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Abstract 

Physical aging of polymer of intrinsic microporosity PIM-1 is one of the major obstacles for its 

application as a commercial membrane material for gas separation. In this work, physical aging of 

PIM-1 and matrices of this same polymer containing graphene-like materials were studied.  

Graphene-like fillers resulted from the functionalization of graphene oxide (GO) with two alkyl 

chains of different lengths, using octylamine (OA) and octadecylamine (ODA), and further chemical 

reduction. Extents of membrane aging were evaluated through changes in gas permeability over time; 

the separation of gas mixtures comprising carbon dioxide and methane, which are of great interest for 

industrial applications such as the production of biogas or the purification of natural gas, was carried 

out. 50:50 vol. % CO2/CH4 mixtures were used as feed and separation performance analysed for fresh 

membranes and at intervals of approximately a month up to 155 days. At the end of this testing 

period, aged PIM-1 membranes showed a CO2 permeability of (2.0± 0.7) x 10
3
 Barrer, which 

corresponds to a CO2 permeability reduction of 68 % from the value obtained right after their 

fabrication. The addition of alkyl-functionalized GO is shown to be an efficient strategy to retard the 

physical aging of PIM-1 membranes; filler loadings as low as 0.05 wt.% of reduced octyl-

functionalized GO showed a CO2 permeability of (3.5 ± 0.6) x 10
3
 Barrer after 5 months, which is 

almost three quarters higher than that of pure PIM-1 membrane aged for the same time period and 

represents a reduction of just 39% from its initial value. Moreover, the addition of graphene-like 

materials to PIM-1 does not affect its mechanical properties. 
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Highlights 

 Physical aging of mixed matrix membranes (MMMs) composed of PIM-1 and graphene-like 

materials was investigated. 

 A binary CO2/CH4 (50:50 vol.%) gas mixtures was used. 

 Physical aging was reduced by the incorporation of reduced alkyl- functionalized graphene 

oxide nanosheets into PIM-1 matrices. 

 Low filler loadings led to higher reduction in physical aging. 
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1. Introduction 

In recent years capture of carbon dioxide (CO2) has been a subject of intense research due to its 

potential contribution in the prevention of global climate change. CO2 is inevitably emitted into the 

atmosphere from naturally-occurring processes such as decomposition, ocean release, respiration or 

the degassing of magma in volcanic areas. However, human activities, including the burning of fossil 

fuels, deforestation and the livestock sector, are responsible for almost all the increase in CO2 

emissions over the past few decades. A recent report released by the World Meteorological 

Organization identified the atmospheric CO2 concentration as the highest in 800,000 years and it is 

expected to rise in the coming decades [1].  

In the light of these discouraging predictions and the fact that fossil fuels are finite energy sources, an 

increase in the use of renewable energy resources must be a global priority.  Biogas is an alternative to 

fossil fuels. It is produced from anaerobic digestion of organic wastes and agricultural by-products 

and reduces CO2 emissions by completing the carbon cycle. It is mainly composed of CH4 and CO2 

with small amounts of hydrogen sulphide, and as in natural gas the presence of CO2 and other acid 

gases reduces its calorific value and causes pipeline corrosion, which makes its handling, transport 

and storage difficult and expensive [2, 3].  

The development of economic and effective techniques to separate CO2 from other gases such as CH4 

has attracted great interest over the past few years. Cryogenic separation and amine scrubbing 

technologies are conventional operations for such purpose. However, these methods are characterized 

by their high energy requirements, complex equipment and operation and high capital investment [2, 

4]. Other techniques, including membrane-based separations, are seen as potential alternatives which 

feature low energy demand, little maintenance cost, and ease of operation and scale-up [2]. 

Among all materials currently available for the fabrication of CO2-selective membranes, polymers of 

intrinsic microporosity (PIMs) have received great attention since the publication of the first PIM-

based membrane [5]. PIM-1 is by far the most investigated PIM since it is soluble in certain common 

organic solvents such as chloroform and tetrahydrofuran, which allows the fabrication of membranes 
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through conventional solution-processing techniques [6-8]. In addition, it features high free volume as 

a result of frustrated packing of polymer chains due to spiro-sites of contortion in the rigid ladder 

polymer chain that give rise to a randomly contorted structure [9-11]. Due to its high free volume 

PIM-1 is highly CO2 permeable, and it is CO2-selective and shows good chemical, mechanical and 

thermal stability [10]. 

Despite being a promising polymer for gas separation applications, PIM-1 presents pronounced 

physical aging in addition to the well-known trade-off between membrane permeability and 

selectivity common to all polymeric membranes, therefore hindering its commercialization [12]. 

