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In this Chapter, Mixed matrix membrane (MMM) based gas separation technologies has been 

introduced. This chapter focuses on the membrane fabrication and characterization of various 

blend-composites with and without DESs. MMMs are fabricated (cost and time effective standard 

phase inversion technique) by blending PC and PS together with GO and ZrO2 as nanofillers. The 

fabricated MMMs were characterized using other characterization techniques such as DSC, TGA, 

SEM, XRD, porosity determination wet-dry method, and contact angle. The gas permeability 

measurement with fabricated MMMs was accomplished by a constant pressure/ variable volume 

system using a bubble flowmeter. 

 

6.1 Introduction  

In the future, global energy consumption is expected to escalate. Hence, it is desirable to 

exploit and invent new and efficient energy sources  [1].The energy derived from the combustion 

of fossil fuels, especially for industrial consumption and transportation, results in the emission of 

greenhouse gases and environmental pollution.  Therefore, as a remedy, multifarious fuels such as 

methanol, ethanol, methane gas, and hydrogen derived from clean energy sources are 

explored  [2,3]. Furthermore, renewable resources have already gained substantial importance in 

the global energy portfolio. The demand for pure hydrogen is increasing and the current 

production of hydrogen reaches 95 million tonnes per year globally  [4]. The majority of hydrogen 

production is derived from the methane steam reforming process, whereas the rest is generated 
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from coal  [5]. Fossil fuels serve as the primary source of hydrogen for various chemical industries, 

making it a vital component in modern industrial processes. Hydrogen has significant applications 

in oil refineries, ammonia/methanol production, metal-based fabrications, food processing, 

electronics, energy storage and fuel cells  [6–10]. Hydrogen is also extensively utilized across 

various sectors, including hydrotreating biofuels and enhancing the quality of oil sands  [11,12]. 

Potentially, hydrogen is going to be the next-generation energy source to solve the global warming 

problem and, therefore, it is crucial to address the challenges associated with pure hydrogen 

production and its storage  [2,3]. Clean hydrogen can be generated through a diverse range of 

domestic energy sources, encompassing nuclear energy, coal gasification, natural gas, and 

renewable energy sources (solar, geothermal, biomass, wind, hydroelectric, and ocean thermal 

energy conversion)  [13–15]. Multiple technologies are available for the separation and purification 

of hydrogen such as wet scrubbing, dry scrubbing, cryogenic distillation, membrane separation, 

and pressure swing adsorption  [16,17]. Out of these, membrane separation technology has gained 

significant momentum due to its operational flexibility, compactness, energy efficiency, simplicity, 

environmental friendliness, and low operating cost [18]. 

In general, membrane performance depends on the nature of the membrane material, its 

interaction with the gas, physicochemical properties, thickness, and gas transport variables [19]. 

The advancement of hydrogen-selective membranes involves the utilization of various materials, 

including glassy polymer membranes (polyimide, polystyrene, polycarbonate, polysulfone, etc.), 

inorganic membranes (TiO2, zeolite, silica, and metal oxides) and metallic membranes (Pd or 

Pt) [20–22]. Polymer membrane offers excellent mechanical strength, versatility for different 

module configurations, cost-effectiveness, and reproducibility  [23]. However, the progress of 

polymeric membrane separation processes has been hindered by the consistency of the ‘upper 

bound’ trade-off relationship (Robeson’s plot), which relates gas permeability with 

selectivity  [24,25]. To meet industrial requirements, membrane performance must be improved in 

terms of selectivity and permeability. This improvement can be achieved by integrating membrane 

material with manufacturing technologies. Glassy polymers have emerged as promising materials 

for gas separation due to their notable gas selectivity and robust mechanical strength. Such 

membranes are particularly suitable for separating small-sized gas molecules like H2, which have 

higher permeability compared to larger-sized molecules such as CO2 and N2  [19,26]. Among these, 

polycarbonate (PC) and polystyrene (PS) membranes bring distinct advantages in gas separation 

applications. PC membranes exhibit good mechanical properties and withstand under extreme 

conditions. H2 shows higher permeability than CO2 through PC membranes, potentially due to 

molecular shape differences. Etching PC membranes enhances permeability and selectivity [27]. 
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Recently, Acharya et al. [28] revealed that the permeability of H2 is higher than that of CO2 when 

passing through a PC (specifically bisphenol-A polycarbonate) membrane. Furthermore, PS 

membranes excel in gas separation because of their molecular properties and increased durability, 

chemical resistance, and thermal stability [29]. 

In recent times, technologies have been developed based on new generation of membrane 

matrix, composed of inorganic filler within an organic framework, serving as future materials for 

gas separation. The loading of nano-fillers within the polymer matrix membrane promotes gas 

transport properties and also influences the separation factor up to a certain extent  [30,31]. 

