions

Thin lm nanocomposite (TFN) membranes of PIM-1 contain-
ing amine-functionalised reduced HGO (rHGO-tetrakis and
rHGO-TAPA) were prepared and tested for CO2/CH4 separation.
Also the effects of ller loadings on physical aging were
investigated.

Aer 1 year of physical aging, membranes with ller loading
of 1 wt% rHGO-TAPA showed CO2 permeance of (846 � 37)
GPU. The results obtained were close to the permeance value of
fresh membranes tested aer preparation and double that of 1
year-aged purely PIM-1 thin lm composite membranes, (1050
� 70) GPU and (432 � 4) GPU, respectively. On the other hand,
membranes with lower ller concentrations of 0.1 wt% aer 1
year of aging obtained a CO2 permeance of (604 � 34) GPU,
however, they aged faster. Fresh TFNmembrane at ller loading
of 0.1 wt% showed an initial CO2 permeance value of (3351 �
662) GPU.

The aging behaviour was also investigated in several tens of
micrometres thick membranes for ller loadings of 0.1 wt% and
the gas separation performance showed similar tendencies to
that of thin lms; leading to higher CO2 permeability without
sacricing CO2/CH4 selectivity. 0.1wt% rHGO-tetrakis and
0.1wt% rHGO-TAPA reached an initial CO2 permeability of
(9760 � 449) and (11 077 � 261) barrer, respectively. The CO2/
CH4 separation performance outperformed pristine PIM-1
membranes aer 611 days, where 0.05rHGO-TAPA showed the
highest CO2 permeability of (3839 � 907) barrer. Gas solubility
and diffusivity values were obtained experimentally and
conrmed that the addition of amine-functinalised rHGO hel-
ped maintain a higher diffusivity, avoiding the collapse of free
volume, and suggested some extent of blockage of the polymer
sorption sites.

In conclusion, the incorporation of amine-functionalised
reduced HGO is an effective strategy to enhance the gas
performance of PIM-1 based membranes.
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