Physical aging occurs in non-equilibrium glassy polymers and leads to the loss of free volume and 

consequent decline in permeability with time due to the segmental rearrangements approaching an 

equilibrium state [13, 14]. This phenomenon is less pronounced over time as the excess free volume 

within the membranes, which is the driving force for physical aging, gradually decreases [13]. 

Because of the intense loss in membrane performance over time, long-term stability represents a 

major challenge in the application of glassy polymer membranes in successful commercial gas 

separation technologies [15].  

Studies have shown that physical aging is dependent on the film thickness, [15-18], temperature [19], 

storage conditions (e.g. temperature, atmosphere and pressure) [16] and membrane treatment [10, 20-

23]. In addition, the experimental testing methodology (i.e. continuous or momentary) can also lead to 

different results [24]. Several strategies have been developed, aiming at the retardation of the physical 

aging of polymeric membranes including UV-treatment [25] UV photo-oxidation [26], surface 

modification [27], cross-linking [26, 28] and the addition of fillers to obtain a hybrid membranes, 

typically referred to as mixed matrix membranes (MMMs) [12, 21, 29, 30]. 

Graphene has been applied with great success in numerous fields, including membrane-based 

separation processes [31]. CO2 sorption of PIM-1/graphene membranes was studied previously by 

Gonciaruk et. al. [32]; no significant change in CO2 sorption was found in this work, however it has 

been previously reported that graphene can disrupt the polymer chains and, therefore, enhance the 

membrane permeability without affecting its selectivity [33]. In addition, it is suggested there is an 
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alignment between the PIM-1 polymer segments and graphene flakes, which may also prevent the 

mobility of the polymer chains and therefore the physical aging of the membrane. 

Driven by this hypothesis, in this paper the physical aging of PIM-1/graphene MMMs was 

investigated. Pure PIM-1 membranes and MMMs containing graphene-like materials were prepared 

and their gas separation performance for CO2/CH4 mixtures monitored over 155 days. Fillers included 

graphene oxide (GO) functionalized with two types of alkyl chains of different lengths, using 

octylamine (OA) and octadecylamine (ODA), and further chemical reduction. These graphene-based 

fillers were used due to their good dispersion and stability in chloroform as shown in our previous 

study [31]. The mechanical stability of the hybrid membranes was also investigated.  

 

2. Experimental 

2.1. Materials 

Tetrafluoroterephthalonitrile (TFTPN, Sigma Aldrich, UK) was purified through sublimation at 150 

°C and then collected without vacuum. 5,5′,6,6′-Tetrahydroxy-3,3,3′,3′-tetramethyl-1,1′-

spirobisindane (TTSBI, Aesar, UK) was dissolved in methanol and precipitated in dichloromethane 

(DCM, Sigma Aldrich, UK) before use. Chloroform, methanol, octadecylamine (ODA), octylamine 

(OA), potassium carbonate (K2CO3), dimethylacetamide (DMAc), toluene and hydrazine 

monohydrate (~80 vol.% in H2O) were purchased from Sigma Aldrich. Graphite was purchased from 

NGS Naturegraphit GmbH (Germany). Potassium permanganate was purchased from Aesar (UK). 

Ammonia was procured from Acros Organics (United Kingdom). Apart from TFTPN and TTSBI, all 

the other chemicals were used as received.  

2.2. Synthesis of PIM-1 

PIM-1 was synthetized by following the procedure reported in the literature by Du et. al. [34]. TFTPN 

(0.05 mol, 10.00 g), TTSBI (0.05 mol, 17.29 g) and K2CO3 (0.15 mol, 20.73 g), DMAc (100 mL) and 

toluene (50 mL) were reacted under nitrogen at 160 
°
C and reflux and constant mechanical stirring for 

40 min. A highly viscous solution was obtained at the end of the reaction, which was then poured into 

methanol and the crude product collected through vacuum filtration. After that, the yellow crude 
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product obtained was dissolved in chloroform and re-precipitated in methanol. The recovered 

precipitated product was refluxed overnight in water at 100 
°
C and then dried at 110 

°
C overnight. 

  

2.3. Synthesis of alkyl-functionalized graphene oxide materials 

Graphene oxide (GO) was synthetized through a modified Hummers’ method as described previously 

by Rourke et al. [35]. The pH of a GO aqueous solution (120 mg, 1 mg mL
-1

) was adjusted to 10 with 

ammonia. Following this, either ODA or OA (1.2 mol) were dissolved in ethanol, added gradually to 

the GO aqueous solution under stirring and left for 24 h at 60 
°
C. The final products were washed with 

ethanol in order to remove the unreacted alkylamine and chloroform. The obtained product from the 

functionalization of GO using OA, named GO-OA, could not be dispersed in chloroform, and 

therefore had to be chemically reduced in order to be used as a filler for the preparation of 

membranes. In contrast, the alkyl-functionalized GO using ODA (GO-ODA), was successfully 

dispersed in chloroform and therefore also used in this study as filler before and after its chemical 

reduction. 

