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Abstract 

In this study, novel nanocomposite membranes were fabricated from single-walled carbon 

nanotubes (SWNTs) and a triptycene-containing polyimide. The desirable interfacial morphology 

and homogenous dispersion of SWNTs were achieved by strong π-π stacking and supramolecular 

shape-fitting interactions between the nanotube and the paddlewheel-shaped triptycene moieties 

in polymer matrix. Mixed-matrix membranes (MMMs) containing 2-15 wt% of as-purchased 

SWNTs (AP-SWNTs) were prepared and tested for their gas transport properties. While all 

MMMs showed greatly enhanced permeabilities with well-maintained selectivities, a non-linear 

dependence of permeability on filler content was observed. Another series of MMMs with purified 

SWNTs (P-SWNTs) and acid-treated SWNT (A-SWNTs) were also prepared. The functionalized 

A-SWNT MMM exhibited the best separation performance at 2 wt% filler content among all 

MMMs, which can be attributed to the improved interfacial affinity with carboxylic acid 

functionalized surface of A-SWNTs. 

 

Keywords: mixed-matrix membrane; triptycene-containing polyimide; single-walled carbon 
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1. Introduction 

Membrane technology for gas separation grows steadily in the past few decades, as it provides the 

opportunity for developing separation processes with high energy efficiency, low operation cost 

and simple installation, and low carbon footprint [1–3]. However, the separation performance of 

polymeric membranes is generally limited by the trade-off relationship between permeability and 

selectivity, as manifested in Robeson’s upper bound plots [4,5]. On the other hand, many 

researchers have strived to explore inorganic membrane materials, where some of them exhibited 

outstanding separation performance that surpasses the upper bound [6,7]. However, those type of 

materials generally suffer from high cost and difficulties in scale-up [8]. To circumvent the 

problems, a feasible approach is to fabricate membranes that combine inorganic fillers with a 

polymer matrix, yielding mixed-matrix membranes (MMMs). Ideally, the composite membranes 

should take advantages of both the filler (e.g., fast and selective gas transport) and polymer (e.g., 

processability, stability) phases [9,10]. 

Despite their great potential, the fabrication of MMMs is still facing the challenges of 

incompatibility between fillers and polymer matrix, leading to inhomogeneous filler dispersion 

and interfacial defects that deteriorate separation performance and mechanical integrity [11–14]. 

Therefore, it is critical to control and optimize the interfacial interactions for defect-free composite 

membranes enabling the synergetic effects of both filler and polymer phases via proper selection 

and “matching” of filler and polymer combinations that have intrinsically good gas transport 

properties, as well as strong affinity between the two phases [13,15,16]. 

Among the many studied fillers, carbon nanotubes (CNTs) have been studied intensively because 

of their excellent mechanical properties that are ideal for robust composite materials [17,18]. More 

importantly, gas transport inside the carbon nanotubes is extremely fast, which can be orders of 

magnitude higher than commonly used porous materials, such as zeolite [19,20]. The ultra-high 

transport rate is a result of the inherent ultrahigh smoothness of inner carbon walls [21,22]. It 

suggests the potential benefit of incorporating carbon nanotubes in MMMs for improving gas 

permeabilities. For example, Khan et al. found that the addition of 2 wt% pristine and 

functionalized single-walled carbon nanotubes (SWNTs) and multi-walled carbon nanotubes 

(MWNTs) into a polymer of intrinsic microporosity (PIM) enhanced the permeabilities of CO2, 

N2 and CH4 [23]. Sun et al. reported the fabrication of MMMs based on acid-treated MWNTs and 
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a polyimide using in-situ polymerization, which showed an increase in CO2 permeability by 292% 

and an equally obvious increased CO2/N2 selectivity at 3 wt% filler loading [24]. Recently, amine 

and carboxylic acid modified MWNTs were incorporated in Pebax-1657 and studied by 

Habibiannejad et al. They revealed that the gas separation performance remarkably relies on the 

surface functionality, the penetrant properties and the operating conditions. The 4 wt% NH2 

functionalized MWNT/Pebax composite membrane showed outstanding CO2/N2 separation 

performance that passed the upper bound limit [25]. While these studies demonstrated the benefits 

of improved permeability via incorporating  CNTs, the carbon nanotubes based MMMs sometimes 

encountered the interfacial defects and agglomeration, especially at high loadings, due to the strong 

van der Waals forces between nanotubes and the large aspect ratio of long bundles of CNTs 

[20,26,27]. 

To address the interfacial incompatibility issue in most CNT-based mixed-matrix membranes, a 

new CNT-polyimide combination is studied in this work. Specifically, a polyimide containing 

hierarchical triptycene units (6FDA-TP) [28] is used as polymer matrix, in which triptycene units 

may introduce π-π stacking and supramolecular shape-fitting interactions with CNTs enabling the 

formation of ideal interface morphology in composite membranes (Fig. 1). Triptycene is composed 

of three fused benzene rings in a paddlewheel-like shape [29,30]. The rigid, bulky structure can 

disrupt efficient polymer chain packing to introduce additional free volume for fast gas diffusion. 

