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A B S T R A C T   

The air separation (O2/N2) based on polymeric membranes is critical because it is more energy 
efficient than traditional methods. Dense polymeric membranes are now the main stay of in-
dustrial processes that generate oxygen and nitrogen enriched gas. Though, regular polymeric 
membranes often fall short of selective pressure demands because O2 and N2 gases have such 
comparable equivalent diameters. While polymer composites have their benefits, nanocomposite 
(NCs) allows for the production of high-performance barriers. Utilising Matrimid® 5218 
(Matrimid) as the base framework and multiwall carbon nanotube (MWCNT) as the filler, a novel 
NCs for O2/N2 separation was developed. Both matrimid and MWCNTs were chemically modified 
quaternization and functionalizing the MWCNTs. The membranes were casted using solution 
casting with a combination of quaternized matrimid and functionalized multi-walled carbon 
nanotubes (f-MWCNT). When f-MWCNT was added to quaternized matrimid, it created interfacial 
compatibility, which increased O2/N2 selectivity and permeability by 65 % and 35 %, respec-
tively. In the current study, increasing O2 diffusivity and O2/N2 solubility selectivity resulted in 
improved performance, this paves a way for manufacturing innovation.   

1. Introduction 

More than half of the energy consumed in the chemical manufacturing sector is spent on the separation of liquid or gaseous 
substances [1]. Chemical separation and purification in refinery and petroleum product processes use a lot of energy, such as low 
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temperature olefin/paraffin mixture distillation or extractive distillation in the manufacture of benzene and the isomeric compounds of 
xylene separation via low temperature fractional crystallization. The basic cost of chemicals such as ethylene, toluene, benzene, and 
propylene could be significantly decreased if the separation technique could be improved. Membrane separation technology will open 
up new avenues for separating gaseous and liquid mixtures. Membrane distillation units are much smaller than traditional distillation 
units, and the operation can be performed at lower temperatures. In some cases, a hybrid process combining distillation and membrane 
units has been established. Membrane distillation units are much smaller than traditional distillation units, and the operation can be 
performed with lesser temperatures. In some cases, a hybrid process combining distillation and membrane separation units has been 
established. According to estimates, membrane-based hybrid processes will save 40–50 % of production costs in the separation of 
olefin/paraffin binary mixtures [2]. 

The separation of O2 and N2 gaseous components has piqued the interest of non-technical industries such as the chemical and 
medical industries [1]. In fuel combustion processes, for example, the use of oxygen-enriched air is typically recommended because a 
higher oxygen concentration in oxidant gas ensures increased total energy efficiency [2,3]. Furthermore, oxygen-enriched air has been 
shown to improve the efficacy of sewage treatment plants [4]. Further, highly pure nitrogen is used to extend the shelf life of food, in 
coal extraction (as a fire extinguisher during the mining operation) [5] in wet chemical laboratories (synthesis) and chemical trans-
portation [6–8], and in the storing of cryogenics that utilizes liquid nitrogen [9–12]. 

Air separation technology has long used pressure-swing adsorption (PSA) and cryogenic distillation techniques. The truth is that 
these technologies can generate large amounts of high-purity gases, but a significant impediment with respect to increased energy 
demand and capital expenditure [13,14] is expected. Because of its simplicity and low cost, membrane-based gas separation has 
recently piqued the interest of academics. Polymer-based membranes are frequently used in gas separation methods, but the 
solution-diffusion process that regulates gas movement in such membranes causes a trade-off between permeability and selectivity 
[15,16]. Because of their low scalability, plain molecular sieve-based membranes are currently not easily deployable in commercial 
applications [17]. As a result, it has been recognised that there is a theoretically feasible opportunity for producing scalable mem-
branes with high-performance qualities by developing new generation mixed-matrix membrane (MMM) that syndicates the benefits 
obtained in combination of polymeric membranes and zeolites, inorganic fillers or molecular sieves [18,19]. 