The reduction of alkyl-functionalized GO was done by adding hydrazine monohydrate (0.12 mL, 80 

% vol) to GO-OA or GO-ODA aqueous solutions and stirring for 2h at 90 
°
C. Reduced samples were 

named rGO-OA and rGO-ODA, and both dispersed well in chloroform. 

2.4. Membrane preparation 

The alkyl-functionalized GO materials were dispersed in chloroform by means of a probe sonicator 

(Cole-Parmer, 750 W, 20 kHz, amplitude 22% - Cole-Parmer Instrument, USA) for 10 min in 

discontinuous mode (pulse on for 9 s and pulse off for 9 s). These dispersions were then added to a 

PIM-1 solution (4 wt.% of polymer) in chloroform and were magnetically stirred for 1 h before 

casting. Different loadings of rGO-OA, rGO-ODA and GO-ODA (0.01 wt.%, 0.05 wt.%, 0.1 wt.% 

and 0.25 wt.% with regards to the mass of the polymer) were used in the membrane preparation as 

indicated in Table 1. 
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Casting solutions were poured into glass petri dishes, covered with their lids and were left in an in-

house made cabinet under continuous flow of nitrogen for 3 days. After that, membranes were soaked 

in methanol for 1day and then put in the oven overnight at 80 
°
C in order to remove any trapped 

residual solvents. 

Table 1. Fabricated membranes with theoretical and experimental (obtained through UV analysis of 

redissolved membranes) filler loadings, and thickness after methanol treatment and vacuum. 

Membrane code Filler 
wt.% of filler  

Theoretical values 

wt.% of filler 

Experimental 

values 

Membrane 

thickness (µm) 

PIM-1 - - - 40 ± 10 

0.01GO-ODA 

GO-ODA 

0.01 0.030 ± 0.015 52 ± 3 

0.05GO-ODA 0.05 0.067 ± 0.004 45 ± 9 

0.1GO-ODA 0.1 0.140 ± 0.050 52 ± 2 

0.25GO-ODA 0.25 0.220 ± 0.080 51 ± 7 

0.01rGO-ODA 

rGO-ODA 

0.01 0.009 ± 0.001 41 ± 4 

0.05rGO-ODA 0.05 0.052 ± 0.004 43 ± 9 

0.1rGO-ODA 0.1 0.110 ± 0.0075 36 ± 6 

0.25rGO-ODA 0.25 0.366 ± 0.086 42 ± 11 

0.01rGO-OA 

rGO-OA 

0.01 0.034 ± 0.002 46 ± 2 

0.05rGO-OA 0.05 0.126 ± 0.027 53 ± 4 

0.1rGO-OA 0.1 0.184 ± 0.010 48 ± 10 

0.25rGO-OA 0.25 0.408 ± 0.023 62 ± 5 

 

 

2.5. Characterization of fillers and membranes 

The weight-average molar mass of PIM-1 synthesized for this study was analysed through gel 

permeation chromatography (GPC). This analysis was performed using a multi-detector Viscotek 

GCPmax VE 2001 chromatograph (Malvern, UK) equipped with two PLgel mixed-B columns and 

Viscotek TDA302 tripe detector array. The analysis was performed in chloroform at a flow rate of 1 

mL min
-1

. OmniSEC software (Malvern, UK) was used to analyze the data. The polymer was 

dissolved in chloroform at a concentration of 1 mg mL
-1

. 

The loadings of graphene-based materials into the polymer matrices were examined through UV-Vis 

spectroscopy (Genesys 10 S UV–Vis spectrophotometer, Thermo Scientific, United Kingdom). 

Membranes were cut into small pieces and re-dissolved in chloroform and the absorbance of such 

solutions was registered at a wavelength of 660 nm. The concentration was determined using the 
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Beer-Lambert law; the extinction coefficients used for GO-ODA, rGO-ODA, and rGO-OA were 

4.939, 15.256, and 7.556 mL mg
−1

 cm
−1

, respectively [31]. 

Membrane morphology was studied by scanning electron microscopy (SEM) with a FEI Quanta 250 

FEG instrument (FEI, USA) at 15 kV. All samples were prepared by immersing them firstly in 

ethanol for 30 s and then transferring them into liquid nitrogen for another 30 s, before being snapped. 

Platinum (Pt) sputter coating (MTM 10 Thickness Monitor (Cressington, USA)) was applied onto all 

samples before imaging.  The thickness of the membranes was measured using a digital micrometer 

screw gauge (Mitutoyo IP65 Coolant Proof, UK) with an accuracy of ±0.5 µm and verified under 

SEM. The membrane thickness resulted from the average of at least 5 points on each membrane. 