More importantly, the unique spatial configuration allows it to interact with carbon nanotubes via 

nano-confinement effect and π-π stacking interaction which promotes CNTs dispersion as well as 

improve interfacial compatibility. For example, Li et al. reported a supramolecular complex of 

water-soluble triptycene derivatives and SWNTs, which could form a homogeneous aqueous 

solution stable for months [31].  In this work, a series of new MMMs were fabricated by 

incorporating SWNTs into 6FDA-TP polyimide. MMMs with 2 - 15 wt% of as-purchased SWNTs 

(AP-SWNTs) were fabricated to study the effect of filler loading on gas transport properties. 

Additionally, purified SWNTs (P-SWNTs) and acid-treated (A-SWNTs) were prepared, 

characterized and used to cast MMMs to examine the effects of nanotube length and surface 

functionality. The obtained membranes were comprehensively examined and characterized in 

terms of morphology (by SEM) and physical properties. Pure gas permeation tests were performed 

with five different gases to investigate the gas transport properties of the composite membranes, 
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which are correlated with membrane morphology to elucidate structure-property relationship for 

this new series of CNT-based mixed-matrix membranes. 

 

Fig. 1. Schematic illustration of π-π stacking and supramolecular shape-fitting interactions 
between triptycene units and SWNTs in mixed-matrix membranes. 

2. Experimental  

2.1. Materials 

Pristine single-walled carbon nanotubes (AP-SWNTs) were purchased from Carbon Solution Inc. 

Nitric acid (HNO3, 67%-70%) and sulfuric acid (H2SO4, 96%) were obtained from BDH and EMD 

Milipore, respectively. 4,4'-hexafluoroisopropylidine bisphthalic dianhydride (6FDA, 99%) was 

purchased from Akron Polymer Systems and dried at 160°C overnight prior to use. Anhydrous 

pyridine (99.8%) and anhydrous dimethylacetamide (DMAc, 99.8%) were purchased from EMD. 

2-fluoro-5-nitrobenzotrifluoride (99%) was obtained from Matrix Scientific. All other chemicals 

were obtained from Sigma-Aldrich and used without further treatment. 

2.2. Preparation of purified SWNTs (P-SWNTs) and shortened SWNTs (A-SWNTs) 

AP-SWNTs were purified by refluxing in 3M HNO3 for 12h. The solution was diluted in DI water 

and the black solid was collected by filtering through a 0.45 μm pore-sized PTFE membrane. The 

collected product was rinsed with DI water and dried at room temperature producing purified P-

SWNTs. 

The purified SWNTs (P-SWNTs) were cut into shorter length by a treatment using a HNO3 and 

H2SO4 mixture (3:1) with sonication for 6 h at room temperature. Then, the mixture was filtered 
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and washed with DI water till the pH of the filtrate indicated it was neutralized. The final product, 

i.e., A-SWNTs, was dried in vacuum oven at 80 °C overnight. 

2.3. Synthesis of 6FDA-TP polyimide as polymer matrix 

6FDA-TP polyimide (Fig. 2) was synthesized according to the procedure reported by our group 

previously (named “6FDA-1,4-trip_CF3” in this report)[28]. In general, a triptycene-1,4-diamine 

with high purity was prepared. Then, the diamine was polymerized with commercial 6FDA to 

obtain polyimide using chemical imidization method. The obtained white fibrous polymer was 

dried and stored for the composite membrane preparation. 

 

Fig. 2. Structure of 6FDA-TP polyimide. 

2.4. Preparation of mixed-matrix membranes from 6FDA-TP polyimide and various SWNT series 

The general fabrication of the AP-SWNT/6FDA-TP composite membranes was as follows: 0.17 g 

6FDA-TP polymer was dissolved in 2.5 ml DMF and filtered using a 0.45 μm syringe filter. 

Predetermined amount of AP-SWNTs was homogeneously dispersed in 1.5 ml DMF by sonication 

for 2 h at room temperature. Then, the polymer solution was transferred into AP-SWNTs 

suspensions in three rounds, with 15 min magnetic stirring and 30 min sonicating between each 

round, to obtain the casting solutions. The polymer concentration of the casting solutions was 4 

w/v% and the blend ratios of filler to polymer were 2, 5, 10 and 15 wt% respectively. The casting 

solutions were poured onto a leveled glass plate and dried under IR lamp until formation of solid 

films. The films were immersed in methanol for 24 h for solvent exchange and further dried in 

vacuum oven at 160 °C overnight to ensure complete removal of residual solvent. Using the same 

casting method, 2 wt% P-SWNT/6FDA-TP and 2 wt% A-SWNT/6FDA-TP composite membranes 

were also prepared. 

2.5. Characterization methods 
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The morphologies of carbon nanotubes and resulting composite films were examined using the 

field emission scanning electron microscopy (FESEM, FEI-MAGELLAN 400). Carbon nanotubes 

samples were prepared by adhering onto stainless steel stubs with carbon tapes. Film samples were 

prepared by breaking manually in liquid nitrogen. The samples were coated with a thin layer of 

gold before imaging. 

The topography of carbon nanotubes was characterized using a Bruker Dimension Icon Atomic 

Force Microscope (AFM) for scanning probe microscopy in ScanAsyst/PeakForce Tapping mode, 

with silicon nitride ScanAsyst-air probes (Bruker). Over 100 nanotubes were measured using 

ImageJ software to obtain an average number of the dimension of carbon nanotubes. 