The fillers or additives used in gas separation membranes can have a big impact on their performance and efficiency. Fillers are 
commonly employed to improve the selectivity and permeability of membrane materials, allowing for improved gas separation ca-
pabilities. Several factors influence the filler material selection, including the target gases to be separated, the membrane matrix 
material, and the required performance criteria. Inorganic or organic fillers include zeolites, metal-organic frameworks (MOFs), 
carbon nanotubes, graphene, and polymer nanoparticles. It should be noted that the filler selection and concentration should be 
carefully tuned to obtain the desired gas separation performance. The qualities of the fillers, their compatibility with the membrane 
matrix, and the general shape of the membrane all play important roles in determining the efficacy of the filler selection. Because of 
their small effective kinetic diameters of 2.89 Å for O2 and 3.04 Å for N2 [20,21], efficient divergence of O2 and N2 from the air has 
become difficult. Because of the small diameter difference, molecular sieving (via porous materials as fillers such as zeolites, clay or 
MOFs) cannot be used as the individual driving force of separation. Furthermore, because N2 adsorption is more polarizable than O2 
adsorption, i.e., O2: 17.4 × 10− 25 cm3 vs. N2: 15.8 × 10− 25 cm3 [22], most adsorbents prefer N2 adsorption over O2 adsorption. Despite 
this, numerous metal-organic frameworks (MOFs) with high O2/N2 selectivity exist, including the chromium (II) carboxylate MOF 
(Cr3BTC2) and MOF-5. However, as the number of working cycles increases, the structural instability of the system limits its practical 
utility [23–25]. In contrast, polymers with inherent microporosity (PIMs) have demonstrated excellent O2/N2 separation performance 
[26–28]. PIMs are not immune to polymer ageing, which causes a progressive decline in membrane function over time [29–32]. In this 
case, aided carriers (in the form of molecules and solid particles) open up exciting new possibilities for developing next-generation 
O2/N2 separation membranes. 

The enabled carriers that penetrate one of the gas molecules in gas mixture are preferred by the bounding process. While N2 is 
inactive, the hopping process occurs during the selective and reversible complexation of O2 via transport events [33]. Cobalt-based 
complexes such as cobalt (II) phthalocyanine (CoPC), cobalt (II) tetraphenylporphyrin (CoTPP), and cobalt (III) acetylacetonate (Co 
(acac)3) stand out for their O2 selectivity among the carrier alternatives for facilitating O2 transport [33–37]. 

Matrimid® 5218’s permeability must be increased before it can be used to construct a high-performance nanocomposite mem-
brane. As described in the literature [38]. Non-selective voids, on the other hand, can cause larger defects to form, resulting in a 
significant decrease in selectivity performance [39]. To overcome this problem, multiwalled carbon nanotube particles must be 
compatible with base polymer matrices. Surface modification of carbon nanotube particle particles, such as with tert-butyl groups, is 
one possible approach [34,38]. A subsequent chemical modification process, on the other hand, is frequently required. Many groups 
[40,41] have found that block copolymers can be effective compatibilizers between fillers and polymer matrices. 

We provide a high-performance O2/N2 separation nanocomposite membrane made of multiwall carbon nanotube particles 
embedded in Matrimid® 5218. (Matrimid). According to gas permeation research, adding 5 % multiwall carbon nanotube particle 
improves the permeability of O2 and O2/N2 selectivity by 68 % and 35 %, respectively. The Matrimid multiwall carbon nanotube 
particle system outperformed the clean polymer in both O2 diffusivity and O2/N2 selectivity, according to a study of solubility/ 
diffusivity (Matrimid). Given that each constituent of the Matrimid multiwall carbon nanotube particle system is widely available and 
reasonably priced, the nanocomposite architecture demonstrated here appears to have large-scale membrane fabrication potential. 
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2. Materials and methods 

2.1. Materials 

Chemicals supplied by Fine Chemicals, Mumbai, included chloroform, methanol, ethanol, sulfuric acid, triethylamine (TEA), and 
concentrated paraformaldehyde. Concentration of hydrochloric acid, cyclohexane, and zinc chloride. Because each sample was of 
sufficient quality for analysis, it was used as is. Sigma Aldrich manufactured MWCNT. The PTFE adhesive was created by Sigma- 
Aldrich (USA). Activated carbon and the Vulcan XC-72 (20 % platinum in carbon support) were provided by WonatechPrivate 
Limited, respectively. Cabot Carbon Inc. Provided the carbon fabric. To make cathode catalysts, our lab synthesised 10 % Ag and 1 % 
Pd–Ni on Vulcan XC-72. The DMAMFC’s anode and cathode materials were obtained from WonatechPvt. Ltd. In India. Only double- 
distilled water was used in the preparation of all solutions. The chemical structures of (a) MWCNT and (b) Matrimid® are displayed in 
Fig. 1. 