Extensive research is underway on porous graphene and GO NC membranes for gas 

separation [32–34]. GO exhibits a hexagonal pattern and contains functional oxygen groups on its 

surface [35], enabling versatile interactions with other molecules via sp2 hybridization and π- π 

interactions [36,37]. In addition, GO dissolves easily in water and other solvents because of the 

presence of oxygen functional groups [38]. Porous inorganic ceramic membranes, including 

materials such as Al2O3, SiO2, TiO2, and ZrO2, either individually or in combination, hold great 

potential for gas permeation and liquid separation at elevated temperatures in aggressive 

environments where commercial polymer membranes pose limitations  [39–41]. Zirconia exhibits 

increased chemical stability compared with gamma alumina and titania, making it suitable for 

applications requiring gas and liquid separation at elevated temperatures (with alkali durability and 

stability) [42–44]. 

As discussed in previous chapters, DESs have emerged as a superior substitute of ILs with 

improved properties. Reline can be obtained by mixing of ChCl and urea in a fixed molar ratio 

(ChCl: urea, 1:2)  [45–47]. DES supported membranes have gained significant momentum in 

various research fields including biotechnology, bioengineering, food industry, environmental 

purification, biomass pre-treatment and conversion, recovery processes and solvent-gas 

separation  [48–55]. Most recently, DES-functionalized GO membranes for gas separation have 

demonstrated high selectivity for CO2 separation  [56]. The combination of DES with high-

porosity membranes has emerged as an attractive feature, leading to the development of next-

generation mixed matrix membranes (MMMs) capable of meeting real-world demands  [57]. 

However, DES modified GO-metal oxide nanofillers are not applied to fabricate MMMs. DES 

modifies polymer membranes to enhance gas permeability and selectivity by creating a unique 

solvent environment that optimizes membrane morphology and facilitates gaseous diffusion. The 

integration of inorganic nanoparticles in MMMs and the utilization of DES as a modifier can play 

a crucial role in pure hydrogen production and in advancing clean energy technologies. 
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In this chapter, the blending of PC and PS was accomplished using a simple phase-inversion 

technique  [58]. Both glassy polymers are used in equal amounts (50 wt% each). The nanofillers 

(GO, ZrO2, GO/ZrO2 and DES/GO-ZrO2) were used in different amounts (2 wt% to 20 wt%). 

The gas permeability measurement with fabricated MMMs was accomplished by a constant 

pressure/ variable volume system using a bubble flowmeter  [59]. Moreover, the separation factor 

was computed using a single gas permeability parameter, which is further evaluated for the trade 

of upper bound for H2 gas. The MMMs were thoroughly characterized before use (by 

spectroscopic, thermal, morphological and mechanical techniques). 

6.2 Experimental section 

The materials and methods used are discussed in chapter 2. 

6.3 Result and discussion 

6.3.1 FTIR  

The FTIR spectra of pure NCs are discussed in chapter 3. The modification of PNCs has 

been further confirmed by FTIR spectroscopy Figure 6.1.  

 

 

 

 

 

 

 

 

 

 

Figure 6.1: FTIR spectra of polymer blend composites (a) PC50/PS50+ 20 wt% DES-GO/ZrO2 

(b) PC50/PS50+ 5 wt% DES-GO/ZrO2 (c) PC50/PS50+ 20 wt% GO/ZrO2 (d) PC50/PS50+ 5 wt% 

GO/ZrO2 (e) PC50/PS50+ 20 wt% ZrO2 (f) PC50/PS50 + 20 wt% GO. 
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The band at 3224 cm-1 in the FTIR spectra indicates the O-H stretching vibrations of 

hydroxyl groups (Figure 6.1). Additionally, the bands at 1046 cm-1, 3110 cm-1, 973 cm-1, and 1121 

cm-1 represent C-O and C-OH stretching vibrations, C-C vibrations from sp2 graphitic domains, 

and C-O stretching vibrations of carboxylic acid groups, respectively. The FTIR spectrum of DES-

GO/ZrO2 blend composites shows characteristic bands at 712 cm-1 (Zr-O stretching), 792 cm-1 

(C-H symmetric stretching), 953 cm-1 (C-C symmetric stretching), 1036 cm-1, and 1045 cm-1 

(asymmetric and symmetric stretching of C-O), and 1039 cm-1 (C-C). Scheme 6.1 represents a 

possible interaction between NCs with a polymer blend of PC and PS, including hydrogen 

bonding, π- π bonding, and electrostatic interaction. All MMMs showed a large peak at 3117 cm-1 

that was caused by the O-H stretching vibration of hydroxyl groups. As seen in Figure 6.1, 

GO/ZrO2 shared the same infrared characteristic peaks with DES-GO/ZrO2. These peaks 

correspond to the symmetric and asymmetric stretching vibrations of C-H on Zr-O and C-OH, 

the stretching vibration of C=C on the benzene ring, and the bending vibration of O-H in 

GO/ZrO2, respectively. The peak at 720 cm-1 and 838 cm-1 (Zr-O stretching vibrations) have 

maxima in the FTIR spectra of ZrO2 and the O-H bending vibration of water molecules at 1603 

cm-1, 3031 cm-1, and 3345 cm-1, respectively. The O-H stretching vibration peak is located at 3345 

cm-1, the C=C stretching vibration peak is located at 1492 cm-1, the Zr-O-Zr stretching vibration 

peak is located at 1345 cm-1, and the C-O skeleton stretching vibration peak is located at 1219 cm-

1, respectively, in the spectrum of GO/ZrO2. It confirms that GO and ZrO2 were effectively 

combined in the nanohybrid  [60,61]. 