The IR spectra of carbon nanotubes were taken with a Bruker Tensor 27 Fourier-Transformed 

Infrared spectroscopy with diffuse reflectance mode (DRIFT-FTIR). The samples were dried 

before being mixed with potassium bromide (KBr) powder to prepare a pellet for IR measurements. 

The spectrometer collected 128 scans in the range of 400–4000 cm-1 with a resolution of 4 cm-1. 

For composite films, the IR spectra were taken in the same instrument with the attenuated total 

reflection (ATR) mode. 

Raman spectra were taken using a Jasco NRS-5100 Micro-Raman Spectrometer in the range of 

100 – 2000 cm-1 using an excitation wavelength of 532 nm. The laser power was 5 mW with a slit 

of 100 × 1000 μm. 

The fluorescence spectra were measured using a Fluorolog-3 spectrofluorometer (Jobin Yvon 

Horiba). The samples were prepared by cutting the films into small pieces that just fit in the glass 

cuvette. An excitation wavelength of 285 nm with a 340 nm filter was applied for the measurement.  

The thermal stability of the SWNTs and the composite membranes were investigated by using 

TGA Q500 (TA instruments), wherein fully dried thin films were heated at a rate of 10 °C/min 

from 50-800 °C under a nitrogen environment. 

The glass transition temperatures of pristine polyimide membrane and composite membranes were 

investigated using a differential scanning calorimetry (DSC Q2000, TA Instruments). A 

heat/cool/reheat profile was used from 25 to 400 °C, with a heating rate of 10 °C min−1 and cooling 

rate of 20 °C min−1 under nitrogen atmosphere. The second heating profile was recorded to 

determine the glass transition temperature. 
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Wide-angle X-ray diffraction (WAXD) was employed to characterize polymer chain packing 

efficiency in the membranes. A Bruker D8 Advance DAVINCI diffractometer with Cu Kα 

radiation (wavelength λ = 1.54 Å) was used. The measurements were performed with 2θ ranging 

from 5° to 45°, a scan size of 0.02°/step and a scan speed of 5 s/step. 

2.6. Pure gas permeation test 

Pure gas permeabilities of H2, CH4, N2, O2, and CO2 were tested following the order. A custom-

built permeation system was used to perform the measurement based on constant-volume, 

variable-pressure method [32]. All samples were prepared as described previously and degassed 

overnight prior to measurement [28,33]. The gas permeation tests were conducted at 35 °C under 

predetermined feed pressures ranging from 3.0 to 16.6 atm. After reaching steady state, the rate of 

downstream pressure increase was recorded to calculate the permeability using the following 

equation: 
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���

����
� (1 × 10��) 

where P is the pure gas permeability in Barrer (1 Barrer = 1 × 10−10 cm3(STP)∙cm/cm2∙s∙cmHg), 

Vd is the downstream reservoir volume (cm3), l is the membrane thickness (cm), pup is the upstream 

pressure (cmHg), A is the effective membrane area (cm2), (dp/dt)leak is the leak rate of the system 

(cmHg/s) at 35 °C, T is the operating temperature (K), and R is the gas constant (0.278 

cm3∙cmHg/cm3(STP)∙K). The ideal selectivity (αA/B) for two gases A and B was defined as the 

ratio of pure gas permeability of these two gases where A is the more permeable gas. The testing 

area of the samples was determined using a digital scanner (LiDE120, Canon) and ImageJ software. 

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

The diffusion coefficient D (cm2∙s−1) was determined using the lag-time method based on the 

following equation [32,34]: 

 

where l is the film thickness (cm) and θ is the lag time (s). The solubility coefficient S 

(cm3(STP)/(cm3∙atm)) was calculated from pure-gas permeability (P) and diffusion coefficient (D) 

based on the solution-diffusion model: 
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3. Results and Discussion 

3.1. Characterization of single-walled carbon nanotubes (SWNTs) 

The topology of pristine AP-SWNTs and acid-treated A-SWNTs was investigated by SEM and 

AFM, particularly the length of SWNT bundles. As revealed in Fig. 3(a), in pristine AP-SWNT, 

lots of spherical impurities could be observed, which were the metallic catalyst residuals from the 

manufacturing process according to the manufacturer [35]. After purification by nitric acid 

solution, P-SWNT sample showed much less impurities as metallic catalysts were mostly oxidized 

and dissolved in acid solution. However, there was no significant change in aspect ratio (Fig. 3(b) 

and Fig. S1) [36]. The strong acid-treated A-SWNT showed almost no spherical metallic catalysts, 

with a small amount of carbon impurities left on the sidewall of A-SWNTs as shown in SEM and 

AFM images of Fig. 3c-d [27,37,38]. 

 

Fig. 3. SEM image of (a) AP-SWNT obtained from manufacturer, with long carbon nanotubes 
fibers and spherical metallic impurities, and (b) P-SWNT with removed metallic impurities. (c-d) 
SEM and AFM image of acid-treated A-SWNT respectively.  

 

The average length of pristine AP-SWNT bundles was in a range of 1-5 μm as provided by the 

manufacturer. The same average length was observed in the purified P-SWNTs according to SEM. 