Mechanical properties of membranes were determined by performing uniaxial tensile tests utilizing an 

Instron 5542 tensiometer (Instron, USA), equipped with Bluehill 3 software and a 10 N loading cell. 

The initial gauge length and width were 15 mm and 3 mm, respectively. A contact elongation rate of 1 

mm min
-1

 was set. Tensile tests were performed at ambient temperature. Samples were cut with 

scissors, and five different samples for each type of membrane were tested under the same conditions 

in order to ensure reproducibility. Membranes were approximately 2 months old when tested. 

Elongation at break, ultimate tensile strength (UTS) and young’s modulus were calculated from the 

stress-strain curve obtained. Elongation at break,          , refers to the ratio between the change in 

length and the initial length of the specimen at breakage and is calculated with equation (3) as 

follows: 

            
              

  
      

(3) 

Where    and             are the initial and length and breakage lengths, respectively. UTS is defined as 

the maximum stress withstood by the material. Finally, the Young’s modulus measures the stiffness of 

the material and is defined as the gradient between the stress applied to the strain in the elastic region 

of the deformation.  
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Gas permeation measurements were done at 25 
°
C using a CO2/CH4 binary gas mixture in a volume 

ratio of 50:50 vol.% as feed (flowrate of 25 mL min
-1

 for each gas). A schematic diagram of the 

apparatus used for the gas permeation measurements is shown in Fig. 1; a pressurized binary mixture 

(at approximately 3 bar) was applied to the upstream side of the membrane cell, and sweep gas He at 

a flowrate of 25 mL min
-1

 was passed on the downstream side of the membrane at atmospheric 

pressure. The composition of permeate was analysed using a 490 micro gas chromatography system 

(Agilent, USA). Gas permeability was recorded once steady-state was reached. Membranes were 

tested fresh right after their preparation and methanol treatment (day 0) and at days 35, 63, 92, 128 

and 155 using the same gas composition, temperature and transmembrane pressures. 

 

Fig. 1. Schematic diagram of the setup used for gas permeation measurements. 

 

Due to the nature of the experimental work, where the same membrane had to be tested several times 

and stored in between gas separation experiments, fabricated MMMs were mounted on aluminium 

discs using epoxy resin to seal. The effective areas of the membranes were in the range 0.09 - 0.56 

cm
2
. 

The gas permeability was calculated using equation (1): 

  
   

    
  

(1) 



10 
 

Where P is the permeability in Barrer (1 Barrer = 10
-10

 cm
3
[STP] cm cm

-2
 s

-1
 cmHg

-1
 ), Q is the 

permeate gas flow rate (cm
3
(STP) s

-1
), l is the membrane thickness (cm), A is the effective membrane 

area (cm
2
) and Δp is the pressure difference across the membrane (cmHg). In SI units 1 Barrer is 

equal to 3.34 x 10
−16

 mol m m
−2

 s
−1

 Pa
−1

. The selectivity for the gas pair A and B (αA/B) is given by the 

equation (2): 

     
  
  

 
(2) 

where PA and PB are the permeability coefficients for gases A and B, respectively.  

 

3. Results and discussion  

The weight-average molar mass of synthesized PIM-1used for the preparation of membranes was 

123,410 g mol
-1

 with a polydispersity value of 3.1 as obtained via GPC. The filler loading for each 

cast membrane was analysed through UV-Vis, as shown in Table 1. The experimental filler loadings 

(i.e. real concentrations in the dried membranes) were within the same order of magnitude of those 

calculated for the preparation of casting solutions, with 2-3 fold differences in some cases possibly 

due to solvent evaporation during UV sample preparation and analysis. 

SEM images of cross sections and surfaces of the membranes are shown in Fig. 2 and Fig. S1. The 

cross section of a pure PIM-1 membrane (Fig. 2a) shows a continuous and defect-free polymer layer. 

Cross-sections of the MMMs (Fig. 2b and Fig. S1a-f) also reveal continuous films in which big 

agglomerates are not observed. The incorporation of fillers might affect the morphology of polymeric 

membranes; however MMMs in this work  preserve the typical dense structure of pure PIM-1, 

possibly as a result of the very low concentrations, with filler loadings not exceeding 0.25 wt.% [31]. 

Similarly to pure PIM-1 membranes, MMMs show a smooth surface; however, some nanoholes with 

an average diameter of 0.37 µm are observed and are indicated with arrows on the micrographs in Fig. 

2 and Fig. S1. These nanoholes are likely formed due to the evaporation of chloroform during 

membrane formation and are only observed on the very surface; it is evident from the cross-section 

SEM images that the holes do not span the entire thickness, hence membrane performance should not 

be undermined. However, their presence should be evaluated more extensively in thin film composite 
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membranes where selective PIM-1 layers are reduced to a few micrometers or even few tens or 

hundreds of nanometres. 