2.2. Synthesis of anion exchange membrane 

The chemical processes of chloromethylation and quaternization were used in the generation of anion exchange membranes. The 
procedure for experimenting with an ionomer was described in the scientific literature [24,25], and the results were thoroughly 
examined. We did not describe the steps that led us to choose matrimid over polystyrene ethylene butylene polystyrene (PSEBS). 

2.3. Functionalization of MWCNTs 

MWCNTs will be ultrasonically treated with a 3:1 ratio of sulfuric acid and nitric acid to incorporate carboxylic acid groups onto 
their surface. After mixing everything together, the acid was removed by washing it with cold distilled water and centrifuging it until 
the pH of the supernatant reached 7, indicating that the suspension was no longer acidic. The prepared material was dried for 6 h in a 
vacuum oven at 100 ◦C. 

2.4. Preparation of composite membrane 

A solution of dissolved matrimid in cyclohexane was mixed with various amounts of f-MWCNTs for approximately 24 h. To achieve 
the required membrane thickness, the solution was ultrasonically treated for about 15 min before being spread on a clean Petri dish 
and dried at 50 ◦C for 8 h. Because MWCNTs are expensive, two weight ratios of MWCNT-embedded matrimid membranes (5 and 10 % 
wt.%) were created and studied. The results were compared to a matrimid membrane devoid of MWCNTs. Table 1 contains instructions 
for preparing the membranes. 

2.5. FTIR 

FTIR was used to investigate the chemical composition and interactions between polymers and inorganic fillers. By keeping the 
membranes in KBr windows and operating the spectrometer in transmission mode, we were able to obtain FTIR spectra for the 
matrimid and other composite membranes. 

2.6. UV–visible spectroscopy 

A spectrometer (Systronics, Bangalore) was used to perform the UV–visible analysis at a scanning speed of 100 nm min− 1. 

Fig. 1. Chemical structures of (a) MWCNT and (b) Matrimid®.  
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2.7. XRD analysis 

Powder XRD tests on membrane samples were measuredusing powder X-ray diffractometer (Make: Siemens Model: D 5000) having 
CuKα source and a scanning rate of 0.5◦ sec− 1. The generated output signals from XRD as curves were analysed and indexed using the 
Proszki software package, and the results of the powder XRD research are consistent with those of the single crystal XRD. 

2.8. Thermogravimetric analysis 

In the study, TGA systems (Brand: TA Instruments, Model: Q500) were used. For the measurements, the prepared samples were 
heated from room temperature to 700 ◦C at a rate of 4 ◦C min− 1 in N2 atmosphere at a flow rate of 25 mL min− 1. 

2.9. Mechanical properties 

The tensile strength and percentage of elongation of the fabricated composite membranes were tested using universal testing 
equipment (Make: Hounsfield). To reproduce the results, membrane samples were cut into 5 mm by 50-mm pieces [29]. Despite a force 
of 50 N applied to it, the crosshead maintained a speed of 10 mm min-1. A minimum of three separate measurements were obtained for 
each test, and the average of these was used. 

2.9.1. Scanning electron microscopy (SEM) 
The M@f-MWCNTs subsequently disseminated in ethanol for microscopy specimen preparation, and the several droplets of the 

dispersion were placed on a fresh clean silicon wafer platform. The annealed membranes were fractured in liquid nitrogen to check the 
cross-sectional images of the test specimens, accompanied by gold sputtering onto Matrimid and its functionalized MWCNT composite 
membranes to provide high-quality SEM images. The morphology was examined using a JEOL SEM, model JSM-7600F. 

2.10. EDAX 

We confirmed the dispersibility of f-MWCNTs in the NMMM using energy-dispersive X-ray spectroscopy (EDAX, JSM-7600F, JEOL, 
Akishima, Tokyo, Japan), resulting in the best potential performance of the membrane (from the gas permeation test). 