(b) 

1 μm 

500 nm 

(c)  (a) 

(c) (d) 
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The length distribution of A-SWNTs was determined via image analysis in a range of 0.1 μm to 

1.5 μm with an estimated average length of 0.4 μm. The much shorter length of A-SWNTs than 

that of AP-SWNTs indicated successful cutting of carbon nanotubes after strong acid treatment. 

The first step of nitric acid purification could not only remove metallic impurities, but also 

introduce vulnerable sites that allow oxidative cutting in strong acid treatment [39]. 

The integrity of SWNTs after cutting was verified by Raman spectra as shown in Fig. S2 in the 

Supporting Information. For all SWNTs, the peaks at ~1580 cm-1
 correspond to the G-bands of 

graphene sheets from carbon walls. The small peak at about 160 cm-1 is the characteristic peak of 

SWNT from the nanotube radial breathing modes (RBM) [40]. Also, the average diameter of 

individual carbon nanotubes was 1.4 nm according to the manufacturer, which was considered 

unchanged after surface modification as evidenced by the presence of the same RBM peaks. The 

disordered sp2 carbon induced D-band appeared at ~1300 cm-1 in both P-SWNTs and A-SWNTs 

owing to the changed environment of carbon atoms upon acid treatment [41]. 

The purities of the carbon nanotubes were also examined by TGA analysis in air atmosphere. 

According to Fig. S3 in the Supporting Information, the residual weight of AP-SWNTs after 

burning was much higher than P-SWNTs and A-SWNTs, suggesting successful removal of metal 

impurities in P-SWNTs and A-SWNTs. All carbon nanotubes revealed a three-step weight loss 

behavior. The first step was the burning of amorphous carbon (around 350-400°C). The second 

and the most noticeable weight loss was at around ~500-600 °C, which was due to thermal 

degradation of carbon nanotubes. The last peak at > 600 °C could be assigned to other stable 

carbonaceous materials from manufacture [36]. It is obvious that after the purification and acid 

treatment, the weight loss derivative curve of amorphous peak is much smaller and the SWNT 

degradation peak was broader with higher intensity, which was due to the exfoliation and 

degradation of amorphous carbons during acid treatment [42]. 

The surface functionality of SWNTs also changed after acid treatment. The FTIR spectra of AP-

SWNT, P-SWNT and A-SWNT are depicted in Fig. S4 in the Supporting Information. The peaks 

at 1634 cm-1, 2929 cm-1 and 2851 cm-1 represented the carbon skeleton and C-H bonds of alkyls, 

which were characteristic peaks of SWNTs. The broad peak at 3448 cm-1 and the small peak at 

1028 cm-1 was due to hydroxyl groups from either the oxidized carbon nanotubes or the 
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atmospheric moisture. The intensity of the peaks increased after acid treatment, which is a sign of 

O-H bonds introduced to the surface of A-SWNT [42]. Furthermore, a small peak at around 1389 

cm-1 is due to the presence of O–H bending of carboxylic acid groups. Also, a tiny peak at 1714 

cm-1 appeared in correspondence to C=O stretching. The FTIR spectra evidence the formation of 

-OH and -COOH groups on the surface of acid treated SWNTs [24]. The properties of all three 

types of SWNTs are summarized in Table 1 and were used as fillers for preparation of MMMs as 

discussed later. 

Table 1: Summary of filler properties, including carbonaceous purity, bundle length and surface 
functionality. 

 AP-SWNTa P-SWNT A-SWNT 

Carbonaceous purity 60-70% >90% >90% 

Bundle length (μm) 1-5 1-5b ~0.1-1.5c 

Surface functionality none 
-COOH 

(low content) 
-COOH 

(high content) 
aReported by the manufacturer; bThe purification step simply removed the metallic impurities and changed 
surface functionality. No significant effect on length was observed; cThe average length was 0.4 μm 
according to AFM image analysis. 

3.2.   Characterization of AP-SWNT/6FDA-TP MMMs with varying filler content 

The dispersion of fillers and the interfacial morphology between phases in MMMs are critical for 

desired gas separation performance. To explore the effect of π-π interaction between the carbon 

nanotubes and the benzene rings of tripytcene moieties of the polymer matrix on interfacial 

morphology, a series of composite membranes with systematically varied AP-SWNT content (2 

wt%, 5 wt%, 10 wt%, and 15 wt%) were prepared. In all cases, homogeneous, defect-free and 

ductile thin films were obtained indicating successful fabrication protocols (Fig. S5). The cross-

sectional SEM images of pristine 6FDA-TP film and the composite membranes were obtained and 

the representative images are shown in Fig. 4. As can be seen, the pure 6FDA-TP polyimide film 

had a dense and smooth cross section. Alternatively, AP-SWNT membranes had much rougher 

cross-section morphology due to the good compatibility between carbon nanotubes and polymer 

matrix. During sample fracture in liquid nitrogen, the strong adhesive interactions between carbon 

nanotubes and polymer matrix created stress and consequently led to local plastic deformation, 

resulting in rough fracture surfaces [6,43]. At the highest loading of 15 wt%, the carbon nanotubes 
A-SWNT 
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were more entangled together due to high aspect ratio, high surface energy and high content [44]. 

