
Journal of Membrane Science 661 (2022) 120889

Available online 13 August 2022
0376-7388/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Porous silica nanosheets in PIM-1 membranes for CO2 separation 

Sajjad Mohsenpour a, Zunmin Guo a,**, Faiz Almansour a, Stuart M. Holmes a, Peter M. Budd b, 
Patricia Gorgojo a,c,d,* 

a Department of Chemical Engineering, Faculty of Science and Engineering, The University of Manchester, Manchester, M13 9PL, United Kingdom 
b Department of Chemistry, Faculty of Science and Engineering, The University of Manchester, Manchester, M13 9PL, United Kingdom 
c Instituto de Nanociencia y Materiales de Aragón (INMA) CSIC-Universidad de Zaragoza, C/ Mariano Esquillor s/n, 50018, Zaragoza, Spain 
d Departmento de Ingeniería Química y Tecnologías del Medio Ambiente, Universidad de Zaragoza, C/ Pedro Cerbuna 12, 50009, Zaragoza, Spain   

A R T I C L E  I N F O   

Keywords: 
PIM-1 
Mixed matrix membrane 
Silica nanosheets 
Thin film nanocomposite (TFN) membrane 
CO2 capture 

A B S T R A C T   

PIM-1-based freestanding mixed matrix membranes (MMMs) and thin film nanocomposites (TFNs) were pre-
pared by incorporating porous silica nanosheets (SN) and exfoliated SN (E-SN) derived from natural vermiculite 
(Verm) in the PIM-1 polymer matrix. In addition, SN were functionalized by sulfonic acid and amine groups (S- 
SN and N-SN, respectively) and were also used as fillers for the preparation of MMMs. The gas separation per-
formance was evaluated using CO2/CH4 and CO2/N2 (1:1, v:v) binary gas mixtures. Among freestanding 
membranes, fresh ones (i.e. tested right after preparation) containing 0.05 wt% functionalized SN and E-SN 
outperformed the neat PIM-1, surpassing the 2008 Robeson upper bound. At the same filler concentration, fresh 
MMMs with sulfonic acid-functionalized SN (S-SN) exhibited 40% higher CO2 permeability, 20% higher CO2/N2 
selectivity and almost the same CO2/CH4 selectivity as neat PIM-1 membranes. Moreover, after 150 days of 
aging, these membranes were capable of maintaining up to 68% of their initial CO2 permeability (compared to 
37% for neat PIM-1). When prepared as TFN membranes, the incorporation of 0.05 wt% of S-SN led to 35% 
higher initial CO2 permeance and five times higher CO2 permeance after 28 days.   

1. Introduction 

Membrane technology for CO2 separation is a growing field that has 
demonstrated its feasibility in the gas sweetening industry [1], and is 
currently widely investigated for the upgrading of biogas [2], and the 
capture of CO2 from flue gases in the power industry. However, 
advanced membrane materials with tailored structures are needed to 
expand their use and for the design of more competitive processes. 

High free volume polymer of intrinsic microporosity PIM-1 shows a 
combination of high CO2 permeability and good CO2/CH4 and CO2/N2 
selectivity [3]. Its outstanding performance contributed to revisiting the 
Robeson upper bound in 2008 [4]. However, the very high free volume 
in this superglassy polymer, and thus its high initial gas permeability, 
are lost over time. This phenomenon is known as physical aging and 
takes place due to the rearrangement of polymer chains toward an un-
attainable equilibrium state [5]. This effect is even more pronounced for 
thin film composite (TFC) membranes [6], which is the preferred 

configuration for commercial gas separation applications (flux is 
inversely proportional to membrane thickness). It has been reported that 
flux declines from 2400 GPU to 600 GPU in just 28 days for PIM-1 thin 
films [7]. Therefore, advances on physical aging inhibition for PIM-1 are 
needed to make it feasible in large scale applications. 

Different strategies have been proposed to prevent aging, such as 
rigidification of polymer structure by changes to the polymer backbone 
[5] and by cross-linking of polymer chains [8], mostly in thick free-
standing PIM-1 films. However, these methods can reduce the initial 
permeability [9]. On the other hand, the fabrication of PIM-1-based 
mixed matrix membranes (MMMs) by blending with porous [7,10] 
and nonporous fillers [2,11,12] has shown promising results. 

Embedding nonporous materials in polymers usually increases the 
tortuosity and gas barrier properties of gas molecules [13], while the 
addition of porous fillers can enhance gas transport. However, the 
incorporation of porous and nonporous nanoparticles (NPs) can also 
alter the polymer chain packing, increasing the free volume and thus gas 
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permeability. In addition, they can lead to the formation of interfacial 
voids between the filler and polymer chains, which is also accompanied 
by an increase in gas permeability and a decrease in selectivity [14]. 
Sakaguchi et al. [15] studied the CO2/N2 separation performance of 
PIM-1-based MMMs containing amine, methyl and 
carboxylic-functionalized nonporous silica NPs. The incorporation of 
amine and carboxylic-functionalized silica led to membranes with 
higher CO2 permeability and lower selectivity, and membranes with 
methyl-modified silica exhibited both higher permeability and selec-
tivity than neat PIM-1. The latter also revealed better long-term stability 
compared to neat PIM-1 with almost constant permeability over 60 days 
for the freestanding membranes. Kinoshita et al. [7] also reported an 
enhancement in the anti-aging performance of PIM-1 MMMs fabricated 
from amine and nitro-functionalized polyhedral oligomeric silses-
quioxane (POSS) (silica-based) nanofillers for both freestanding and 
supported thin films (known as thin film nanocomposite membranes, 
TFNs). Yet, the CO2 permeance dropped by ~90% for the TFNs over a 
month. 

In this investigation, highly porous few-layer silica nanosheets (SN) 
and exfoliated SN were synthesized and used as fillers in freestanding 
and TFN PIM-1 membranes for the first time. SN can be easily synthe-
sized via a simple and environmentally benign acid-treatment method 
from Vermiculite (Verm), which is a cheap aluminosilicate mineral with 
a layered structure containing crystalline aluminium octahedral sheets 
and exchangeable cations (such as Mg2+, Ca2+, Na+ and K+) sandwiched 
between two tetrahedral sheets of silica (Fig. 1) [16]. Due to its low 
price, layered structures and excellent ion-exchange properties, Verm 
has been explored as membrane filler [16], adsorbent [17], nanofluidic 
channel network [18], and electrode material [19]. To the best of our 
knowledge, the gas separation applications using Verm or its derivations 
have not been reported until now. 

It has been reported that fillers with polar functional groups (i.e. 
amine [20] and sulfonic [21]) can interact with the quadrupole moment 
of CO2 molecules and result in an increase in the CO2 solubility of the 
MMMs. Herein, sulfonic acid functionalized SN and amine functional-
ized SN were used separately as a filler to increase the compatibility of 

the filler with the polymer matrix and study the possible interaction 
between CO2 and the membranes. The fabricated membranes in this 
study were tested for CO2/CH4 and CO2/N2 separation for up to 150 
days (freestanding membranes) and up to 28 days (TFN membranes) to 
evaluate aging behaviour. 