2.11. Porosity 

To determine the porosity and gas adsorption profile of M@f-MWCNTs, a volumetric gas sorption analyser and N2 physisorption at 
77 K were used (Quantachrome, LX2, USA). Before testing, the samples were outgassed for 6 h at a temperature of 413.15 K to remove 
any impurities and remaining solvent. 

2.12. Raman spectroscopy 

The Raman R3000 system and an 8-mm, 509-nm working-length objective were used to obtain the spectra. He–Ar lasers were used 
on the sample to generate an excitation wavelength of 532 nm with a surface power of 0–90 mW and a spot size of approximately 3 lm. 
The matrimid and other composite membranes were placed in a quartz in-situ Raman sample cell. 

2.13. Cyclic voltammetry (CV) studies 

The CV tests were carried out with a three-electrode setup and a Wonatech model WPG100ex potentiostat/galvanostat instrument. 
The active electrode was a glassy carbon electrode (GCE) with a surface area of 0.0707 cm2. Platinum wire and an extremely saturate 
calomel electrode used as the working and reference electrodes, respectively (SCE). The SCE reference electrode was used to plot all 
potentials in this analysis. The potential window was − 1.0 to 1.0 V, and the scan rate was 25 mV s− 1. 

2.14. Gas adsorption analysis 

The volumetric gas sorption analyser was used to evaluate the membranes’ pure O2 and N2 adsorption isotherms at 308.15 K. and 
pressures ranging from 0 to 5 bars (iSorb HP1, Quantachrome, Boynton Beach, FL, USA). Gas adsorption (q) was calculated with each 
membrane by extrapolating the O2 and N2 isotherm models, taking into account that the isotherm is linear across the measurement 

Table 1 
Membrane composition and nomenclature.  

Sl. No Matrimid (gm) f-MWCNT (gm) Wt. %of f-MWCNT Name 

1 4 0 0 M@f-MWCNT_0 
2 4 0.2 5 M@f-MWCNT_5 
3 4 0.4 10 M@f-MWCNT_10  
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range of interest (0.21 bar for O2 and 0.79 bar for N2). The following established relationship i.e., equation (1) is used to evaluate gas 
solubilization in the membrane, (e.g., O2 and N2) [6,42].: 

S=
qρ
p

(1)  

where ‘q’ denotes the amount of gas adsorbed per mass of membrane, ‘p’ the pressure, and is the membrane density. This calculation 
assumes no competing O2 and N2 adsorption in the membrane [7,37,43]. D, or gas diffusivity in the membrane, is calculated by 
dividing permeability by solubility. 

2.14.1. 16Gas permeability test of O2/N2 
To mount the membrane, a stainless-steel male and female coupling membrane holder was used. A constant pressure-variable 

volume configuration was used for the gas permeation testing. Helium (He) and compressed air (O2/N2: 21/79, O2 99.8 %, and N2 
99.999 %). The membrane was first placed in a heated permeation cell set to 35 ◦C. A back pressure regulator was installed on the feed 
side to regulate the feed side pressure while keeping the permeate side pressure constant for atmospheric pressure. Temperature and 
applied feed pressure were measured across the membranes for O2 and N2 gas. Automated gas chromatography (Agilent, Model: 990 
Micro GC Systems) with a thermal conductivity detector and a Hysep-Q capillary column was used to analyse the gaseous streams on 
the permeate and retentate sides. The temperature of the detector was maintained at 523 K, while the injector port and oven were held 
at 423 K. 

Permeance, Pi (mol/m2 s Pa) of component gas i was computed by using equation (2). 

Pi =
Ji

Δpi
(2) 

Ji represents the flux of constituent "i" (mol/m2 s), "pi" represents the partial pressure difference across the zeolite membrane (pa), 
and "i" may represent O2 or N2. 

The membranes’ selectivity was calculated by employing formula, the ratio of single O2 andN2 permeances. 