Although there are significant peak shifts, the peaks in the FTIR spectra of DES-

GO/ZrO2 and GO/ZrO2 nanofillers mainly resemble those of GO/ZrO2. This suggests that the 

GO/ZrO2 fillers have been effectively functionalized by DES. The FTIR spectrum of DES-

GO/ZrO2 changed after the reaction, revealing a peak at 1495 cm-1 attributed to C=C and several 

minor bands around 2919 cm-1 and 1442 cm-1, which are attributed to the C-H stretching vibrations 

of the hydrocarbon chains. These changes indicate that the GO fillers were successfully grafted 

onto the surface of ZrO2. Specifically, the characteristic peaks in the FTIR of PC50/PS50+ 20 wt% 

DES-GO/ZrO2 samples include peaks at 3110 cm-1 (C-OH), 2951 cm-1 (symmetric stretching of 

C-H), 1603 cm-1 (O-H stretching), 1492 cm-1 (C=C stretching), 1442 cm-1 (C-H bending), 1025 cm-

1 (C-O), 906 cm-1  (C-C bending), 752 cm-1  (C-H), 695 cm-1 and 538 cm-1 corresponding to Zr-O 

and Zr-OH stretching. In the case of PC50/PS50+ 5 wt% DES-GO/ZrO2, whereas the C-O 

stretching bands from carboxylic acid groups only slightly changed from 1725 cm-1 to 1706 cm-1. 

The O-H stretching vibration for the GO, which was previously at 1603 cm-1, was similarly 

decreased and shifted to 1603 and 1596 cm-1 for PC50/PS50+ 20 wt% DES-GO/ZrO2. As a result 
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of partial reduction by PC50/PS50+ 5 wt% DES-GO/ZrO2 functionalization and replacement by 

nitrogen-containing functional groups with the corresponding bands described above, the C-O 

and O-H bands in the DES-GO/ZrO2 nanofillers have shifted  [62]. 

Scheme 6.1:  Schematics illustration of the possible interaction between NCs and polymer blend 

of PC and PS. 

6.3.2 XRD  

XRD spectra of pure NCs are discussed in chapter 3. The XRD spectra of the blend of 

PC50/PS50, PC50/PS50 + GO, PC50/PS50 + GO /ZrO2 and PC50/PS50 + DES-GO/ZrO2 membrane 

films are shown in Figure 6.2. The results show that the GO, ZrO2, GO/ZrO2 and DES-

GO/ZrO2 hybrid nanofillers could be dispersed uniformly in the blend composites matrix of 

PC50/PS50, transforming the amorphous structure into the semi-crystalline structure in the blend 

composites membranes  [63,64]. A significant diffraction peak for the PC50/PS50 + GO sample can 

be seen at 2θ = 20.75°, corresponding to an interlayer spacing of 7.23 Å. The interlayer spacing 

decreased to 6.74 Å after functionalization with DES-GO/ZrO2, as seen by the shift of the GO 

suggestive peak in the DES-GO/ZrO2 sample to 2θ = 19.93°. According to earlier research, the 

action of additional functional groups given to the GO during functionalization with DES-
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GO/ZrO2 may be responsible for this decrease in the interlayer gap between DES-GO/ZrO2 

nanofillers. Additionally, the carbon peak in the DES-GO/ZrO2 has broadened at 2θ = 19.93°, 

indicating a partial reduction of the GO due to the restoration of sp2 domains after DES 

functionalization. In the XRD spectra of the DES-GO/ZrO2 sample, the broadened peak 

becomes narrower and sharper after the functionalization with DES, forming a single noticeable 

broad peak at 2θ = 20.23° for the sample of PC50/PS50 + 5 wt% DES-GO/ZrO2. This 

characterizes additional gradual reduction and replacement of oxygen functional groups in the GO 

nanosheets  [59]. This broadened DES-GO/ZrO2 peak also indicates the presence of defects and 

surface wrinkles, as well as the fact that enhanced DES functionalization results in more stacked 

and semi-crystalline graphene sheets. After blend composite of GO/ZrO2 and DES-GO/ZrO2, 

the interlayer spacing of the GO/ZrO2 and DES-GO/ZrO2 membranes increased slightly, from 

7.83 Å to 8.48 Å and from 8.10 Å to 8.93 Å, respectively. However, the increase in interlayer 

spacing of these membranes after composite formation with GO/ZrO2 is substantially less than 

that shown in prior research when GO and ZrO2 membranes expanded due to the presence of 

DES solvent. These stacked and wrinkled DES-GO/ZrO2 nanofillers may facilitate the transport 

of gas molecules when used as membranes with a PC50/PS50 polymer blend. 