2. Experimental 

2.1. Materials 

For PIM-1 synthesis, monomers of 3,3,3′,3′-tetramethyl-1,1′-spi-
robisindane-5,5′,6′,6′-tetrol, 97% (TTSBI) and 2,3,5,6-tetrafluoroter-
ephthalonitrile, 98% (TFTPN) were purchased from Alfa Aesar (UK) 
and Fluorochem Limited (UK), respectively. TTSBI was purified as pre-
viously reported by Ameen et al. [12]. Anhydrous potassium carbonate 
(K2CO3) was purchased from Fisher Scientific UK Ltd. Chloroform and 
methanol (MeOH) were purchased from Fisher Chemical. N, 
N-dimethylacetamide (DMAc), 1,2-dichlorobenzene (DCB), and isopro-
pyl alcohol (IPA) were supplied by Sigma Aldrich (UK). Polyacrylonitrile 
(PAN) membrane supports were kindly supplied by Saudi Arabian Oil 
Company and used for the preparation of thin film composite and 
nanocomposite membranes. 

For the synthesis of SN and functionalized SN, Verm, (3-mercapto-
propyl)trimethoxysilane (MPTMS), (3-aminopropyl)triethoxysilane 
(APTES), aqueous hydrochloric acid (HCl, 34 wt%), dichloromethane 
(DCM) and toluene were purchased from Sigma-Aldrich (UK). Hydrogen 
peroxide (H2O2, 30%) was acquired from VWR Chemicals (UK). Ethanol 
was purchased from Fisher Chemical. Deionized (DI) water was pro-
duced in-house by a Milli-Q integral system (Merck Millipore, Ireland). 

2.2. PIM-1 synthesis 

PIM-1 was synthesized according to the procedure reported by 
Tammaddondar et al. [22]. An equimolar ratio of the monomers, TTBSI 
(10.212 g, 0.03 mol) and TFTPN (6.003 g, 0.03 mol), and K2CO3 
(12.483 g, 0.09 mol) as a base, were added to a 250 mL three neck round 
bottom flux with a Dean-Stark trap to remove water as a by-product 
from the reaction mixture. The mixture was stirred at room tempera-
ture for 30 min under continuous nitrogen flow. Then, 60 mL DMAc and 
30 mL DCB were added to the mixture, and the temperature was 
increased to 160 ◦C. The reaction time was ~36 min including the time 
required to increase the temperature from room temperature to 160 ◦C 
(~16 min). At the end of the reaction, the hot yellow viscous solution 
was poured into 200 mL MeOH, precipitating as a thread-like PIM-1 
polymer. After 6 h, the precipitate was filtered and dried and dissolved 
in chloroform overnight. The solution was again precipitated by MeOH 
and then washed using DI water under reflux at 95 ◦C for 16 h. The 
PIM-1 powder was dried and washed with 50 mL 1,4 dioxane, 200 mL 
acetone and 200 mL MeOH, respectively. The final product was dried at 
120 ◦C for 48 h. 

2.3. Silica nanosheets (SN) synthesis 

Natural Verm with the chemical formula (Al0.30Ti0.04Fe0.63 Mg2.00) 
(Si3.21Al0.79)O10(OH)2 Mg0.13Na0.02 K0.10(H2O)n [23] (Fig. 1) was used 
as a precursor to prepare SN by the acid-leaching method [16]. Briefly, 
3 g of Verm and 100 mL 2 M HCl were mixed at 50 ◦C for 8 h under 
stirring. The decanted solution was washed with DI water until the 
filtrate had a pH of 7. The obtained powder was dried in vacuum oven 
overnight at 70 ◦C and then was finally ground in an agate mortar for 20 
min. 

2.3.1. Synthesis of exfoliated few-layer SN 
In order to obtain exfoliated few-layer SN (E-SN), the liquid phase 

exfoliation (LPE) method [16] was followed; ground SN was dispersed in 
ethanol (1 mg mL− 1) for 2 h by a Hielscher Ultrasonic Processor 

Fig. 1. Schematic of SN, E-SN, N-SN and S-SN preparation (modified 
from Ref. [16]). 
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(UP200St) instrument, and the solution was subsequently centrifuged at 
1000 rpm for 10 min to remove non-exfoliated SN and big particles. The 
supernatant was then decanted and the final product was dried in a 
vacuum oven. A schematic of SN and E-SN preparation is shown in 
Fig. 1. 

2.3.2. Amine functionalization of SN 
Amine-functionalized SN (N-SN) was prepared by dispersing 0.1 g of 

SN in a well-mixed solution containing 0.1 mL APTES and 3 mL DCM as 
reported elsewhere [27]. The solution was stirred for 24 h at room 
temperature, centrifuged at 8000 rpm for 15 min, filtered, washed with 
ethanol and DI water several times, and dried at 40 ◦C overnight under 
vacuum. The procedure is summarized in Fig. 1. 

2.3.3. Sulfonic acid functionalization of SN 
The sulfonated SN (S-SN) was carried out through silane condensa-

tion [24]. Ground SN, MPTMS and toluene with a weight ratio of 1:2:20, 
were mixed at 110 ◦C for 24 h. The final solution was centrifuged at 
10000 rpm for 12 min and the precipitate was washed with ethanol and 
DI water several times. The obtained powder was thiol (-SH) grafted SN. 
To convert thiol groups to sulfonic groups, the dried powder was mixed 
with H2O2 solution for 24 h and washed with ethanol and DI water. The 
final product was dried at 40 ◦C overnight. The synthesis procedure of 
S-SN is shown in Fig. 1. 

2.4. Membrane Fabrication 

2.4.1. Thick freestanding membrane preparation 
Thick freestanding membranes (thickness ~ 50–80 μm) containing 

0.05, 0.1, 0.25 and 1 wt% of fillers (SN, E-SN and functionalized SN) 
were prepared by the solvent evaporation method in petri dishes. The 
required amount of silica nanosheets or derivatives for each membrane 
(calculated relative to the PIM-1 in the final membrane) was first mixed 
with 10 mg of PIM-1 powder and dissolved in chloroform (1.6 ml) via 
magnetic stirring for 2 h (process known as priming that is carried out to 
minimize filler agglomeration). Subsequently, the remaining PIM-1 
powder (40 mg) was added to the solution and was stirred for 6 h at 
room temperature followed by sonication in a sonication bath (80 kHz 
frequency at 100% power). The solution was cast in a 3 cm glass petri 
dish and covered with a lid to slow down the rate of chloroform evap-
oration. After 24 h, the solidified film was soaked in MeOH for 8 h to 
increase the fractional free volume of the membrane and remove solvent 
residue from the membrane [25]. Finally, the membranes were dried for 
8 h at 80 ◦C under vacuum. For each filler concentration, 3 to 4 mem-
brane discs were prepared and tested for gas separation. Membrane 
thickness measurements were carried out using a digital micrometer 
(Mitutoyo Corporation) with an accuracy of ±0.5 μm at 5 different 
points of the membrane and the average values and standard deviations 
are reported in Table S.3. 