Nevertheless, the nanofibers were still well dispersed across the polymer matrix without visible 

aggregation, suggesting that the high compatibility between nanotubes and polymer chain resulted 

in defect-free morphology of MMMs, as shown in Fig. S6. The strong affinity between the filler 

and matrix phases was likely realized through π-π interaction between graphene walls of nanotubes 

and benzene rings of triptycenes, as well as increased van der Waals force associated with the 

exquisite shape-fitting of carbon nanotubes into the clefts between benzene “blades” of triptycene 

units (Fig. 1). 

 

Fig. 4. Physical appearance of a 10 wt% AP-SWNT/6FDATP MMM (top left), and SEM cross-
sectional images of pure 6FDA-TP polyimide membrane (bottom left) and AP-SWNT containing 
MMMs (middle and right) with 2 wt%, 5 wt%, 10 wt% and 15 wt% filler loadings. 

Raman spectroscopy was applied to characterize single-walled carbon nanotubes in MMMs and 

to further confirm the favorable interaction between nanotubes and polymer matrix. According to 

Fig. 5(a), three peaks at around 1580 cm-1, 1560 cm-1 and 160 cm-1 could be observed in all 

composite films, representing characteristic G+, G- and RBM bands of single-walled carbon 

nanotubes. The RBM peak up-shifted comparing with pristine AP-SWNT, which was attributed 

to augmented charge transfer of π-electrons between carbon nanotubes and polymer matrix 

[31,45,46]. 

0 wt%  

10 wt% 

5 wt%  

1 μm 1 μm 

3 μm 3 μm 

1 μm 
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Fig. 5. (a) Raman spectra of pristine AP-SWNT and AP-SWNT/6FDA-TP MMMs. The shift of 
RBM peak of AP-SWNT in composite membranes due to augmented charge transfer between filler 
and polymer matrixn. (b) Fluorescence spectra of pure 6FDA-TP polyimide membrane and AP-
SWNT MMMs. Inset pictures: (top) pure 6FDA-TP polyimide film was fluorescent under UV 
lamp and (bottom) quenched after addition of 2 wt% AP-SWNT. 

The fluorescence spectroscopy was demonstrated to further evidence the interaction between 

carbon nanotubes and the triptycene-based polyimide. The fluorescence spectra of 6FDA-TP 

polyimide membrane and AP-SWNT MMMs with a variety of loadings are shown in Fig. 5(b). 

An emission peak at 502 nm was observed for the pure polyimide film, which was due to the 

aromatic rings in the polyimide backbones [47]. However, significant quenching occurred after 

the incorporation of AP-SWNTs in all MMMs. This phenomenon indicated the electronic transfer 

from the triptycene moieties to carbon nanotubes, which was promoted by the strong π-π stacking 

interactions between graphene carbon walls and triptycene moieties in the polyimide [31,48]. 

It is well known that the improved filler-polymer interfacial interaction and corresponding polymer 

rigidification generally lead to increased glass transition temperature (Tg) [49,50]. The effect of 

AP-SWNT fillers to polymer chain packing was investigated by DSC. As indicated in Fig. 6(a), 

Tg of the film with 2 wt% AP-SWNT was almost identical to that of pristine polymer, then it 

increased very slightly with increasing filler content. This indicates that the interfacial interaction 

in all MMMs only locally restricted polymer chain mobility. Moreover, it may imply that π-π 

stacking and supramolecular shape-induced nano-confinement between triptycene units and 

SWNTs are not only able to increase interfacial affinity but also largely retain the flexibility of 

polymer chains, which advantageously avoids significant surface rigidification and consequent 

reduction in diffusion as frequently observed in composite membranes [51,52]. Additionally, all 

(b)  
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AP-SWNT containing composite films showed well-maintained thermal stability, as revealed by 

TGA profiles shown in Fig. 6(b). This could be related to the high thermal stability of AP-SWNT 

and good filler-polymer affinity [53]. 

     

Fig. 6. (a) DSC and (b) TGA analysis of pure 6FDA-TP film and AP-SWNT/6FDA-TP MMMs at 
different filler loadings. The inset graph shows an enlarged view of the residual weights. 

WAXD patterns of 6FDA-TP and AP-SWNT/6FDA-TP MMMs are illustrated in Fig. 7 to study 

the changes in inter-chain spacing of the polymers upon the addition of SWNTs. For the pristine 

triptycene-based polyimide membrane, it has three peaks at 2θ = 13.2°, 17.1° and 22.2°, 

representing d-spacing from amorphous polymer chain packing, tighter packing of chain segments 

without triptycene moieties, and π-π stacking, respectively [54]. For all the composite membranes, 

the appearance of two small sharp peaks at 27.4° and 44° are due to crystallinity of AP-SWNTs, 

which are in correspondence of (002) and (100) reflections [55,56]. The intensity of the first and 

second peaks (peak A and peak B) decreased with increasing AP-SWNT content, which might be 

due to the disruption of chain packing of the polyimide [24]. However, the relative intensity of the 

third peak C increased by incorporating 2 wt% and 5 wt% of AP-SWNT into polymer matrix. This 

indicates that the introduction of carbon nanotubes into triptycene-based polyimide promoted π-π 

stacking interaction. As more fillers embedded in the polymer matrix, the polymer chain packing 

was further disrupted, leaving only one major peak at 16.4°. Compared to the pure polyimide 

membrane, the d-spacing of MMMs with high filler loadings increased slightly from 5.2 Å to 5.3 

Å. 