(a) (b) 

  

Fig. 2. Cross section and surface (insets) SEM images of (a) PIM-1 and (b) 0.1GO-ODA membranes. 

Arrows indicates superficial holes on the membranes. 

 

Uniaxial tensile tests were performed on all the membranes in order to investigate their mechanical 

properties by assessing the Young’s modulus (MPa), UTS (MPa) and elongation at break (%). 

Obtained values for pristine PIM-1 and MMMs are shown in Table 2. Pure PIM-1 membranes have a 

Young’s modulus of 1.00 ± 0.21 GPa, a UTS of 41.7 ± 7.1 MPa and an elongation at break of 7.0 ± 

1.7 %, which are in good agreement with values for pure PIM-1 freestanding membranes found in the 

literature [36-38]. 

Furthermore, MMMs prepared in this work present similar mechanical properties than bare PIM-1 

membranes, as seen in Table 2.  Some improvements can be inferred from the obtained data, but 

caution has to be taken given the spread in the values. This might be due to the variability in the 

materials properties such as the random orientation flakes within the polymer matrix. Fig. S2 in the 

supporting information contains stress-strain curves obtained for PIM-1, 0.05GO-ODA, 0.05rGO-

ODA and 0.05rGO-OA.  The maximum increase in Young’s modulus of 35% was achieved by a 

membrane containing 0.1 wt.% rGO-ODA. As an example, the membrane with code 0.1GO-ODA 

(0.1 wt.% octadecyl-functioinalized GO) presented an average UTS of 46.2 ± 3.3 MPa, which 

represents an increase of approximately 7% over pristine PIM-1 membranes. The enhancement in the 
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mechanical properties observed for some of the MMMs can be attributed to the good dispersion and 

compatibility between the fillers and the PIM-1 polymer matrix. This consequently leads to a 

successful load-transfer between the continuous and the dispersed phases of the membranes [39-

41]. In addition, the increase in elongation at break at lower alkyl-functionalized GO loading might be 

due to the intrinsic mechanical properties of graphene [42]. Further increase of concentrations in the 

PIM-1 polymer matrix (0.25 wt.%) suggests a decline of the mechanical properties of the membranes. 

As seen in previous studies, this phenomenon can be attributed to filler agglomeration, and 

consequent reduction of effective interaction between the filler and the polymer matrix, leading to an 

inefficient stress transfer from matrix to filler [41, 43, 44]. 

Table 2. Summary of the mechanical properties of pristine PIM-1 and MMMs. 

Membrane 
Young’s Modulus 

(GPa) 

Ultimate tensile strength 

(MPa) 

Elongation at break 

(%) 

PIM-1 1.01  ± 0.21 41.7 ± 7.1 7.0  ± 1.7 

0.01GO-ODA 1.02 ± 0.13 40.7  ± 6.2 10.8  ± 6.5 

0.05GO-ODA 1.09 ± 0.10 44.2  ± 4.6 10.1  ± 4.1 

0.1GO-ODA 1.20 ± 0.28 46.2  ± 3.3 7.4  ± 2.9 

0.25GO-ODA 0.93  ± 0.30 40.2 ± 8.3 6.6  ± 1.5 

0.01rGO-ODA 1.14 ± 0.08 40.2  ± 2.6 6.9  ± 1.9 

0.05rGO-ODA 1.01  ± 0.13 43.5 ± 3.2 10.1  ± 2.8 

0.1rGO-ODA 1.36  ± 0.46 38.4  ± 6.6 6.7  ± 3.1 

0.25rGO-ODA 1.19  ± 0.28 44.4 ± 4.6 7.7  ± 1.7 

0.01rGO-OA 1.08  ± 0.01 44.0 ± 7.1 7.8  ± 3.9 

0.05rGO-OA 0.96 ± 0.03 45.2  ± 2.0 7.3 ± 1.3 

0.1rGO-OA 1.05  ± 0.12 44.4 ± 5.1 9.5  ± 2.2 

0.25rGO-OA 1.05  ± 0.17 39.6 ± 6.7 6.4  ± 2.6 

Gas permeation measurements were carried out to evaluate the physical aging in pristine PIM-1 

membranes and MMMs up to 155 days, with permeability data for days 0 (fresh membranes right 

after preparation and methanol treatment), 35, 63, 92, 128 and 155. Binary CO2/CH4 gas mixtures at 

25 
°
C with a transmembrane pressure of 2 bar were used. Fig. 3 shows the CO2 and CH4 

permeabilities for membranes containing different fillers in the polymer matrix. Tables S3, S4 and S5 

show CO2 and CH4 permeability values and CO2/CH4 selectivities for all the membranes represented 

in Fig. 3. 