3. Results and discussion 

3.1. Functionalization of MWCNTs 

Before carbon nanotubes (CNTs) can be widely used as reinforcements in polymer composites, two major challenges must be 
overcome [31]. The fundamental issue is that CNTs tend to aggregate into packets, resulting in a poor interfacial connection between 
the CNTs and the polymer matrix, which reduces the composites’ electrical and mechanical properties [32]. Improving load transfer 
efficiency through the formation of a strong interface between the composite (fillers) and polymer is critical to resolving this problem. 
Surface functionalization of carbon nanotubes is a common method for accomplishing this [33,34]. In general, functionalization re-
sults in surface defects in carbon nanotubes, altering the degree of conjugation and reducing charge carrier mobility [35].MWCNTs are 
less prone to aggregation than SWCNTs, and their conductivity is not significantly reduced because only the surface layers can be 

Fig. 2. FTIR spectra of (a) MWCNT and (b) f-MWCNT.  
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functionalized [36]. Furthermore, MWCNTs are less likely to be capable of storing electrons. 

3.2. FTIR 

According to FT-IR analysis, carbon nanotubes contain carboxylic acid groups. Fig. 2 depicts the FTIR spectra of MWCNT and f- 
MWCNT. The FTIR spectra of MWCNT reveal four main peaks at 3430, 1700, and 1585 cm− 1 which was displayed in Fig. 2 (a). The 
O–H stretch from carboxyl groups (O]C–OH and C–OH) is responsible for the peak at 3430 cm− 1. The C]O stretching mode of car-
boxylic acids is responsible for the peak at 1700 cm− 1. The peak at 1585 cm− 1 corresponds to the C]C stretching mode, which emanates 
from the MWCNT backbone. Furthermore, the peak at 1050 cm− 1 is attributed to the C–O stretching vibration. The absorption peaks in 
Fig. 2 (b) are located at 1568, 2930, 2860, and 3440 cm− 1 (b). The hydroxyl group is represented in the spectral data by a band at 
around 3440 cm− 1 (–OH). The widths of the bands produced by asymmetric and symmetric C–H stretching were approximately 2930 
and 2860 cm− 1, respectively. The peaks at 1740 and 1220 cm− 1 represent carboxylic acid group stretching, respectively, while the 
peak at 1565 cm− 1corresponds to the infrared-active phonon mode of the f-MWCNTs. These findings unequivocally demonstrate the 
occurrence of –COOH moiety on the surface of f-MWCNTs. 

3.3. UV–visible spectroscopy 

The results of an analysis of the UV–visible spectra of M@f-MWCNT_10 and matrimiddispersal in cyclohexane solvent are shown in 
Fig. 3 to determine how the MWCNTs interact with the quaternized polymer matrix. UV–visible spectroscopy was used to measure the 
colloidal stability of M@f-MWCNT_10 dispersions [38], and dispersion behaviour was investigated in relation to solubility parameters 
based on filler and polymer interactions [39]. The nanocomposite absorbed more than the bare polymer at 260 nm, indicating that 
M@f-MWCNT_10 andmatrimid interact primarily via bonding [40,41]. 

The bonding interaction between Matrimid, a type of polyimide polymer Fig. 3(a) and multi-walled carbon nanotubes (MWCNTs) 
can vary with increasing absorbance [44]. However, it’s important to note that the term "absorbance" typically refers to the ability of a 
material to absorb light, usually in the context of spectroscopy. The relationship between absorbance and the bonding interaction 
between MWCNTs and Matrimid might not be direct. 

The UV–Visible spectral curve of M@f-MWCNT_10 was depected in Fig. 3(b). When MWCNTs and Matrimid come into contact, 
several types of interactions can contribute to their bonding: (i) van der Waals forces: MWCNTs possess a high aspect ratio and a large 
surface area, which allows them to interact with the Matrimid through van der Waals forces. These forces arise from temporary 
fluctuations in electron density and can lead to attractive interactions between the nanotubes and the polymer chains. (ii) π-π stacking: 
MWCNTs are composed of carbon atoms arranged in a hexagonal lattice, creating a network of delocalized π electrons. Similarly, 
polymeric materials like Matrimid can have conjugated aromatic structures. These aromatic rings can undergo π-π stacking in-
teractions with the graphene-like structure of the MWCNTs. This stacking interaction can further enhance the bonding between the 
nanotubes and the polymer. (iii) Electrostatic interactions: Matrimid can contain charged functional groups that can interact with the 
charged surface of MWCNTs. These electrostatic interactions can contribute to the bonding between the two materials. (iv) When 
absorbance increases, it implies that more light is being absorbed by the material. However, it’s not immediately clear how this relates 
to the bonding interaction between MWCNTs and Matrimid. The absorbance of a material is typically influenced by its chemical 
composition, structure, and optical properties. It may not directly correlate with the bonding interactions between the nanotubes and 
the polymer. 