(a)  (b)  
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Fig. 7. WAXD patterns of 6FDA-TP polyimide film and AP-SWNT/6FDA-TP MMMs. 

3.3. Effect of nanotube geometry and surface functionality on MMMs morphology 

Membrane morphologies were examined as a function of the type of SWNTs to investigate the 

effect of nanotube geometry and surface functionality on interfacial properties in these composite 

membranes. Fig. 8 shows the cross-sectional SEM images of MMMs containing 2 wt% of AP-

SWNT, P-SWNT and A-SWNT, respectively. The homogeneous dispersion of all types of fillers 

was confirmed without agglomeration and sedimentation across the film according to Fig. 8(a-c). 

Moreover, there is no evidence of interfacial defects between carbon nanotubes and polymer 

matrix, as shown in Fig. 8(a’-c’). Therefore, it could be concluded that the surface 

functionalization did not affect the strong interaction between carbon nanotubes and polymer 

matrix. 
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Fig. 8. Cross-sectional SEM images of MMMs with different type of fillers at 2 wt% filler content: 
(a) and (a’) AP-SWNT; (b) and (b’) P-SWNT; (c) and (c’) 2 wt% A-SWNT. 

FTIR and DSC spectra of MMMs with different types of fillers are displayed in Fig. S7 in the 

Supporting Information. The FTIR spectra of the composite membranes are almost identical to the 

pure polyimide membranes, suggesting that the strong affinity between phases were physically 

bonded without chemical interaction. Similar to the MMMs composing non-modified AP-SWNTs, 

the Tg of composite membranes containing 2 wt% P-SWNT or 2 wt% A-SWNT almost unchanged 

compared to the pristine polyimide membrane according to Fig. S7(b). The presence of single-

walled carbon nanotubes was confirmed by Raman spectra as depicted in Fig. S8 in the Supporting 

Information. Thermal stability of the membranes was characterized using TGA in air atmosphere, 

as shown in Fig. S9. WAXD studies were also performed on the MMMs containing 2 wt% P-

SWNT and A-SWNT aged for 27 months, shown in Fig. S10. There is no peak shift upon the 

incorporation of either non-functionalized or functionalized carbon nanotubes, indicating no 

noticeable change of d-spacing in the composite membranes. Similar to the AP-SWNT containing 

MMMs, the P-SWNT and A-SWNT containing MMMs also show high intensity of peak C, which 

is attributed to the π-π stacking between carbon nanotubes and aromatic rings in polymer backbone. 

The intensity change in peak A and B was attributed to the redistribution in fractional free volumes 

by aging, which has been discussed in our previous work [54]. 

3.4. Gas transport properties of MMMs 

(a)  (b)  (c)  

(a’)  (b’)  (c’)  
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3.4.1. Effect of filler content 

Pure gas permeabilities of H2, CH4, N2, O2 and CO2 of pure 6FDA-TP film and AP-SWNT/6FDA-

TP MMMs with various SWNT content were measured and ideal selectivities were calculated. 

The permeability and selectivity as a function of filler content are shown in Fig. 9 as well as 

summarized in Table S1. It can be observed that with 2 wt% of AP-SWNT incorporated into the 

polyimide, the permeabilities increased significantly for all gases. For example, the permeability 

of CO2 increased by 300% from 20 Barrer of pure polymer to 81 Barrer after adding 2 wt% of AP-

SWNT. However, at 5 wt% AP-SWNT content, the permeabilities of all gases decreased as 

depicted in Fig. 9(a), although still higher than pure polyimide film. When combining more AP-

SWNTs into the polymer, the permeabilities of most gases showed increasing pattern except for 

H2. The enhancement in permeabilities could be ascribed to the rapid diffusion of gas molecules 

inside the nanotubes due to the super smooth inner wall, and the disrupted polymer chain packing 

by embedded carbon nanotubes that increased the fractional free volume [44,57]. Since large gas 

molecules are more sensitive to free volume change, the increase in permeability of large molecule 

gases (e.g., CH4, N2) are more significant than H2. Some researchers also reported decreased 

permeabilities in carbon nanotubes containing mixed matrix membranes at high filler loadings 

[24,58]. For example, Sun et al. studied the gas transport performance of pristine and 

functionalized multi-walled carbon nanotubes in DMMDA-BTDA polyimide and found that 

permeabilities of CO2 and CH4 exhibited a decreasing trend with loading above 4 wt% due to 

agglomeration and cluster of nanofibers [24]. However, the SEM images showed homogeneous 

dispersion of carbon nanotubes without noticeable aggregation in this study. Thus, the slightly 

lower H2 permeability at the highest AP-SWNT loading might be due to more non-permeable 

carbon walls that act as transport barriers to block the fast diffusion of H2 molecules. 

Fig. 9(b) shows selectivities of different gas pairs versus filler content. H2 separation performance 

was largely affected by the addition of AP-SWNTs, and the selectivities decreased with increasing 

AP-SWNT content. Again, this was due to larger improvement in permeabilities of large molecule 

gases than that of H2. However, for other gas pairs including CO2/N2, CO2/CH4 and O2/N2, the 

selectivities were relatively comparable to the pure polyimide membrane, indicating good 
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interfacial morphology in all MMMs that benefits from the strong interfacial interaction between 

carbon nanotubes and triptycene moieties in polymer backbone. 