Prepared freestanding pure PIM-1 membranes showed initial (day 0) CO2 and CH4 permeabilities and 

selectivity of (6.4 ± 1.3) x 10
3
 and (3.3 ± 1.3) x 10

2
 Barrer and 20.3 ± 3.5, respectively. These values 
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are in good agreement with others found in the literature for PIM-1 [10, 21, 29]. Compared with 

values for MMMs also at day 0, it is observed that the addition of graphene-like nanosheets into the 

PIM-1 polymer matrix leads to a decrease in permeability which, in general, is more evident as the 

filler concentration increases; the presence of such non-porous fillers increases the tortuosity so that 

gas molecules have to diffuse across longer distances in the membrane. This behaviour does not 

support the results previously reported on PIM-1 MMMs containing few-layer graphene [33], where 

more than a two-fold increase in CO2 permeability was achieved with a graphene loading of ~ 0.001 

wt.%  (0.05 vol.%) as a consequence of the disruption of polymer chains. This discrepancy can be due 

to differences in the nature of the fillers as well as in membrane preparation and testing. 

As expected, CO2 and CH4 permeabilities of freestanding pure PIM-1 and MMMs decreased 

progressively over the period tested. The CO2 permeability of pristine polymeric membranes dropped 

approximately by half after a 2-month period (from (6.4 ± 1.3) x 10
3
 down to (3.5 ± 1.1) x 10

3
 

Barrer), and gradually decreased after that down to (2.0 ± 0.7) x 10
3
 Barrer (value obtained at day 

155). Similar behaviour of PIM-1 membranes is reported in the literature [10, 21]. MMMs also aged 

with time and gas permeabilities decreased for such membranes; however, the reduction after 155 

days was in all cases lower than that of PIM-1 without fillers (i.e. lower than 68 %), which suggests 

retardation of the physical aging due to the incorporation of alkyl-functionalized GO nanosheets into 

the polymer matrices. After 155 days, CO2 permeability values for 0.05GO-ODA, 0.05rGO-ODA and 

0.05rGO-OA were (3.0 ± 0.2) x 10
3
, (2.4 ± 0.6) x 10

3
 and (3.5 ± 0.6) x 10

3 
Barrer, respectively, which 

correspond to a lower reduction of 46, 49 and 39 %. That is, the CO2 permeability of the aged 

0.05rGO-OA was approximately 73% higher than that of pure PIM-1 membrane aged for 155 days.  

This behaviour confirms the results presented by Gonciaruk et al. [32], in which the potential 

reduction of physical aging was attributed to the constriction of polymer chain motion due to 

alignment of graphene sheets and polymer segments [32]. According to our results, all MMMs still 

suffer from aging to some extent; however, their CO2 permeability reduction is always lower than that 

of pristine PIM-1 membranes. Plots with the fraction of initial permeability as a function of time for 

PIM-1 and MMMs containing GO-ODA, rGO-ODA and rGO-OA are shown in Figures S3, S4 and 
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S5, respectively. Exceptionally, membranes 0.25GO-ODA and 0.25rGO-ODA, both presented a 

reduction in CO2 permeability of 62 %, which is very close to that of PIM-1 without fillers after the 

same period of 155 days. As anticipated, the initial CO2 permeabilities for these membrane (4.5 ± 1.0 

x 10
3
 and 5.5 ± 1.1 x 10

3 
Barrer) was lower than the permeability of a pure PIM-1 membrane, (6.4 ± 

1.3) x 10
3
 Barrer, due to the increased tortuosity of the hybrid material. However, the drop in 

permeability after 92 days of aging is as pronounced as that of pure PIM-1 for the MMM containing 

0.25 wt.% of filler GO-ODA (Fig. S3), or even more pronounced for the MMM containing 0.25 wt.% 

of rGO-ODA (Fig. S4). The latter presents a fraction of initial CO2 permeability below that for pure 

PIM-1 even after 35 days of aging. This behaviour at higher loadings of functionalised GO fillers 

suggests higher disruption of the polymer chains at the polymer-graphene interface, which can lead to 

the formation of voids or higher free volume surrounding the nanosheets. This is thus more noticeable 

as the concentration of filler in the polymer matrix increases, adding extra volume that can be lost 

over time.  

The permeability of CH4 also decreased over time following a similar trend to CO2. After 155 days, 

the permeability of CH4 decreased by 79 %, 61 %, 65 % and 60 % in PIM-1, 0.05GO-ODA, 0.05rGO-

ODA and 0.05rGO-OA membranes, respectively. The higher reduction in permeability of CH4 for 

PIM-1 membranes and MMMs was anticipated as diffusion of bigger gas molecules are affected to a 

greater extent by the reduction of free volume.  