2.4.2. Thin-film membrane preparation 
Thin film composite and nanocomposite membranes (TFC and TFN, 

respectively) were prepared by coating porous PAN supports using an in- 
house built roll-coating system, as reported elsewhere [26] and shown in 
Fig. 2. The PIM-1 concentration employed in all coating solutions was 2 
wt% in chloroform (10 mL). For the TFN membranes filler loadings of 
0.05 wt% relative to PIM-1 were added. Additional membranes at a 
concentration of 0.25 wt% of S-SN were prepared. All membranes were 
dried in a vacuum oven at 25 ◦C overnight and 10 mbar prior to testing. 

2.5. Characterization of materials and membranes 

The average molar mass of PIM-1 polymer was obtained using gel 
permeation chromatography (GPC, Viscotek GCPmax VE 2001 chro-
matograph (Malvern, UK)), as detailed in a previous publication [27]. 
Proton nuclear magnetic resonance (1H NMR) was carried out using a 

Bruker DPX 400 MHz spectrometer to confirm the structure of the PIM-1 
polymer. To further study the topology of the synthesized PIM-1 in the 
low range of molar mass (<10000 g mol− 1), matrix-assisted laser 
desorption/ionization-time of flight (MALDI-TOF) mass spectrometry 
was carried out on a Shimadzu Biotech Axima Confidence instrument. 
Brunauer-Emmett-Teller (BET) surface area of synthesized PIM-1 was 
calculated from the nitrogen (N2) adsorption isotherm acquired by a 
Micromeritics ASAP 2020. Following the same procedure, BET surface 
area, pore volume (Vp) and pore diameter (dp) were calculated for the 
fillers. 

Fourier transform infrared (FTIR) spectroscopy (Tensor 27 FTIR 
spectrometer) and X-ray photoelectron spectroscopy (XPS, Kratos Axis 
SUPRA) were carried out to study the chemical structures of Verm, and 
the fillers. In addition, potential interactions between the fillers and the 
polymer chains were investigated by FTIR. Thermogravimetric analysis 
(TGA, TGA550 thermal analyzer) was employed to study the thermal 
stability of the precursor Verm, the fillers and the membranes, heating 
from 40 to 800 ◦C at a rate of 10 ◦C min− 1 under nitrogen gas. The 
crystallinity of the inorganic materials and prepared membranes were 
studied using X-Ray diffraction (XRD) in 2θ range of 2.5–30◦ for the SNs 
and 4–40◦ for the membranes. The d-spacing of the fillers was calculated 
according to Bragg’s law (equation (1)) [28]. 

d =
λ

2 sin θ
(1)  

where, λ (0.154 nm) is the wavelength of the X-ray beam and θ (in de-
gree) is the diffraction angle. 

The average lateral flake size of the fillers was measured using a 
scanning electron microscope (SEM, FEI Quanta 250 FEG-SEM). Prior to 
SEM imaging of the fillers, dilute solutions (10 ppm) in chloroform were 
prepared and drop coated on a clean silicon dioxide wafer. The cross- 
section and surface morphology of the membranes were also studied 
by SEM. Membrane samples were prepared by snap freezing in liquid 
nitrogen, fracturing and coating with a thin layer of platinum. Energy 
dispersive X-ray spectroscopy (EDS) maps were collected using the 
AZtec 3.3 SP1 software to study the presence and distribution of fillers in 
the polymer matrices. 

2.6. Gas separation performance 

2.6.1. Thick freestanding membranes 
The gas separation performance of thick membranes was evaluated 

for binary mixtures of CO2/CH4 (1:1, v:v) or CO2/N2 (1:1, v:v) in a 
constant pressure (~2 bar) variable volume method system, as reported 
in more detail elsewhere [12]. The permeate side was kept at atmo-
spheric pressure and the membrane cell and feed gas at 25 ◦C throughout 
the testing. The permeate gas was analysed using an Agilent 490 
microGC gas chromatograph and helium gas was used to sweep the 
permeate gas to the microGC. Fresh membranes were tested one day 

Fig. 2. Schematic of the fabrication of thin film membranes via a roll- 
coating technique. 
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after preparation and their gas permeabilities (Pi) in Barrer (1 Barrer =
10− 10 cm3(STP).cm cm− 2. s− 1.cmHg− 1) were determined according to 
equation (2): 

Pi =
QiL

A
(
yipf − xipp

)× 1010 (2)  

where Qi (cm3 (STP) s− 1) is the gas flow rate on the permeate side, pf 
(cmHg) and pp (cmHg) are the feed and permeate side pressures, 
respectively. yi and xi are the fraction of gas in the feed and permeate 
sides, respectively. L (cm) is the membrane thickness, and A (cm2) is the 
effective membrane area. 

In order to preserve the integrity of the membranes and be able to 
retest for gas separation after several weeks/months, membrane discs 
were sandwiched between two circular pieces of aluminium with 
concentric circular holes and sealed with epoxy resin. The effective 
membranes areas available for gas permeation after the sealing were 
calculated by ImageJ software and were ~0.1 cm2. 

The selectivity of the membranes was calculated as the ratio of 
permeabilities (faster over slower permeating gases) according to 
equation (3). 

αA/B =
PA

PB
(3) 

To evaluate effects of physical aging on the gas permeability, the 
membranes were kept in sealed petri dishes and retested for CO2/CH4 
separation after 45, 110 and 150 days. The relative CO2 permeability 
and the CO2 permeability drop over time were calculated according to 
equations (4) and (5), respectively. 

Relative PCO2 =
Paged at t1

CO2

Pfresh
CO2

(4)  

Permeability drop = Pfresh
CO2

− Paged at t1
CO2

(5)  

where t1 (days) is the aging time of the membrane. 
To gain a better understanding of the role of the fillers in the MMMs, 

the solubility (S) and diffusion (D) coefficients of the membranes were 
determined. In this regard, single gas (CO2 and CH4) permeation ex-
periments of 180 days aged membranes were carried out using a time- 
lag instrument at room temperature (18–22 ◦C). Details of the time- 
lag instrument that was used are reported elsewhere [12]. The mea-
surements were carried out using the constant-volume variable pressure 
method at a feed side pressure of 1.2 bar. Prior to the gas separation 
measurements, both feed and permeate sides were vacuumed for at least 
3 h using an Edwards T-Station Turbo Pumping Station 75 equipped 
with an EXT75DX turbopump and an E2M1.5 rotary vane oil-sealed 
pump. The initial permeate side pressure was 10− 3 mbar and after 
introducing the feed, pressure increase was recorded via a MKS baratron 
gauge with an accuracy of 10− 4 mbar for 500 s at time intervals of 1 s. 
The pure gas permeability (Pi, Barrer) was calculated according to 
equations (6) and (7): 

Oi =
VPϑSTP

RT
×

dp
dt

(6)  

Pi =
OiL
AΔp

× 1010 (7)  

where, Vp (53.68 cm3) is the permeate cell volume, ϑSTP (22400 cm3 

mol− 1) is the molar volume of the gas at STP. R (6236 cmHg.cm3 K− 1. 
mol− 1) is gas constant and T (K) is the absolute temperature. Δp (cmHg) 
is the average transmembrane pressure difference. L (cm) and A (cm2) 
are the membrane thickness and membrane effective area, respectively. 

dp
dt (cmHg s− 1) is the build-up of permeate side pressure. The diffusion 

and solubility coefficients were calculated using the following equations 
[29]: 

Di =
L2

6τi
(8)  

Si =
Pi

Di
(9)  

where τ (s) is the time-lag. 