Fig. 3. UV–Visible spectra of (a) Matrimid and (b) M@f-MWCNT_10 %; Inset: Expanded view of (b).  

M. Patil et al.                                                                                                                                                                                                           



Heliyon 9 (2023) e21992

7

3.4. TGA 

The thermal stability of matrimid composite membranes was examined using TGA in a N2 environment. Fig. 4 depicts the ther-
mogravimetric curve of a developing matrimid membrane (a). Between 50 and 550◦ Celsius, the mass decreases threefold. The first 
phase occurred at temperatures lower than 100 ◦C and coincided with water evaporation. The desorption of bound water and the 
disintegration of quaternary ammonium groups could have caused the second loss, which occurred at around 150◦ Celsius. The third 
weight loss at around 450 ◦C indicates the start of polymer backbone decomposition (i.e., decomposition of carbon chains and phenyl 
groups, respectively). Fig. 4(b) depicts virgin f-MWCNT composites and Fig. 4(c) depicts M@f-MWCNT-10 composites. MWCNT 
incorporated to the polymer matrix synergistically improved the thermal stability of composite membranes. The composite mem-
brane’s mass decreased slightly. MWCNT integration determines the mechanical stability of composite membranes in this way. 

3.5. Mechanical properties 

Because superior mechanical properties of polymer nanocomposites are required for the gas separation and the gas pressure 
withstand efficiency [42], they are commonly integrated into a polymer matrix. The tensile strength of matrimid and its composite 
membranes was tested under fully hydrated conditions. With tensile values of 70.2 MPa for the M@f-MWCNT_10 and 60.3 MPa for the 
M@f-MWCNT_5, the composite membrane outperforms the nascent matrimid membrane by 219 % and 187 %, respectively (32.11 
MPa). Interfacial bonding and features between fillers and polymer matrix are well known to affect the mechanical properties and 
structural integrity of composite materials [43]. The increased mechanical strength [45] measured by nanoindentation indicates that 
the modified MWCNTs are distributed uniformly throughout the matrimid membrane matrix with minimal aggregation. 

3.5.1. Field emission scanning electron microscopy study (FESEM) 
The surface morphology of the developing matrimid membrane was examined using FESEM, and a composite membrane was 

prepared. Fig. 5 shows SEM images of matrimid membranes and matrimid membranes implanted with MWCNTs. The surfaces of the 
Matrimid (Fig. 5(a)) and M@f-MWCNT_5 composite membrane (Fig. 5(b)) were both smooth and uniform, according to SEM analysis. 
MWCNTs were found to be evenly distributed throughout the quaternized polymer matrix. Photos of the MWCNTs/matrimid mem-
branes region revealed white patches when cyclohexane was embedded in oxidised MWCNTs using the solution cast method, indi-
cating that the multiwalled carbon nanotubes could be successfully embedded. The establishment of covalent bond or ionic bond 
between the carbon nanotubes and the matrimid is most likely responsible for the improved dispersion. Fig. 6 shows a SEM image of 
the M@f-MWCNT_5 in cross-section. The prepared membranes are uniform and have an average thickness of 53 μm, as shown in the 
image. 

3.6. EDAX 

Fig. 7 depicts the EDAX spectra and FE-SEM images of commercially available MWCNT and f-MWCNT. Large bundles of micron- 
scale MWCNTs with diameters ranging from 10 to 20 nm were discovered. After oxidation and ultrasonic treatment, the f-MWCNTs 
were shorter and rougher, and acid treatment disentangled them. The presence of other elements in the corresponding EDAX spectra 
confirmed their presence. 

Fig. 4. TGA curves of nascent matrimid membrane, f-MWCNT and M@f-MWCNT_10.  
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3.7. N2 adsorption and porosity properties 

Fig. 8 and Table 2 shows the N2 adsorption and porosity properties of the material. 