Regarding the CO2/CH4 selectivity for all the tested membranes, values increased as membranes aged 

with time. Fig. 4 shows the changes in CO2/CH4 selectivity up to 155 days. Pristine PIM-1 

membranes initially showed the highest CO2/CH4 selectivity when compared to MMMs, possibly due 

to non-selective voids at the polymer-graphene interface that might be created during membrane 

formation. After 5 months of aging, pristine PIM-1 membranes presented a CO2/CH4 selectivity of 30 

± 4.7, and 0.05GO-ODA, 0.05rGO-ODA and 0.05rGO-OA membranes had a CO2/CH4 selectivity of, 

23.7 ± 1.6, 29.1 ± 3.2 and 22.9 ± 1.1, respectively. After the same test period of 155 days, MMMs 

presented  higher CO2 permeabilities ((2.0 ± 0.7) x 10
3
 Barrer for pure PIM-1 vs (3.0 ± 0.2) x 10

3
, (2.4 

± 0.6) x 10
3
 and (3.5 ± 0.6) x 10

3
 Barrer for 0.05GO-ODA, 0.05rGO-ODA and 0.05rGO-OA 

membranes, respectively). This can also explain the lower CO2/CH4 selectivity presented by the 
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MMMs; the higher the permeability of CO2, the greater the tendency of PIM-1 to be plasticized, 

swelling the polymer matrix and thus resulting in increased CH4 permeability [37]. 

 (a) (b) 

  
(c) (d) 

  
(e) (f) 

   

Fig. 3. CO2 and CH4 permeabilities of PIM-1 and MMMs with (a) (b) GO-ODA, (c) (d) rGO-ODA 

and (e) (f) rGO-OA incorporated into the polymer matrix. A 50:50 vol.% CO2 and CH4 gas mixture 

was used as feed. Membranes were tested at 25 
o
C, under a transmembrane pressure 2 bar. At least 

two membranes of each type were tested. The error bars correspond to the standard deviation. 
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(a) 

 
(b) 

 
(c) 

 

Fig. 4. CO2/CH4 selectivity of pristine PIM-1 membranes and MMMs filled with (a) GO-ODA, (b) 

rGO-Oda and (c) rGO-OA. At least two membranes of each type were tested and the error bars 

correspond to the standard deviation. 
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Robeson’s diagrams, log-log plots of selectivity versus permeability of the more permeable gas for 

binary gas mixtures, are commonly used for evaluating the performance of membranes for gas 

separation processes. Robeson introduced in 1991 the concept of an “upper bound” relation [45] to 

represent the performance trade-off of polymeric membranes. The upper bound for different gas 

mixtures was revisited by Robeson in 2008, as new type of membrane materials including PIM-1 

started to emerge, and the limits were pushed forward [46]. According to the results obtained in this 

work, all membranes’ performance lay above the 2008 Robeson upper bound and move parallel to it 

over time in the direction of lower permeability and higher selectivity, as seen in Fig. 5. This 

behaviour is also reported by Williams et.al. [47], and suggests that the molecular transport is 

governed by the polymer matrix. Moreover, the performance of all aged MMMs lay on the right hand 

side of the aged PIM-1 membrane on the line parallel to the upper bound, despite having lower CO2 

permeability than pristine PIM-1 when fresh (tested at day 0). Thus, suggesting that the incorporation 

of graphene-based fillers into PIM-1 lowers the rate of physical aging. It is worth mentioning that one 

possible explanation for having the pure PIM-1 membrane in this work above the 2008 upper bound 

might be the use of mixed gas feed; early PIM-1 data, which helped to define the 2008 upper bound, 

were based on single gas measurements (i.e. ideal gas selectivity values). In addition, the selectivity 

depends on the operating conditions such as temperature and pressure, and these are rarely the same 

between studies.  
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Fig. 5. CO2/CH4 selectivity vs CO2 permeability for pure PIM-1 and MMMs containing 0.05 wt.% of 

graphene-based fillers. Values represent the average of at least two membranes and error bars 

correspond to the standard deviation obtained. Robeson’s 2008 upper bound is also plotted. Open and 

solid symbols correspond to the performance of membranes on day 0 (fresh membranes) and after 155 

days (aged membranes), respectively. 