2.6.2. Thin film supported membranes 
Single gas permeation tests of the prepared thin film supported 

membranes were carried out in the setup shown in Fig. S.1 of the sup-
porting information. Measurements were performed using CO2 and CH4 
at room temperature (18–22 ◦C). The feed side pressure was kept around 
2 bar while the permeate side was at atmospheric pressure. The volu-
metric flow rate of the permeate gas was determined using a bubble 
flowmeter and the gas permeance was calculated according to equation 
(10): 

K =
Q

AΔp
× 106 (10)  

where K is gas permeance in gas permeation unit (GPU, 1 GPU = 10− 6 

cm3[STP] cm− 2.s− 1.cmHg− 1), Q (cm3 (STP) s− 1) is the volumetric flow 
rate of permeate gas and Δp is the transmembrane pressure difference. 
The effective membrane area (A) was 2.1 cm2. The permeance values of 
thin membranes were converted to permeability using equation (11): 

P = K × l × 104 (11)  

where l (cm) is the selective layer thickness and was calculated using 
cross-sectional SEM images of the membranes. TFC and TFN membranes 
were retested after 7 and 28 days to evaluate physical aging. At least two 
membranes were tested for each concentration and filler, and the 
average results along with the standard deviation are reported. It should 
be noted that individual coupons of TFC and TFN membranes were 
tested only once, as enough coupons could be obtained from the pre-
pared membranes (PIM-1-coated supports of rectangular shape with 
dimensions 2.5 × 6 cm) for the testing of fresh and aged samples. This 
way potential damage due to the repeated gas separation tests can be 
avoided [30]. 

3. Results 

3.1. Materials characterization 

3.1.1. PIM-1 characterization 
The synthesized PIM-1 has a weight-average molar mass (Mw) of 

88.8 kg mol− 1 and a number-average molar mass (Mn) of 45.4 kg mol− 1. 
The double logarithmic plot of the Mark-Houwink equation (shown in 
Fig. S.2) shows a reduction in the slope towards higher molar mass, 
which could be explained by the presence of more compact structures 
such as branched and cyclic polymer chains (Fig. S.3) [31]. The main 
peaks in the low molecular weight fraction of the MALDI-TOF spectrum 
(Fig. S.4) are assigned to cyclic PIM-1 structures. Small fragmentation 
product peaks, which may originate from the branched structures [12, 
31], are also observed. The presence of some branched structures in the 
PIM-1 is confirmed by the 1H NMR spectrum (Fig. S.5). The BET surface 
area of the synthesized PIM-1 is 721.9 ± 7.4 m2 g− 1 (N2 
adsorption-desorption isotherms shown in Fig. S.6a), in the range of 
reported data in literature (630–899 m2 g− 1) [30]. 

3.1.2. Filler characterization 
The BET surface area, pore volume (Vp (cm3 g− 1)) and pore size (Dp 

(nm)) of the various silica nanosheets used as fillers for the preparation 
of membranes are shown in Table S.2 of the supporting information. The 
surface area of SN (449 m2 g− 1) is 64 times higher than that of the 
layered precursor Verm (7 m2 g− 1), and also the pore volume increased 
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from 0.02 cm3 g− 1 for Verm to 0.37 cm3 g− 1 for SN. This increase in 
porosity and the formation of larger cavities (typically mesopores) 
confirms the removal of exchangeable cations by the acid-leaching 
process [16]. The N2 adsorption-desorption isotherms of the SN and 
Verm are shown in Fig. S.6. Upon functionalization of SN there is a 
reduction in their BET areas; 251 and 318 m2 g− 1 for N-SN and S-SN, 
respectively. This may be ascribed to pore blocking by the long alkyl 
chains of the functional groups, as reported by Abdelsamat et al. in the 
functionalization of mesoporous silica NPs [32]. The mesoporous 
structure of the SN seems to be unaltered upon functionalization as 
confirmed by the relatively similar adsorption-desorption isotherms for 
all SN samples (Fig. S.6c&d in the supporting information). The exfoli-
ated sample prepared via sonication of SN, E-SN, shows a BET area of 
364 m2 g− 1. This lower value as compared to SN may be due to partial 
agglomeration and restacking of the exfoliated layers, as confirmed by 
the presence of large particles in the SEM images in Fig. S.7. SEM images 
of the fillers (Fig. S.7) were used to determine their flake size distribu-
tion (Fig. S.8). 

It has been reported that acid treatment drastically changes the 
octahedral and tetrahedral crystalline structures of Verm and results in 
the formation of amorphous silica [33], as confirmed by the decrease in 
intensity and broadening of the peaks in the XRD spectra of SN, func-
tionalized SN and exfoliated SN, as compared to those of layered pre-
cursor Verm (Fig. 3 a). The characteristic diffraction peaks of Verm 
appear at 6.39◦ (d-spacing = 1.38 nm, 002), 12.27◦ (d-spacing = 0.72 
nm, 004), 18.93◦ (d-spacing = 0.47 nm, 006), and 25.35◦ (d-spacing =
0.35 nm, 008). These changes in the structure are also confirmed by the 
lower intensity of the Si–O stretching peak (at 650 cm− 1) in the FTIR 
spectra of the fillers (Fig. 3 b) [16]. The band at 980 cm− 1 indicates the 
Si–O bonds stretching vibration of Verm. New bands at 800 and 1060 
cm− 1 originate from bending vibration and stretching of amorphous 
Si–O bonds [34] and the band at 960 cm− 1 is assigned to the acid 
leaching of Mg2+ and Al3+ cations from the crystal structures of Verm 
and formation of Si–OH groups [34]. However, the FTIR spectrum does 
not show peaks related to sulfonic groups (at 1235-1145 cm− 1 [35]) for 
S-SN and amine groups (at 3455 and 1636 cm− 1 [36,37]) for N-SN. The 

large peak of SiO4 tetrahedral at 1060 cm− 1 may overlap with the sul-
fonic peak [38], while OH vibration (OH-stretching vibration at around 
3400 cm− 1 and OH-bending vibration at 1654 cm− 1) can overlap with 
the amine peak [39]. 

The thermal stability of Verm and all the prepared fillers were 
studied by TGA and the curves are presented in Fig. S.9. Compared to 
SN, the lower weight loss of Verm can be attributed to the lack of 
functional groups and the higher heat resistance of the exposed silica in 
Verm [16]. 