 

 

 

 

 

 

 

 

 

Figure 6.2: XRD patterns of polymer blend composites (MMMs). 

6.3.3. SEM-EDX  

To see the morphological properties of the NCs, SEM-EDX analysis was performed on 

all the developed membranes. The elemental analysis data are summarized in the Table 6.1. EDX 

elemental maps show the presence of carbon (C), oxygen (O), zirconium (Zr), nitrogen (N), and 
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chlorine (Cl) in the NCs (Figure 6.3 (a-b)). This indicates that the GO nanosheets and ZrO2 

nanoparticles have been effectively linked through surface modification of GO using  

DES  [65]. SEM images of NCs show the presence of more aggregated graphene structures 

coated with ZrO2 nanoparticles scattered throughout and covering a significant portion of the 

surface. The dispersion of GO/ZrO2, DES-GO/ZrO2 hybrid composites membranes at the 

nanometric scale was further confirmed by SEM images. Additionally, particle agglomeration at 

the polymer filler interface was observed, as shown in Figure 6.3 (a-f), with several dense bundles 

of GO/ZrO2 seen in the hybrid samples. It is important to note that the van der waals forces 

between the GO and ZrO2 promote this agglomeration. As a result, composites with DES-

GO/ZrO2 exhibited an increased tendency for agglomeration. The average size and form of all 

GO/ZrO2, DES-GO/ZrO2 nanofillers as well as the morphology of the resulting membrane, were 

studied using SEM. The picture clearly shows several large-sized agglomerated nanoparticles in 

addition to GO/ZrO2, and DES-GO/ZrO2 nanofillers. Figure 6.3 (c-f) presents a smooth 

surface appearance representing a thick blended composite polymer membrane. Due to the 

inclusion of DES during the making of the membrane, the EDX test shows a minor intensity peak 

of N and Cl in the DES-GO/ZrO2 composite membrane (Figure 6.3 (b)). 

Table 6.1: EDX elemental analysis of GO/ZrO2 and DES-GO/ZrO2 

 

 

 

 

 

 

Some larger particles result from the aggregation or overlap of smaller particles. SEM 

images clearly depict randomly distributed, smaller-sized grains with a uniform spherical shape. 

Quantitative analysis validated the synthesis and composition of crystalline ZrO2 nanoparticles, 

indicating that the sample exclusively contains Zr and O, confirming its high purity without any 

impurities. To examine the impact of DES functionalization on the elemental composition of 

DES-GO/ZrO2 membranes, EDX analysis was conducted in conjunction with SEM imaging 

(Figure 6.3 (a-b)). The oxygen content decreased from 30.22% in GO/ZrO2 to 23.52% in DES-

GO/ZrO2, confirming the partial and progressive reduction of GO by DES. Additionally, the 

Elements 
GO/ZrO2 DES-GO/ZrO2 

Weight % Atomic % Weight % Atomic % 

C 42.43 60.75 52.48 68.22 

O 30.22 33.94 23.52 26.30 

Zr 27.35 5.31 22.75 4.48 

N - - 0.96 0.58 

Cl - - 0.29 0.42 
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carbon content increased from 42.53% in GO/ZrO2 to 52.48% in DES-GO/ZrO2, providing 

evidence of increased graphitization due to DES. Furthermore, zirconium content decreased from 

27.35% in GO/ZrO2 to 22.75% in DES-GO/ZrO2, attributed to the overlapping of GO 

nanosheets with ZrO2 nanofillers due to the DES solvent (Table 6.1). The DES-GO/ZrO2 

nanofillers were evenly deposited on the PC50/PS50 surface using the phase inversion method, as 

their lateral size exceeded that of the GO, ZrO2, and GO/ZrO2 pore size. The surfaces of ZrO2 

(Figure 6.3 (c)), GO (Figure 6.3 (d)) and GO/ZrO2 (Figure 6.3 (e)) membranes appear 

smoother than those of DES-GO/ZrO2 membranes, as shown in Figure 6.3 (f). The SEM image 

of these membranes reveals the DES-GO/ZrO2 composite membrane, which consists of a thin 

active layer of GO and ZrO2 with a thickness of approximately ~85 μm atop the polymeric 

substrate layer, featuring several microvoids within. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: SEM-EDX analysis of (a) GO/ZrO2, (b) DES-GO/ZrO2 (c) PC50/PS50+ 20 wt% 

ZrO2 (d) PC50/PS50+ 20 wt% GO (e) PC50/PS50+ 20 wt% GO/ZrO2 (f) PC50/PS50+ 20 wt% 

DES-GO/ZrO2 

(c) (d) 