     

Fig. 9. Effects of AP-SWNT content on (a) pure gas permeability, and (b) ideal selectivity. 

Diffusivity and solubility coefficients for CH4, N2 and CO2 were obtained from lag-time method 

to probe the transport mechanism in the MMMs and the data are summarized in Table S2 and Fig. 

S11 in the Supporting Information. The trend of diffusivity coefficients as a function of AP-SWNT 

content is similar to the permeabilities for corresponding gases, and the solubilities are relatively 

stable at different loadings. Hence, the variation in permeability is mainly controlled by kinetic 

diffusion in these composite membranes. 

The permeability/selectivity trade-off plot for CO2/CH4 with Robeson’s upper bound is illustrated 

in Fig. 10. Some reported data for carbon nanotubes containing MMMs are also shown for 

comparison. As a general trend, incorporating SWNTs in triptycene-based polyimides 

significantly improves the permeability-selectivity combinations by pushing the overall separation 

performance laterally approaching the upper bound. It appears that the membrane with 2 wt% of 

AP-SWNT has the most desirable interfacial morphology with balanced filler-polymer interactions. 

Compared to other MMMs composing CNTs and non-triptycene-containing glassy polymers, our 

membrane showed greatly enhanced permeability at much lower filler content, without sacrificing 

selectivity. Based on this result, a fixed 2 wt% filler loading was chosen for further studies to 

investigate the effects of SWNTs’ dimension (e.g., bundle length) and surface functionality on gas 

transport properties as discussed in following section. 

(a)  (b)  
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Fig. 10. CO2/CH4 permeability/selectivity upper bound plot for AP-SWNT/6FDA-TP MMMs. 
Other comparative data are: 1) 0, 1, 6 wt% MWCNT/PI MMMs [51]; 2) 0, 1, 2, 3, 4 wt% 
MWCNT/PI MMMs [24]; 3) 0, 5, 10, 15 wt% CNT-COOH/6FDA-durene MMMs [59]; and 4) 0, 
2, 10 wt% SWCNT/poly(imide siloxane) MMMs [60]. 

3.4.2. Effect of carbon nanotube length and surface functionality on gas transport properties 

As discussed previously, the incorporation of carbon nanotubes could significantly improve the 

gas transport properties due to the rapid gas diffusion through the barrier-free inner channels. On 

the other hand, in MMMs with high SWNT content, the impermeable carbon wall of nanotubes 

and non-carbonaceous impurities seem to hinder gas diffusion that decrease the gas permeability 

possibly due to the formation of interconnected network via entanglement of long nanotube 

bundles. To examine how nanotube bundle length may affect the gas transport, purified and 

shortened carbon nanotubes, i.e., P-SWNTs and A-SWNTs (Table 1), were prepared from AP-

SWNTs via strong acid treatment and used to prepare MMMs. It is expected that with smaller 

aspect ratio and higher purity, the entanglement of long nanotube bundles could be reduced, and 

more open ends would appear to allow gas molecules entering and passing through. Additionally, 

the cutting procedure using strong acid can introduce carboxylic acid functional groups on the 

surface of SWNTs, which may possibly assist selective separation of polar gases. 

MMMs with 2 wt% of different type of fillers (AP-SWNT, P-SWNT and A-SWNT) were prepared 

and the pure gas permeabilities were tested following the same procedure. The permeation data 
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are summarized in Table 2. Regardless of different physical properties of carbon nanotubes, all 

composite membranes showed significantly higher permeabilities than the pure 6FDA-TP 

membrane for all gases, indicating that SWNTs effectively introduce barrier-free gas transport 

pathways in the MMMs. Among the three MMMs, with the same weight loading, purified and 

shorter nanotubes led to slightly reduced permeabilities likely due to fewer interface defects 

induced by the metallic impurities. However, marked increases in ideal selectivities for all gas 

pairs are observed in the MMMs containing purified and shorter nanotubes compared to AP-

SWNT containing membrane. Moreover, the membrane with 2 wt% A-SWNT showed overall 

better separation performance than the pure polyimide film in terms of both permeability and 

selectivities. 

Table 2. Pure gas permeation data of 6FDA-TP membrane and the MMMs with 2 wt% of AP-
SWNT, P-SWNT and A-SWNT for comparison.  

 Permeability (Barrer) 

 H2 CH4 N2 O2 CO2 

6FDA-TP* 59 0.5 1.0 5.6 20 

2% AP-SWNT 144 ± 2 2.2 ± 0.1 3.6 ± 0.1 18 ± 0.2  81 ± 1 

2% P-SWNT 140 ± 3 1.9 ± 0.1 3.2 ± 0.1 18 ± 0.4 74 ± 2 

2% A-SWNT 122 ± 3 1.4 ± 0.1 2.7 ± 0.1 17 ± 0.4 63 ± 1 

  
Ideal Selectivity 

H2/CH4 H2/N2 H2/CO2 CO2/N2 CO2/CH4 O2/N2 

6FDA-TP* 113 60 3.0 20 37 5.6 

2% AP-SWNT 64 ± 1 40 ± 1 1.8 ± 0.1 22 ± 0.2 36 ± 1 5.0 ± 0.1 

2% P-SWNT 75 ± 3 44 ± 1 1.9 ± 0.1 23 ± 0.8 39 ± 1 5.7 ± 0.2 

2% A-SWNT 88 ± 3 45 ± 2 1.9 ± 0.1 23 ± 0.7 46 ± 2 6.1 ± 0.2 

* Pure 6FDA-TP permeability and selectivity are adapted from Ref [28]. 