The surface composition and functional groups of Verm and the 
fillers were studied by XPS, and the survey spectra are shown in Fig. 3 c. 
For Verm, the main characteristic peaks correspond to Si, O, Al and Mg 
elements, in accordance with its chemical formula. Because the majority 
of Al and Mg cations in Verm are dissolved during the acid-treatment 
reaction, the intensities of Mg and Al peaks are smaller for the SN. 
The C peaks in all survey spectra are ascribed to the surface-absorbed 
carbon-based contaminants [40]. Furthermore, the XPS survey spectra 
of S-SN and N-SN contain S and N peaks, respectively, which confirms 
the presence of sulphur and nitrogen elements in S-SN and N-SN at very 
low concentrations (atomic percentages of N and S are 3.29 and 6.04%, 
respectively). Further analyses of the functional groups are carried out 
by the high-resolution S 2p and N 1s XPS spectra of S-SN and N-SN 
(Fig. S.10 a&b). In addition, to confirm that the hydroxyl groups are 
present in the fillers, the high-resolution O 1s XPS spectra of all samples 
are shown in Fig. S.11. The amount of Si–OH groups increases from 0 wt 
% for Verm to 2.6 wt%, 1.69 wt% and 1.44 wt% for SN, S-SN and N-SN, 
respectively, which is consistent with the presence of the new band at 
960 cm− 1 in the FTIR results (Fig. 3 b). More fillers’ characterization 
including TEM can be found in a previously published work [16]. 

3.2. Membrane characterization 

TGA curves of neat PIM-1 and selected membranes containing SN- 
based fillers are shown in Fig. 4 a. All the membranes are stable until 
460 ◦C due to the dipolar interaction in nitrile groups. The main weight 
loss occurs from 460 to 800 ◦C, which is assigned to the ether linkage 

Fig. 3. XRD patterns (a), FTIR spectra (b), and XPS spectra (c) for Verm, SN, E-SN, S-SN and N-SN.  
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removal of PIM-1 polymer [11]. Also, the small weight loss (<4 wt%) up 
to 200 ◦C is due to the removal of adsorbed water and organic solvents 
used in the PIM-1 synthesis and membrane fabrication process. 

The XRD spectra of neat PIM-1 and selected MMMs containing 0.05 
and 1 wt% of fillers are shown in Fig. 4 b. The two broad peaks at 13.7

◦

and 18.4
◦

, which are present in all spectra, correspond to the PIM-1 
micropores created by the contorted ladder backbone structure and 
the chain-to-chain distance of the space-packed polymer matrix, 
respectively [41]. For the MMMs, the peaks at 21.4

◦

and 23.7
◦

arise from 
the filler and their intensities increase by increasing the filler concen-
tration. These two peaks correspond to the small SN peaks at 21.4

◦

and 
the relative wide peak at 24–26

◦

(Fig. 3 a). It seems that by incorporating 
the fillers in the polymer matrix, the SN peak at 24–26

◦

moves towards a 
lower 2θ value (23.7

◦

). In addition, by increasing the filler’s concen-
tration the intensity of the first PIM-1 peak (13.7

◦

) decreased. These can 
be justified by the interrupted chain packing of the polymer due to the 
presence of the fillers [42,43], intercalation of PIM-1 polymer chains 
between the filler interlayer [44], and the rearrangement of PIM-1 

chains as a consequence of the possible hydrogen bonding between 
PIM-1 and the fillers. It has been reported that the functional groups 
(-OH, –SO3H, –NH2) in the fillers can form hydrogen bonds with cyano 
(-C ≡ N) and ether (-O-) groups in the PIM-1, giving rise to FTIR peaks 
with decreased intensity and wavenumber shifting [45–47]. However, 
as seen in Fig. S.12, the FTIR spectra of the MMMs do not show any 
alterations with respect to that of a neat PIM-1 membrane, possibly due 
to the very low concentration of the fillers. 

The cross-sectional SEM images of neat PIM-1 and PIM/SN1 are 
shown in Fig. 4 c&d, respectively. No visible agglomeration of the filler 
is observed (a higher magnification SEM image is shown as an inset in 
Fig. 4 d). The polymer veins and wrinkles seen on the cross-sectional 
images are due to the membrane fracturing method. The surface SEM 
images of thick freestanding PIM/SN1 and TFN PIM/SN0.05 membranes 
are shown in Fig. 4 e&f. In some cases (i.e. PIM/S-SN1, Fig. 4 e), pinholes 
(depth less than 100 nm) appeared on the surface of the membrane as a 
consequence of rapid evaporation of chloroform (low boiling point 
solvent) during membrane formation [48]. The cross-sectional SEM 
images of TFC PIM-1 and TFN/SN0.5 are shown in Fig. 4 g&h. The 
thicknesses of TFC and TFN membranes were in the range of 2–3.5 μm. 
The cross-sectional and surface SEM images of other thin film and 
freestanding membranes are shown in Fig. S.13. To convert permeance 
to permeability (equation (11)) the average PIM-1 thickness was 
considered 2.5 μm. It should be noted that the SEM images show only a 
small section of the membrane, but thickness values were very similar in 
all observed samples (2 samples for each membrane variant). 

3.3. Gas separation results 

3.3.1. Thick membranes 
The freestanding membranes were tested one day after preparation 

for the separation of binary gas mixtures of CO2/CH4 and CO2/N2 (1:1, 
v:v). At least 3 coupons of each membrane variant were tested, and the 
average results and standard deviation are reported (Table S.3). The gas 
permeability values are plotted in Fig. 5 a and b, where it can be seen 
that CO2 is the highest permeating gas and N2 the slowest permeating 
gas. Therefore, CO2/N2 selectivity is higher than CO2/CH4 selectivity. 

Filler morphology plays an important role in membrane perfor-
mance. For instance, in the work by Althumayri et al. [49], a maximum 
gas permeability was achieved for PIM-1-based MMMs containing very 
low concentrations of high aspect ratio sheet-shaped fillers (graphene, 
0.001 wt%), as compared to the concentration that was needed to 
observe a similar increase when spherical filler were used (fumed silica, 
24 wt%). Similarly, the addition of high aspect ratio SN into PIM-1 in 
this work leads to a noticeable improvement in CO2 permeability with 
only 0.05 wt% of filler. As seen in Fig. 5a, all the MMMs containing 0.05 
wt% of filler show a higher CO2 permeability than the neat PIM-1 
membrane; PIM/S-SN (9014 ± 47 Barrer), PIM/N-SN (8252± 1186 
Barrer), PIM/E-SN (7825± 928 Barrer), PIM/SN (7312± 1037 Barrer) >
neat PIM-1 (6411± 868 Barrer). In Fig. 5b (CO2/N2 separation), the 
same CO2 permeability trend can be observed with higher permeabilities 
for the low fillers concentration. The widely-accepted gas transport 
mechanism in PIM-1 membranes is solution-diffusion. In polymer 
membranes, gas permeability can increase if the solubility and/or the 
diffusivity terms increase as a result of structural or chemical modifi-
cations. In MMMs, the addition of fillers can disrupt polymer chain 
packing and result in an increase in the free volume of the membranes 
(as indicated by the XRD results) [50] and thus an increase in the 
diffusion coefficient of penetrant gas [51]. Furthermore, the pores of the 
fillers can lead to additional gas transport pathways (if the mesopores 
are interconnected) [15]. With the addition of the fillers at low loadings, 
the permeability enhancement for condensable gases (CO2 and CH4) is 
larger than for non-condensable N2 and thus, the CO2/N2 selectivities 
improve more than CO2/CH4 selectivity; for instance, CO2/CH4 and 
CO2/N2 selectivities increase from 11.5 to 18.7 for neat PIM-1 to 11.8 
and 22, respectively for PIM/S-SN0.05. The same behaviour has been 