3.8. Raman spectroscopy 

Raman spectroscopy has been widely used to evaluate the interaction of polymers and carbon nanotubes in composites [46]. 
Raman shifts of distinct peaks [47–51] show the interaction between MWCNTs and matrix. Fig. 9(a) shows several prominent peaks in 
the developing matrimid membrane at 998, 1027, 1190, 1303, and 1440 cm− 1. The peak at 998 cm− 1 is caused by C–N stretching, 
while the peak at 1303 cm− 1 is possibly caused by C–H deformation. This shows that the matrimid polymer was quaternized with 
triethylamine. The G-band (1580 cm− 1) and the D-band (1090 cm− 1) were the most prominent bands in the Raman spectra of MWCNTs 
in the composite membrane, as shown in Fig. 9(b) (1340 cm− 1). Gas separation applications are feasible due to the efficient incor-
poration of MWCNTs into the matrimid membrane matrix and the elimination of other characterization peaks present in the naked 
membrane. 

Fig. 5. SEM images of (a) M@f-MWCNT_5 at 20 μm and (b) M@f-MWCNT_5 at 2 μm.  

Fig. 6. The M@f-MWCNT 5 as depicted in the cross-sectional view of SEM image.  
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3.9. Cyclic voltammetry studies 

Cyclic voltammograms were recorded at the bare GCE, matrimid/GCE, and M@f-MWCNT 10/GCE in the presence of 0.5 M KOH 
and 1 M methanol over potential ranges of − 1.0 to +1.0 V (vs. Nonetheless, the quaternized polymer exhibited excellent redox peaks at 
+0.37 and − 0.41 V in a 0.5 M KOH solution, shedding light on the electrocatalytic behaviour of ma.The CVs changed dramatically 
when the identical reference electrode was immersed in a solution of 0.5 M KOH as well as 1 M methanol.The obtained results were 
plotted in Figs. 10 and 11. 

Fig. 7. EDAX spectrumcorresponding to (a) MWCNT, (b) f-MWCNT.  

Fig. 8. N2 sorption for f-MWCNT at 77 K.  
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3.10. Gas permeation analysis 

The outcomes of testing the O2/N2 separation performance of all membranes employing constant-volume, differential pressure gas 
permeability studies are shown in Table 3.Quaternization of matrimid increased O2/N2 selectivity by 34 % while with O2 permeability 
by 40.6 %. The O2/N2 selectivity went enhanced by 14.5–31.6% points when the f-MWCNT concentration was elevated from 5 to 10 wt 
%. This could be attributed to f-MWCNT agglomeration’s previously reported barrier effect. In contrast, chloromethylation and 
quaternization of the Matrimid membrane increased O2/N2selectivity while decreasing O2 permeability. The improvement in O2/ 
N2selectivity was reported to be 6.9 % at 10 % quaternization of the Matrimid membrane, with a significant decrease in O2 perme-
ability (55.2 %). This is most likely due to a decrease in the fractional free volume of the quaternizedMatrimid due to intermolecular 
interactions, as seen in previous studies [52–55]. These findings show that modifying matrimid with functionalized MWCNT via 
chloromethylation and quaternization improves the interfacial morphology between the matrix (Matrimid) and the filler (f-MWCNT), 
lending performance-based support to the FESEM picture-based conclusion (Fig. 5). 

f-MWCNTs, for instance, enhance gas separation performance by selectively diffusing one of the gas species (in this case, O2) during 

Table 2 
Porosity properties of f-MWCNT.  

Sample SBET
a SLangmuir

a Vmicro
b Sext

b Vtotal
c 

f-MWCNT 3.11 4.37 0 2.99 0.067  

a SBET and SLangmuirare calculated by selecting P/Po range from 0.05 to 0.20. 
b Vmicroand Sext are calculated using t-plot method, with P/Po ranging from 0.40 to 0.60 isselected. 
c Vtotalis calculated at P/Po = 0.99. 

Fig. 9. Raman spectra of (a) nascent matrimid and (b) M@ MWCNT_10.  

Fig. 10. Cyclic voltammogram of (a) matrimid and (b) stability curve of matrimid in 0.5 M KOH +1 M methanol with sweep rate of 50 mV s− 1.  
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the hopping process. When the carriers are free to move (as in a liquid medium), the transport event is typically simple, with the solute 
transported as "cargo." When the carrier is immobilised in a solid matrix (such as polymer-based separation membranes), the carriers 
must be distributed uniformly within the solid matrix for successful "hopping" events. As a result, it is critical to prevent carrier 
aggregation. 