(e) (f) 
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6.3.4 Thermal Properties  

Figure 6.4 shows the DSC thermal analysis of PC50/PS50 blends with different nanofillers 

like GO and ZrO2 with different weight ratios. The glass transition temperatures (Tg) of the blend 

composites have been determined to range from 97.55°C to 98.98°C. The DSC curve is used to 

determine the glass transition temperatures (Tg) of each blend composite sample. Each sample 

under study has a curve that corresponds to the glass transition temperatures (Tg) of the blend 

composites membranes  [66]. The reason why the glass transition temperature increased when we 

composite with ZrO2, is due to the high melting temperature of ZrO2, it is possible to notice a 

considerable increase in the melting temperature for PC50/PS50 blend composites membranes. This 

property can be explained by the role of ZrO2 and GO nanosheets during the synthesis of PNCs 

as nano-compatibilizers. As expected, the glass transition temperature of the PC50/PS50+ 20 wt% 

ZrO2 membrane is much greater than that of other composite membranes and also greater than 

PC50/PS50 blend membrane  [67]. This is because ZrO2 has a monoclinic structure; as a result, more 

energy is required to break the interchain interactions between molecules of ZrO2. According to 

earlier research, the better thermal stability of PC50/PS50+ 20 wt% GO/ZrO2 is due to the 

homogenous dispersion of ZrO2 and GO with the blend's polymers. The glass transition 

temperature of PC50/PS50+ 20 wt% ZrO2 is 98.98 °C greater than that of PC50/PS50+ 20 wt% 

GO/ZrO2. This suggests that the majority of GO fillers were doped by ZrO2 nanosheets due to 

their aggregation in the PC50/PS50 blend, and as a result, the glass transition temperature of 

PC50/PS50+ 20 wt% GO/ZrO2 is lower as compared to PC50/PS50+ 20 wt% ZrO2. This 

observation offered us another very strong evidence that the composite ZrO2 played a crucial role 

in the uniform distribution of GO/ZrO2 in polymer blends of PNCs. The DSC analysis results 

show that the GO/ZrO2 are amorphous and that the Tg increases within the polymer blend of 

PC50/PS50. On the other hand, since the ZrO2 nanofillers enhance the stiffness of the polymer 

chain of PC50/PS50, and the Tg values gradually increase when ZrO2 content is increased  [68]. 

The thermal stability of the pure NCs is discussed in chapter 3. TGA and derivative 

thermogravimetry (DTG) of these blend composite films are shown in Figure 6.5 (i) and (ii). 

The temperature of weight losses of 5%, 50%, 95%, and Tmax. The char yield (%) at 500 °C has 

been studied to determine the impact of composite addition on the thermal stability of PC50/PS50 

blends. Table 6.2 shows different steps of temperatures of weight loss steps for all composites at 

0 - 345 °C (5%), 345-364 °C (50%), 364-400 °C (95%) and 400-423 °C is the maximum 

temperature for weight loss. Decomposition of oxygen-containing groups existed on the GO 

surface (i.e., hydroxyl, carboxylic, and epoxide groups) and decomposition of the carbon skeleton 

of GO  [69]. When compared to all the composites temperatures at which 50 % of weight loss has 
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occurred (T50%), the PC50/PS50+ 20 wt% GO composites have maximum weight loss and 

PC50/PS50+ 20 wt% ZrO2 have minimum weight loss as compared to all other composites. 

According to the results, the composites of DES-GO/ZrO2 nanofillers considerably improved 

their thermal stability. The PC50/PS50 nanocomposite blend films with a greater concentration of 

20 wt% DES-GO/ZrO2 nanosheets had lost less weight when compared to the GO/ZrO2 and 

GO nanocomposite films, indicating that the DES-GO/ZrO2 nanosheets significantly improve 

the heat stability of the PC50/PS50+DES-GO/ZrO2 nanocomposite blend films. Several 

mechanisms have been proposed to explain this phenomenon: The flow of degradation product 

may be reduced by scattered nanofillers, polymer chains adjacent to nanotubes degrade more 

slowly and the onset of degradation is delayed, and nanofillers/polymer composites with superior 

thermal conductivity can dissipate heat more effectively  [70]. The reason PC50/PS50+ 20 wt% 

ZrO2 blends lose the minimum weight loss (~20%) is that ZrO2 has a metallic nature and it has 

good thermal stability.  