 

For comparison, representative data from the literature are presented in Table 3. The gas separation 

performance of aged pristine PIM-1 membranes developed in this study is comparable to values 

reported in the literature [10, 21, 29]. Small discrepancies might be found, possibly due to differences 

in operating temperature, feed composition and transmembrane pressures during testing, and 

variations in the PIM-1 itself. Moreover, the addition of fillers into polymer matrices can lead to the 

retardation of the physical aging. The incorporation of PAF-1-Li6C60 (10 wt.%) into PTMSP, a super 

glassy polymer, slowed physical aging as well as enhanced gas permeabilities, due to an increase in 

CO2 sorption [30]. Mitra et al. reported the use of crosslinked fillers (HCP) as a potential strategy to 

slow physical aging [21]. Therein, not only membranes aged at lower rate but also 

permeabilities were enhanced.  More recently, Kinoshita et al. investigated the effect of 

physical aging on MMMs containing polyhedral oligomeric silsesquioxane (POSS) fillers 
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dispersed in PIM-1 [29]. Their results showed that the addition of 5 wt.% of amino-

functionalized POSS particles could effectively retard physical aging, potentially caused by 

the rigidification of the polymer matrix.  

It is worth mentioning that in the present study small loadings of graphene-like materials into 

PIM-1 membranes (as little as 0.05 wt.%) are sufficient to see effective reductions in aging, 

as compared to typical values of filler concentrations found in the literature and shown in 

Table 3. 

Table 3. Comparison of data obtained in this work with other data found in the literature. 

Membrane Day 
Permeability (Barrer) CO2/CH4 

Selectivity 
Ref. 

CO2 CH4 

PIM-1 0 (6.4 ± 1.3) x10
3 (3.3 ± 1.3) x10

2 20.3 ± 3.5 

This 

work 

 

PIM-1 155 (2.0 ± 0.7) x10
3 (0.7 ± 0.4) x10

2 30.0 ± 4.7 

0.05GO-ODA 0 (5.5 ± 0.5) x10
3 (3.2 ± 1.6) x10

2 17.6 ± 1.6 

0.05GO-ODA 155 (3.0 ± 0.2) x10
3 (1.3 ± 0.2) x10

2 23.7 ± 1.6 

0.05rGO-ODA 0 (4.7± 0.6) x10
3 (2.3 ± 0.7) x10

2 21.0 ± 3.9 

0.05rGO-ODA 155 (2.4± 0.6) x10
3 (0.8 ± 0.3) x10

2 29.1 ± 3.2 

0.05rGO-OA 0 (5.7 ± 0.6) x10
3 (3.6 ± 1.5) x10

2 17.4 ± 5.1 

0.05rGO-OA 155 (3.5 ± 0.6) x10
3 (1.4 ± 0.2) x10

2 24.1 ± 0.6 

PTMSP 0 29000 13000 2.2 

[30] 

 

PTMSP 365 7000 1200 5.8 

10 wt.% PAF-1-

Li6C60/PTMSP 
0 53000 14000 3.6 

10 wt.% PAF-1-

Li6C60/PTMSP 
365 50600 14000 3.6 

PIM-1 0 8221   

[21] 
PIM-1 150 2767   

16.67 wt.% HCP/PIM-1 0 19086   

16.67 wt.% HCP/PIM-1 150 9972   

PIM-1 0 13300 1150 11.6* 
[10] 

PIM-1 1200 2840 159 17.8* 

PIM-1 0 4087 335 12.2* 

[29] 
PIM-1 90 2000 118 16.9* 

5 wt.% OAPS/PIM-1 0 3266 157 16.2* 

5 wt.% OAPS/PIM-1 90 2400 130 18.5* 

TR 0 105 4.4 23.8* 

[12] 
TR 150 94   

0.5 wt.% TR+CNT 0 126 4.9 25.8* 

0.5 wt.% TR+CNT 145 110   

1 Barrer = 3.34 x 10
−16

 mol m m
−2

 s
−1

 Pa
−1

. 

*Ideal selectivity. 
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4. Conclusions 

In summary, the strategy of incorporating graphene-like materials into a PIM-1 polymer matrix is, 

indeed, an effective approach to retard the physical aging of PIM-1 membranes, and therefore, to 

develop high performance gas separation membranes. From our study on gas permeability, the best 

improvements regarding the impediment of physical aging were achieved by the MMMs with low 

loadings of graphene-like materials; 0.05GO-ODA, 0.05rGO-ODA and 0.05rGO-OA registered a 

decrease in CO2 permeability of 46 %, 49 % and 39 %, respectively, after 155 days. On the other 

hand, CO2 permeability of PIM-1 membranes decreased 68.1 % after the same period of time. 

Moreover, 0.05rGO-OA presented the highest CO2 permeability after 155 days of testing, (3.5 ± 0.6) 

x 10
3
 Barrer, which was 73% higher than pristine PIM-1 membranes. 

While the results obtained in this study are promising, continuous testing should be carried out in 

order to evaluate the performance of membranes under similar conditions to those under industrial 

operations. Moreover, flux could be potentially increased if the hybrid PIM-1/graphene-like materials 

were presented as thin film composite membranes, making them more competitive for industrial 

applications. However, aging should be evaluated as it is highly dependent on the film thickness.  
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