Fig. 4. TGA curves (a) and XRD patterns (b) of PIM-1 and selected MMMs. 
Cross-sectional SEM image of thick PIM-1 and PIM/SN1 membranes (c & d), 
surface SEM image of PIM/SN1 and TFN PIM/SN0.05 (e & f). Cross-sectional 
SEM image of TFC PIM-1 and TFN PIM/SN0.05 (g & h). 
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reported in the literature by using silica NPs as a filler, ascribing the 
selectivity enhancement to the interaction between the –OH groups of 
silica NPs and gases with polar bonds such as CO2 and also modification 
of polymer chain structure [52,53]. The synthesized layered SN pos-
sesses more hydroxyl groups that can enhance the interactions with 
penetrant molecules, as compared to other silica NPs and silica nano-
clusters [16]. 

It was expected that, unlike 2D impermeable fillers, mesoporous SN 
fillers could provide extra pathways and increase the CO2 permeability 
at all filler loadings. However, by increasing the loading up to 1 wt%, the 
CO2 permeability for all MMMs decreased to lower values than that of 
the neat PIM-1, same behaviours as the one observed in other studies 
with GO derivatives and boron nitride [2,11,12]. Therefore, this sug-
gests that the either the fillers’ mesoporosity is not interconnected or the 
polymer chains are blocking the pores, or both. Moreover, some other 
factors such as the orientation of pores contribute to the performance of 
the MMMs. It has been reported that fast evaporation of PIM-1 solvent 
(chloroform) from casting solution makes shear forces that arrange 
nanofillers vertically which makes the pores of the filler inaccessible for 
gas transport [54]. It should be noted that the BET surface area of the 
fillers is lower than that of PIM-1 (Table S.2 and Fig. S.6) and higher 
filler concentrations can decrease access to the polymer porosity, in-
crease tortuosity and induce rigidification of polymer chains, thus 
reducing polymer chain mobility and membrane permeability. 

Another parameter that can affect the performance of the MMMs is 
the filler lateral flake size. Shen et al. [55] studied the effect of the lateral 
flake size of GO (ranging from 100 nm to 10 μm) on the CO2 separation 
performance of polyether block amide (PEBA) MMMs. They showed that 
the addition of 0.1 wt% of GO flakes with an average lateral size of 1–2 
μm induced the highest CO2 permeability (110 Barrer) compared to 
MMMs that contained smaller or larger flakes. This was attributed to an 
optimum tuned polymer chains mobility caused by the medium-sized 
GO nanosheets. The average lateral flake size of S-SN and N-SN fillers 
in this work is 0.35 ± 0.22 and 0.33 ± 0.22 μm, respectively (Table S.2). 
These values lie in between those for SN and E-SN (0.55 ± 0.34 and 0.28 
± 0.17, respectively), inducing perhaps the aforementioned optimum 
polymer chain mobility at loadings of 0.05 wt% of filler and leading to 
the observed higher CO2 permeabilities of such PIM/S-SN and 
PIM/N-SN membranes. 

The presence of some branched PIM-1 structures is confirmed by 
NMR. These structures with -OH groups at the branch points contribute 
to improving the interaction with the fillers [12]. The fillers and the 
polymer chains show good compatibility and interfacial voids did not 
form, also all the MMMs, regardless of the fillers loading, have almost 
the same or higher selectivities than the neat PIM-1 membrane. 
Compared with PIM/SN MMMs, the higher selectivities of PIM/E-SN, 
PIM/S-SN and PIM/N-SN MMMs can be attributed to the higher 
compatibility of the filler and polymer matrix due to the functionaliza-
tion and smaller size [15]. EDS was carried out on selected cross sections 
of PIM/SN1 and PIM/S-SN1 membranes, and mappings of carbon (C), 
oxygen (O), and silicon (Si) elements are shown in Fig. S.14 a&b in the 

supporting information. Si is only present in the fillers and thus, the 
observed even distribution of this element for both cross sections indi-
cate homogenous distribution of the fillers in the membranes. Moreover, 
the selectivity enhancement due to the introduction of polar sulfonic 
acid and amine groups into membranes has been reported elsewhere [2, 
11,21,56,57]. This enhancement may not be noticeable in this study due 
to the small concentration of filler in the MMMs and the low percentage 
of organic functional groups in the filler. MMMs with higher filler 
loadings (up to 5 wt%) were prepared but filler agglomeration on the 
surface could be observed. Single gas measurements were carried out on 
a constant volume-variable pressure instrument to calculate the solu-
bility (S) and diffusivity (D) coefficients of the membranes (values 
shown in Table 1) and the results are discussed in next paragraphs. 

The aged membranes were retested after 45, 110 and 150 days for 
CO2/CH4 separation and the new permeability and selectivity values are 
shown in Table S.3. Some of the aged membranes showed defects 
probably due to loading/unloading into the gas separation cell several 
times; for some membranes, only one sample survived at the end of the 
aging period and therefore standard deviation is not reported for them. 

Physical aging decreases the fractional free volume of the mem-
branes and improves their sieving ability, as confirmed by the lower CO2 
and CH4 permeabilities and higher CO2/CH4 selectivity as compared to 
fresh membranes. The CO2 permeability drop for neat PIM-1 and the 
MMMs containing 0.05 and 1 wt% of the fillers has been calculated by 
equation (5) and the results are compared in Fig. 6 a. The permeability 
drop is more pronounced during the first 45 days of aging followed by a 
gradual decrease. After 150 days, the majority of the MMMs (all except 
those containing 0.05 wt% of sulfonic acid and amine-functionalized SN, 
PIM/S-SN0.05 and PIM/N-SN0.05) showed lower CO2 permeability 
drop compared with neat PIM-1 membrane. Nevertheless, all the 150 
days-aged MMMs had higher CO2 permeability (Fig. 6 b) and relative 
CO2 permeability (values shown in Table S.3). In addition, by increasing 
the filler concentration the permeability drop decreased by ~50% in all 
cases which is attributed to rigidification effects of the fillers [58]. At 1 
wt% of the fillers, the permeability drop at day 150 is: neat PIM-1 (4011 
Barrer) > PIM/E-SN (2124 Barrer) = PIM/N-SN (2124 Barrer) >
PIM/S-SN (1883 Barrer). 