To elucidate the fundamental transport properties, the diffusivity and solubility coefficients and 

corresponding diffusivity and solubility selectivities were calculated and are shown in Table S3 

in the Supporting Information. With 2 wt% A-SWNTs, the diffusivity coefficients enhanced for 

all gases, implying that gas molecules had higher chance to enter the shortened carbon nanotubes 

for fast diffusion than in the membranes containing AP-SWNTs and P-SWNTs. As shown in Table 

1, the acid treated A-SWNT had a shortened average length of 0.4 μm, which was much larger 

than the kinetic diameter of gas molecules. It is logical to expect that by further decreasing the 
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length of SWNTs, enhanced gas diffusion could originate from much less entanglement of SWNTs, 

more open pores as barrier-free gas transport channels, and potentially better SWNT alignment at 

the same filler loading. In this regard, systematic studies on the lengths of SWNTs and optimized 

filler contents are needed for future study, which may open a new dimension in preparing CNT-

based MMMs. Additionally, the improved carbonaceous purity also played a role in enhancing the 

interfacial morphology and gas transport properties. Another important factor affecting the 

separation performance seems to be the surface functionality. It has been reported that -COOH 

groups on the surface of carbon nanotubes can increase the affinity of polar gases such as CO2 [24]. 

According to Table S3, the improvement in overall selectivity mainly came from the increased 

solubility selectivities, which could be ascribed to the surface functionality change in P-SWNTs 

and A-SWNTs. 

The overall separation performance for MMMs is compared with the Robeson’s upper bounds in 

Fig. 11. In general, using the acid-treated, shortened A-SWNTs as filler produced composite 

membrane with the best overall performance. With a notable enhancement in selectivity and minor 

loss in permeability, the separation performance for CO2/CH4, O2/N2 and H2/CH4 gas pairs all 

shifted upward vertically compared to 2 wt% AP-SWNT MMM and surpassed the 1991 Robeson’s 

upper bound. The improvement was due to the synergetic effects of a smaller aspect ratio of the 

carbon nanotubes, higher carbonaceous purity and -COOH surface functionality, which led to 

strong interactions between carbon nanotubes and triptycene-based polyimide allowing for the 

formation of ideal interfacial morphology and consequently enhanced gas separation performance 

of the composite membranes. 



22 
 

      

 

    

Fig. 11. Permeability/selectivity trade-off plots for CO2/CH4, H2/CH4 and O2/N2 gas pairs 
comparing the separation performance of pure 6FDA-TP membrane and MMMs containing 2 wt% 
AP-SWNT, P-SWNT and A-SWNT/6FDA-TP as labeled. 

4. Conclusion 

Mixed matrix membranes were successfully prepared by embedding different types of SWNTs 

(as-purchased, purified and acid-treated) into triptycene-based polyimide matrix. The purification 

step removed metallic catalyst residuals, and the strong acid treatment introduced carboxylic acid 

functionality to the surface of carbon nanotubes, as well as shortening the nanotubes. AP-SWNTs 

were well dispersed in polymer matrix without visible interfacial voids and agglomeration even at 

a high loading of 15 wt% according to SEM, highlighting the excellent compatibility between 

fillers and polymer matrix. The pure gas permeabilities of the MMMs showed nonlinear trend with 
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increasing filler loadings, which was due to the competition between enhanced gas transport 

through inner of carbon nanotubes and hampered gas diffusion by the carbon walls. Significant 

improvement in selectivities was observed in the MMMS containing purified and shortened 

SWNTs. Remarkably, the 2 wt% A-SWNT/6FDA-TP membrane exhibited both high 

permeabilities and selectivities compared to the pure 6FDA-TP polyimide membrane, locating the 

performance above the 1991 Robeson’s upper bound for CO2/CH4, O2/N2 and H2/CH4. The 

remarkably improved performance could be attributed to: the carbon nanotubes with smaller aspect 

ratio that had more open ends for gas molecules to pass through; the functionalized surface of 

carbon nanotubes that improved the solubility selectivity; the higher purity of the modified carbon 

nanotubes as fillers. 

Supplementary material 

The supplementary material contains characterization of AP-SWNT, P-SWNT and A-SWNT 

including the AFM images of P-SWNT, length distribution of A-SWNTs, Raman, TGA and FTIR 

spectra of the fillers. Physical appearance and the gas transport diffusivity and solubility 

coefficients of AP-SWNT MMMs with various filler contents are included. It also contains film 

characterizations including FTIR, DSC, TGA, Raman and WAXD spectra of the 2 wt% AP-SWNT, 

P-SWNT and A-SWNT composite films, as well as their detailed gas transport properties. 
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