 

 

 

 

 

 

 

 

 

Figure 6.4: DSC analysis of (a) PC50/PS50+ 20 wt% DES-GO/ZrO2 (b) PC50/PS50+ 20 wt% 

GO/ZrO2 (c) PC50/PS50+ 20 wt% GO (d) PC50/PS50+ 20 wt% ZrO2 (e) PC50/PS50 + 5 wt% 

ZrO2 (f) PC50/PS50 

To measure the thermal stability of the developed membranes, decomposition temperature 

(Td) was used. Td max. values have been determined to be 403.51 °C to 423.52 °C, for blend 

composites membranes. As a result, the thermal stability of PC50/PS50 blend membranes could 

certainly be improved by the suitable addition of ZrO2 fillers  [71]. The results show that the 

fictionalized GO/ZrO2 nanosheets with DES cause nanocomposites blends of PC50/PS5+ DES-
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GO/ZrO2 show less weight loss and give better thermal stability than blends of PC50/PS50 and 

blends composites of PC50/PS50+ GO and PC50/PS50+ GO/ZrO2. The DES-GO/ZrO2 

composites in the current study are thermally stable up to 418 °C, and it was the greatest percentage 

among the other composites like GO and GO/ZrO2. The DES-GO/ZrO2 nanosheets composite 

with PC50/PS50 blend show greater results in improving membrane thermal stability. The results 

indicate that the temperature of maximal thermal deterioration decreases with an increasing 

amount of DES-GO/ZrO2 nanosheets after the functionalization of DES. The value of char yield 

(%) at 500 °C for 20 wt% of GO is 1.3%, GO/ZrO2 (20 wt%) is 7.8%, DES-GO/ZrO2 (20 wt%) 

is 11.6% and ZrO2 (20 wt%) is 18.6%. As a result, the addition of DES-GO/ZrO2 nanosheets 

slows the weight rate and improves the blends' thermal stability, producing a high char yield at 

higher temperatures. However, the thermal stability of these NCs did not show significant 

improvement in the case of GO/ZrO2. The DES-GO/ZrO2 composites PC50/PS50 blend's relative 

thermal stability was consistent with its physico-mechanical characteristics. The increased degree 

of cross-linkage and crystallinity of the matrix material may cause the composites' improved heat 

stability  [72]. 

 

 

 

 

 

 

 

 

 

Figure 6.5: TGA analysis of (i) polymer blend composite films and (ii) DTG curve of polymer 

blend composite films. 

 

 

 

(i) (ii) 
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Table 6.2: Thermal property of polymer blend nanocomposite of PC/PS composite with GO, 

ZrO2, GO/ZrO2 and DES-GO/ZrO2 nanofillers. 

 

6.3.5 Contact Angle Analysis 

The contact angle has been identified in the droplet form at the liquid-vapor interface, 

which is located where the solid-liquid and liquid-vapor interfaces meet. A surface cannot be wet 

if the contact angle is more than 90°; instead, a bead of liquid will remain on the surface. The lotus 

effect is shown by an extremely hydrophobic surface with a contact angle of 110°, in which the 

droplet rapidly rolls down without contacting the surface. However, wetting the surface is desirable 

when the contact angle is less than 90°, as shown by the liquid's propensity to spread over a 

significant section of the surface while in contact  [73–75]. The surface hydrophilicity to 

hydrophobic composite GO, ZrO2, GO/ZrO2, and DES-GO/ZrO2 membranes at 50 mg/m2 

loading was assessed using contact angle measurements. Figure 6.6 shows that the PC50/PS50+ 20 

wt% GO produced the lowest contact angle (80.56°), indicating its hydrophilic nature due to the 

high concentration of hydrophilic oxygen functional groups. This is comparable with studies of 

Polymer Blends 

Temperature at 5%, 50%, 95% and  

max. of weight loss Char 

yield (%) 

500 °C 

T5% (°C) T50% (°C) T95% (°C) Tmax (°C) 

PC50/PS50+ 5 wt% GO 320.95 343.52 386.54 403.51 0.6 

PC50/PS50+ 20 wt% GO 322.62 344.62 388.14 405.62 1.3 

PC50/PS50+ 5 wt% GO/ZrO2    328.63 346.45 389.26 409.62 6.5 

PC50/PS50+ 20 wt% GO/ZrO2     332.45 348.38 392.10 411.55 7.8 

PC50/PS50+ 5 wt%  

DES-GO/ZrO2 
334.52 352.62 394.52 414.52 9.3 

PC50/PS50+ 20 wt%  

DES-GO/ZrO2 
336.69 354.62 396.65 418.52 11.6 

PC50/PS50+ 5 wt% ZrO2 342.52 361.52 399.62 420.26 13.5 

PC50/PS50+ 20 wt% ZrO2 345.65 363.98 400.12 423.52 18.6 
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the contact angle ranges for GO, ZrO2, GO/ZrO2, and DES-GO/ZrO2 hydrophilic membranes. 

The contact angle for GO/ZrO2 membranes increases to 93.78°, while it increases to 98.12° & 

104.23° for DES-GO/ZrO2 & ZrO2 membranes, as a result of oxygen functional group decrease. 

Furthermore, the hydrophilicity of the GO/ZrO2 membrane is lower than that of the DES-

GO/ZrO2 & ZrO2 membrane due to the steady decline with increasing DES functionalization 

time. For all ZrO2 and DES-GO/ZrO2 membranes, however, they have contact angle values inside 

the hydrophobic area (i.e., contact angle above 90°), which may be responsible for their increased 

gas permeability  [72]. 