For gases such as H2, CO2, N2 and CH4, PIM-1 membranes have 
higher solubility coefficients than other high free volume polymer 
membranes such as PTMSP [59]. This is caused by the presence of polar 
cyano groups in PIM-1 that favours sorption [60]. The D and S values of 
180 days-aged PIM/SN, PIM/S-SN, PIM/N-SN and neat PIM-1 mem-
branes were calculated from single gas CO2 and CH4 permeation ex-
periments in a time-lag set-up and the results are reported in Table 1. 
Just one sample of each membrane was tested since the obtained gas 
permeability results had no significant deviations from values acquired 
with the GC-equipped system for gas-mixtures. Both D and S values for 
CO2 are larger than those for CH4 for all neat and SN-containing PIM-1 
membranes due to the smaller kinetic diameter of CO2 and its higher 
polarity. It has been reported that aging has a dramatic effect on the 
diffusivity of PIM-1 membranes, but not so much on the solubility [61]. 

Fig. 5. Effect of filler loading on permeability (a, b) and selectivity (c) of fresh membranes for CO2/CH4 and CO2/N2 separation. MMMs containing 0.1 wt% fillers 
were not tested for CO2/N2 separation due to time constraints. 
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For the prepared MMMs in this work, gas diffusivities are larger as 
compared to those of the neat PIM-1, indicating that the presence of 
fillers leads to higher free volume after prolonged aging. Moreover, 
MMMs containing 0.1 and 1 wt% of fillers show higher solubility values 
than PIM-1, which suggest more sorption sites in the MMMs that can 
increase gas permeability. It is also worth noting that the incorporation 
of high-aspect-ratio SN increases the gas diffusivity selectivity, as the 
diffusion of CH4 (larger gas molecules) is more restricted than the 
diffusion of CO2 (smaller molecules). This behaviour is in agreement 
with the reported performance of GO-containing MMMs reported by Li 
et al. [54]. 

3.3.2. Thin film membranes 
The CO2/CH4 separation performance of fresh and aged (7 and 28 

days) TFC PIM-1 and TFN membranes are shown in Fig. 7 a. It should be 
noted that the support was highly porous and had a CO2 permeance of 
105 GPU [6], also no significant penetration of PIM-1 solution into the 
support was observed. The CO2 permeances of the TFN membranes 
containing 0.05 wt% S-SN (3771 ± 57 GPU), N-SN (2956 ± 602 GPU), 
and SN (2864 ± 260 GPU) are higher than that of TFC PIM-1 (2778 ±
1010 GPU), however, the permeance of TFN PIM/E-SN (1847 ± 848 
GPU) is lower. It seems that the exfoliated SN (E-SN) can partially block 
PIM-1 pores, decreasing the permeance and increasing the selectivity. 
Among the prepared thin film membranes, PIM/E-SN has the highest 
initial selectivity (9.3) and TFN PIM/S-SN0.05 has the highest per-
meance. The CO2 permeances in this study (thickness = 2.5 μm) are 
lower than the values reported by Foster et al. [6,30] which can be 
attributed to the thinner PIM-1 layer (<2 μm) and different PIM-1 
topology. 

In all the prepared TFNs, both CO2 permeance and selectivity 
decreased after 28 days. However, different trends in CO2/CH4 selec-
tivity are observed; the CO2/CH4 selectivity in the neat PIM-1 and the 
TFN containing 0.05 wt% SN is almost constant over time, for TFNs 
PIM/S-SN0.05 and PIM/N-SN0.05 there is a maximum value for 

selectivity at day 7, and for TFN PIM/E-SN0.05, the selectivity contin-
uously decreases with time. Foster et al. [6] also reported different aging 
behaviour for TFC PIM-1 membranes due to the different polymer to-
pologies and network content, however, after 28 days, in almost all cases 
the permeance and selectivity of membranes decreased significantly 
compared to the fresh membranes. 

The relative CO2 permeance versus time for freestanding PIM-1, TFC 
PIM-1, and TFN membranes are compared in a semi-log plot (Fig. 7 b). 
Because freestanding PIM/S-SN1 showed the lowest permeability drop 
among freestanding membranes, TFN PIM/S-SN membranes at filler 
loadings of 0.25 and 1 wt% were also fabricated. Like freestanding 
membranes, CO2 permeance decreased by increasing S-SN loading from 
0.05 wt% (3771 ± 57 GPU) to 0.25 wt% (2755 ± 910 Barrer). The 
membrane at 1 wt% of S-SN had defects due to possible agglomeration of 
the fillers, and was not selective. As seen in Fig. 7 b, TFN PIM/S-SN0.05, 
TFN PIM/S-SN0.25 and TFN PIM/N-SN0.05 showed almost the same 
aging behaviour, and after 28 days, the corresponding relative CO2 (%) 
permeances were 11, 14 and 13%, respectively. For TFC PIM-1 and TFN 
PIM/E-SN0.05 the permeance dropped by 97% and 98%, respectively. 
This shows the positive effect of S-SN and N-SN to slow down physical 
aging. The gas separation performances of fresh and aged thin mem-
branes are mentioned in Table S.4. 

3.3.3. Robeson upper-bound and comparison with values in the literature 
The gas separation performance for the CO2/CH4 mixture with the 

prepared thin and thick membranes is plotted in a Robeson upper-bound 
diagram [4] in Fig. 8. To convert permeance values of the thin films into 
permeabilities for the Robeson plot, a thickness of the selective layers of 
2.5 μm (obtained by the cross-sectional SEM images) was assumed. 

The incorporation of 0.05 wt% E-SN, S-SN and N-SN into free-
standing PIM-1 matrices is an effective strategy to surpass the 2008 
upper bound for fresh membranes. After 150 days, all the thick mem-
branes (neat PIM-1 and the MMMs) follow the upper bound towards 
higher selectivities and lower permeabilities, as expected. Moreover, the 

Fig. 6. Physical aging of neat PIM and MMMs containing 0.05 wt% and 1 wt% of fillers. CO2 permeability drop vs time (a), and CO2 permeability vs time (b).  

Table 1 
CO2 and CH4 permeability (P, Barrer), diffusion coefficient (D, cm2 s− 1), solubility parameter (S, cm3 (STP) cm− 3.cmHg− 1), CO2/CH4 ideal selectivity, solubility 
selectivity and diffusion selectivity of PIM-1 and MMMs after 180 days of aging.  

Membrane P D ( × 107) S ( × 103) ideal selectivity SCO2

SCH4 

DCO2

DCH4 CO2 CH4 CO2 CH4 CO2 CH4 

PIM-1 2267 110 11.25 1.763 201.5 62.17 20.7 3.2 6.4 
PIM/SN0.1 4138 232 18.15 1.793 228.0 129.4 17.8 1.7 10.1 
PIM/SN1 4657 228 17.82 1.731 261.3 131.7 20.4 2.0 10.3 
PIM/N-SN0.1 4410 283 10.76 1.647 410.0 171.6 15.6 2.4 6.5 
PIM/N-SN1 4812 208 13.90 1.164 346.2 178.9 23.1 1.9 11.9 
PIM/S-SN0.1 3275 214 12.82 1.317 255.6 162.3 15.3 1.6 9.7 
PIM/S-SN1 4620 247 17.65 2.583 261.7 95.74 18.7 2.7 6.8  
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MMMs containing 1 wt% of S-SN and N-SN remain closer to the initial 
permeability values, indicating lower rates of physical aging as dis-
cussed in section 3.3.1 and after 150 days their performance is above the 
2008 upper bound. 