Taking into consideration the density of each membrane, a solubility-diffusivity study was carried out, as indicated in Table 4. All 
things considered, the solubility of oxygen and nitrogen is decreased when M@f-MWCNTs are added to the nascent Matrimid 
membrane. While the findings are provided in Tables 2 and it is clear that the inclusion of M@f-MWCNTs at a 5 wt % weight loading 
enhances solubility selectivity by 11.7 %. Significantly lower diffusivity selectivity was observed for the nanocomposite membranes 
(including M@f-MWCNT_10) compared to the pure matrimid membrane. There is peace and harmony between the parts when they are 
brought together to create a composite membrane. The strategy allowed us to overcome the obstacles of quaternizedMatrimid-f- 
MWCNT composite membranes, leading to significant enhancements in both O2 diffusivity and O2/N2 selectivity. 

Incorporation of fillers in gas separation membranes can influence both the solubility selectivity and the diffusivity selectivity of 
O2/N2 gas pairs. These variations are determined by the filler material’s unique characteristics and its interaction with the membrane 
matrix. Here are some examples of generic effects: Solubility selectivity, adsorption sites, enhanced diffusion paths, surface modifi-
cation, molecular sieving, hindered diffusion, and surface interaction are all examples of surface interactions. The effects of M@f- 
MWCNT incorporation on solubility selectivity and diffusivity selectivity are highly dependent on the specific filler material, its 
concentration, dispersion within the membrane matrix, and compatibility with the membrane material. These factors must be opti-
mized in order to produce the necessary changes in gas separation performance. 

4. Conclusions 

The Matrimid membrane’s O2/N2 separation performance was successfully improved using the modified multiwall carbon 
nanotube materials. The functionalized multiwall carbon nanotube performed as a functional carrier, which likely improved mem-
brane homogeneity. When 10 wt% functionalized multiwall carbon nanotube is used for compatibilization, 5 wt% functionalized 
multiwall carbon nanotube enhanced both O2 permeability (by 65 %) and O2/N2 selectivity (35 %), owing to 12.8 % and 37.2 % 
enhancement in O2 diffusivity and O2/N2 selectivity, respectively. Thus, our findings show that changing carrier particles does not 
require a complicated method to improve performance in O2/N2 separation. Because of its viability, the projected technique is 
promising in creating membranes that could be beneficial in real-world applications. 

Data availability statement 

Data included in article/supp. Material/referenced in article. 

Fig. 11. (a) Comparative cyclic voltammogram of matrimid and M@f-MWCNT_10 in 0.5 M KOH, (b) 0.5 M KOH+1 M methanol and (c) stability 
curve of M@f-MWCNT_10 in 0.5 M KOH+1 M methanol with sweep rate of 50 mV s− 1. 

Table 3 
Gas permeability and selectivity of the membranes.  

Membrane composition O2 Permeability (Barrer) % Change (w.r.t.Matrimid) O2/N2 Selectivity % Change w.r.t.matrimid 

Matrimid f-MWCNT 

100 0 1.81 ± 0.32 – 5.89 ± 0.14 – 
99.8 0.2 1.77 ± 0.17 − 3.5 6.94 ± 1.6 24 
99.6 0.4 2.87 ± 0.25 65.0 7.83 ± 1.39 34  
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Table 4 
Solubility and diffusivity data for nascent Matrimid, M@f-MWCNT_5, and M@f-MWCNT_10 membranes.  

Membrane Density (g/ 
cm3) 

O2 Solubility (mol/m3/ 
bar) 

N2 Solubility (mol/m3/ 
bar) 

O2 Diffusivity (m2/s) 
x10− 12 

N2 Diffusivity (m2/s) 
x10− 12 

O2/N2 Solubility 
selectivity 

O2/N2 Diffusivity 
Selectivity 

M@f-MWCNT_0 1.25 32.1 24.4 1.78 0.421 1.24 4.52 
M@f-MWCNT_5 1.22 25.2 13.44 2.57 0.65 1.78 2.25 
M@f- 

MWCNT_10 
1.21 20.22 8.47 4.59 0.98 2.98 2.72  
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