 

 

 

 

 

 

 

 

Figure 6.6: Contact angle measurements of (a) PC50/PS50 (b) PC50/PS50+ 20 wt% GO (c) 

PC50/PS50+ 20 wt% ZrO2 (d) PC50/PS50+ 20 wt% GO/ZrO2 (e) PC50/PS50+ 20 wt% DES-

GO/ZrO2. 

6.3.6 Thickness and Porosity Measurements 

It was observed that increasing membrane porosity increases microcapsule strength and 

membrane permeability because it provides stability to the mass transfer of chemicals across the 

membrane surface. In all membrane separation procedures, the porosity of the membrane plays a 

significant role in determining how well it performs  [76]. There are various ways to determine 

porosity, such as mercury intrusion and gas adsorption, but the dry-wet weight method is most 

suitable for determining the effective porosity of microporous membranes  [77]. The thickness 

and porosity of the membranes for the PC50/PS50 blend and blend composites with different 

nanofillers GO, ZrO2, GO/ZrO2 and DES-GO/ZrO2 membranes are shown in Figure 6.7 (i) 

and (ii). The porosity of PC50/PS50+ GO, PC50/PS50+ ZrO2, PC50/PS50+ GO/ZrO2 increased 

from 45% to 76%, 45% to 82%, 45% to 85%, respectively (Figure 6.7 (ii)). The porosity of 



 

 

Ph.D. Thesis of Vishwajit R. Chavda 143 | P a g e  

 

Chapter 6: A polymer blend NCs for the 

separation and purification of gases  

PC50/PS50+ DES-GO/ZrO2 (2 wt% to 20 wt%) is very high, as we increased the wt% of DES-

GO/ZrO2 fillers in a blend of PC50/PS50 than porosity was increased significantly (from 45 % to 

89 %) and that type of results we are expecting this blending is very useful for such kind of 

hydrogen gas applications. In Figure 6.7 (i), the thickness of the membranes did not result in a 

significant increase or decrease as we changed the increased wt% of GO, ZrO2, GO/ZrO2, and 

DES-GO/ZrO2 nanofillers, which means that membrane thickness may not be a critical factor in 

determining membrane permeability measurements  [78].  

 

 

 

 

 

 

 

 

Figure 6.7: (i) Thickness (μm) and (ii) porosity (%) of (a) Blend of PC50/PS50 & PC50/PS50+ 

different wt% of GO (2 wt% to 20 wt%) (b) Blend of PC50/PS50 & PC50/PS50+ different wt% of 

ZrO2 (2 wt% to 20 wt%) (c) Blend of PC50/PS50 & PC50/PS50+ different wt% of GO/ZrO2 (2 

wt% to 20 wt%) (d) Blend of PC50/PS50 & PC50/PS50+ different wt% of DES/GO/ ZrO2 (2 

wt% to 20 wt%), respectively. 

These findings align with previous research, which observed that the addition of more 

nanofillers to a material led to increased porosity and void size, as illustrated in Figure 6.7 (ii). As 

porosity increases, permeability also increases. Porosity measures a material's void spaces, while 

permeability measures a material's ability to transfer gas molecules or fluids. Porosity and 

permeability are properties common to all materials and permeability is a measure of how easily a 

fluid flows through a porous material and material may be extraordinarily porous, yet it has no 

permeability if the pores are not interconnected. Similarly, a material may have a few continuous 

pores that permit fluid movement, yet when porosity is calculated, the material does not seem to 

be extremely porous. Although not all voids are open at both ends, the effective porosity of the 

membrane is defined as the ratio of the related pore volume to the overall void volume. The 

(i) (ii) 
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stiffness of the porous network is regulated by the solid phase, which forms the pore walls. As the 

number of holes along the width was increased by increasing the wt% of DES-GO/ZrO2, the 

porous structure with smaller pores exhibited a better capacity to tolerate flow stress. In other 

words, samples with bigger pore sizes deformed more than those with smaller pore sizes, 

suggesting more flexible behaviour. 

6.3.7 Mechanical Properties   

The addition of GO/ZrO2 nanoparticles to the PC50/PS50 matrix can enhance the 

material's tensile strength, Elongation modulus, Flexural strength, and Impact strength, which 

improved by 32.1%, 97.6%, 16.2% and 71.8% at maximum, respectively, when the DES-

GO/ZrO2 addition was 20 wt% in a blend of PC/PS, which is shown in Figure 6.8 (i) to (iv). 

Additionally, the DES-GO/ZrO2 showed greater tensile strength and flexural strength than the 

blend PC50/PS50, blend composite of PC50/PS50 + GO, PC50/PS50 + ZrO2, PC50/PS50 + GO/ZrO2. 