Among the thin film membranes, TFN PIM/S-SN0.05 exhibits the 
best initial performance as it is nearer the 2008 upper bound and after 
28 days, similarly to thick membranes, the TFNs showed a lower 
permeability drop than the TFC PIM-1 membrane. 

The CO2/N2 separation performances of fresh freestanding mem-
branes and the 2008 Robeson upper bound are shown in Fig. S.15. PIM-1 
gas separation performance for this mixture lies at the 2008 upper 
bound and the MMMs with 0.05 wt% of fillers are above the upper 
bound. Moreover, the PIM-1/S-SN0.05 membrane is closer to the 2019 
upper bound proposed by McKeown et al. [62]. 

The CO2/CH4 separation performances of some of the fresh and aged 
membranes prepared in this study are compared with other data from 
the literature in Table 2. The aging behaviour of the pristine PIM-1 
membrane in this work is similar to the one reported in the work by 
Alberto et al. [2]. However, the permeability drop due to physical aging 
is higher than the one reported by Ameen et al. [12] for PIM-1. The 
difference in aging is assigned to the difference in polymer structure and 
membrane storage conditions. It is found that the PIM-1 membranes 
with more branched structures experience slower physical aging [30]. 

Porous silicalite-1 (390 m2 g− 1) with MFI structure [63], nonporous 
fumed silica NPs [64,65] and methyl functionalized fumed silica 
(DMBA-NP) [15], have been used as fillers in freestanding PIM-1-based 
membranes for CO2/CH4 or CO2/N2 separations (Table 2), but some of 
these works lack evaluation of aging [63,64]. By adding fumed silica 
[64] and DMBA-NP [15] to PIM-1, the permeability increased while the 
selectivity was compromised. The same behaviour was observed by 
incorporating fumed silica into thermal-oxidatively crosslinked PIM-1 
(TOX-PIM-1) [65]. This was explained by the polymer chain rear-
rangement when fillers were added; higher D values of the MMMs 
compared with the neat PIM-1, and interfacial voids due to poor inter-
action between the filler and PIM-1 chain. However, in our work, the 
MMMs showed higher permeability (at low fillers loadings) than the 
pure PIM-1 membranes, without any sacrifice in their selectivity. 

The spin-lattice relaxation time (T1) measured by 13C NMR was 
employed to probe the relative mobility of carbon sites of PIM-1 after the 
addition of porous aromatic framework (PAF) [66] and DMBA-NP [15]. 
In both cases, the mobility of carbon atoms decreased over time and 
aging was improved. PIM-1/PAF and PIM-1/DMBA-NP membranes lost 
around 6 wt% of their initial permeability after 240 days and 60 days, 
respectively (Table 2). However, the initial performances of both 
membranes were below the 2008 Robeson upper bound. 

Kinoshita et al. [7] studied the aging of 2.5-μm-thick thin films of 
PIM-1 and TFNs containing 5 wt% of amino POSS (OAPS). Both mem-
branes lost ~90% of their initial permeability after 1 month; the aged 
membranes had a permeability of ~600 Barrer (Table 2). This is similar 
to the loss percentage experienced by the TFNs containing 0.05 wt% of 
S-SN in our work for the same aging period. However, our membranes 
showed a permeability of ~1000 Barrer, 5 times higher than that of our 
28-days-aged pristine PIM-1 TFC. In another study by Foster et al. [6], 
1-month-aged PIM-1 thin films containing 20 wt% of a high network 
content PIM-1 sample showed an impressive CO2 permeability of 3480 
GPU (~7000 Barrer) that went down to only 34.9 GPU (70 Barrer) after 
4 months of aging. This suggests delayed aging in early stages for TFC 
membranes containing high-free volume polymer-based fillers, that 
unfortunately ends in poor longer term performance due to molecular 
relaxation. 

Bhavsar et al. [67] employed a carbonized form of hypercrosslinked 
polystyrene (C-HCP) as a nanofiller in PIM-1 TFC membranes that led to 
an increase in CO2 permeability from 6662 Barrer for TFC PIM-1 (~2 
μm) to 11104 Barrer for TFN PIM-1/C-HCP (40 wt%, ~7 μm). This is the 
highest permeability reported to date, yet the aging effect is quite se-
vere; 90-days-aged pristine and nanocomposite membranes lost 90 and 

Fig. 7. CO2 permeance and CO2/CH4 selectivity for fresh and aged TFC PIM-1 
and TFN membranes containing 0.05 wt% fillers (a). Semi-log plot of the 
relative CO2 permeance/permeability versus time for thick PIM-1, TFC PIM-1 
and TFN membranes (b). 

Fig. 8. Robeson upper bound plot for CO2/CH4 separation of thick and TFC 
PIM-1, TFNs and MMMs containing 0.05 wt% of the fillers, and TFN/S- 
SN0.25 membranes. 
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95% of their initial permeability, respectively. 

4. Conclusions 

Porous silica nanosheets (SN), exfoliated SN, amine and sulfonated 
SN were used as fillers in freestanding membranes and thin films of PIM- 
1, and the CO2/CH4 and CO2/N2 separation performance of the mem-
branes was studied over 5 months. The fillers had good compatibility 
with PIM-1 and their incorporation was an efficient strategy to boost the 
initial gas permeability and suppress physical aging. By incorporating 
0.05 wt% SN and surface modified SN (S-SN and N-SN) into the PIM-1 
polymer, the permeabilities of both freestanding and TFN membranes 
increased compared to neat PIM-1 membrane, without any sacrifice in 
the selectivity. For instance, compared to the pure PIM-1, the MMMs 
containing 0.05 wt% of S-SN showed a 40% higher CO2 permeability, 
and 22% enhancement in CO2/N2 selectivity. In addition, using func-
tionalized SNs as fillers at high loadings (>0.05 wt% for freestanding 
membranes and 0.05 and 0.25 wt% for thin films) can slow down 
physical aging. 150-days-aged freestanding PIM/SN1 and 28-days-aged 

TFN PIM/S-SN0.05 showed 70% and 5 times higher CO2 permeability 
than the pure thick PIM-1 and TFC PIM-1 membranes, respectively. 

Although physical aging of PIM-1 membranes can be slowed down 
with the addition of fillers (lower rate of gas permeability drop over time 
for MMMs), thin films still dramatically lose gas permeability in just a 
few weeks. Therefore, more research is needed in order to find more 
efficient fillers or alternative ways of freezing the PIM-1 structure for a 
more predictable and stable gas separation performance over time. 
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