The interaction between hybrid particles of GO, ZrO2, and the PC50/PS50 blends at both physical 

and chemical levels significantly increased the mechanical toughness of nanocomposite blend 

membranes  [78]. In comparison to only blends of PC50/PS50 polymer, the tensile strength for 

PC50/PS50 + DES-GO/ZrO2 nanocomposites is very good, and as we increased DES-GO/ZrO2 

wt% the tensile strength became stronger (Figure 6.8 (i)). The cross-section progressively 

increased as we increased DES-GO/ZrO2 wt% showing many interactions between DES-

GO/ZrO2 and PC, PS. The DES-GO/ZrO2 acts as a crosslinking site to connect with the 

polymeric chain in the composite membrane, increasing stiffness. However, when the amount of 

hybrid particles in the composites increased from 2 wt% to 20 wt%, their strength started to 

increase  [75,79]. Agglomerated fillers inhibited the interface contact between the GO and ZrO2 

and the matrix because the dispersion of hybrid particles in the PC50/PS50 blends decreased with 

the increase in filler amount. When blend composites films were compared to only blended films, 

improvements in mechanical strength were seen. The highest tensile strength is 168 MPa, the 

highest flexural strength is 104 MPa and the highest impact strength is 210 J/m. Significant 

improvements in strain and toughness were observed in the case of DES-GO/ZrO2. In this 

respect, when we composite with DES-GO/ZrO2, we get the highest tensile strength as compared 

to the composite with GO, ZrO2, and GO/ZrO2. When compared to GO, ZrO2, and GO/ZrO2, 

DES-GO/ZrO2 composites have a higher Young's modulus. This may be attributed to the strong 

molecule interaction between DES, GO, and ZrO2. Notably, the DES-GO/ZrO2 composite's 

Flexural strength was dramatically increased from 83 MPa to 103 MPa (Figure 6.8 (iii)). The 

resulting membrane film PC50/PS50 + DES-GO/ZrO2 showed elastic performance with a fracture 

elongation and Young's modulus respectively, after increasing the DES-GO/ZrO2 content from 
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2 wt% to 20 wt%. These results showed that the PC50/PS50 + DES-GO/ZrO2 composite film 

produced by linking the stiff with PC50/PS50 nano-network template and the composite DES-

GO/ZrO2 provided both better elastic behaviour and significant tensile strength. This DES-

GO/ZrO2 composite, which may form more interfacial bonds with the polymer chain-end groups 

of PC50/PS50, may be the cause of the improved tensile strength from 115 Mpa to 168 Mpa. Chain 

mobility has increased due to this crosslinking, and the tensile strength started to increase at 118 

MPa, resulting from the enhanced crosslinking of the DES-GO/ZrO2 composite with PC50/PS50 

blends. This increased crosslinking has provided additional strength to PC50/PS50 + DES-

GO/ZrO2 blend composite membranes  [59]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8: (i) Tensile strength (MPa) (ii) Elongation at break (%)  (iii) Flexural strength (MPa) 

and (iv) Impact strength (J/m)  of (a)  Blend of PC50/PS50 & PC50/PS50+ different wt% of GO (2 

wt% to 20 wt%) (b) Blend of PC50/PS50 & PC50/PS50+ different wt% of ZrO2 (2 wt% to 20 wt%) 

(c) Blend of PC50/PS50 & PC50/PS50+ different wt% of GO/ZrO2 (2 wt% to 20 wt%) (d) Blend 

of PC50/PS50 & PC50/PS50+ different wt% of DES-GO/ZrO2  (2 wt% to 20 wt%). 

(i) (ii) 

(iii) (iv) 
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Figure 6.9 shows Young's modulus of the PNCs membrane films. The films of DES-

GO/ZrO2 composites exhibit higher Young's modulus values compared to the films of other 

composite membranes such as GO, ZrO2, and GO/ZrO2, which have lower Young's 

modulus  [22,26]. Young's modulus of DES-GO/ZrO2 at ideal preparation circumstances was 

3836 N/mm2 more than that of the GO/ZrO2 composite film. The results of the studies carried 

out on GO/ZrO2 composites films synthesized in DES solvent provided the greatest 

improvement of the mechanical characteristics. Because the ZrO2 was far more rigid than GO, all 

PNCs had an increasing interest in Young's modulus. As a result, all NCs were stiffer after 

including ZrO2 and the improved thermal stability of PC50/PS50 brought on by the inclusion of 

GO was also a strong supporter of the increase in Young's modulus. 

 

 

 

 

 

 

 

 

 

Figure 6.9: Youngs modulus (N/mm2) of (a) blend of PC50/PS50 (b) PC50/PS50+ 20 wt% GO (c) 

PC50/PS50+ 20 wt% ZrO2 (d) PC50/PS50+ 20 wt% GO/ZrO2 (e) PC50/PS50+ 20 wt% DES/GO/ 

ZrO2. 

6.3.8 Gas permeability 

In this present study, glassy membrane compositions such as PC and PS are used as base 

materials, and the transport of gas molecules through the dense medium follows the solution-

diffusion mechanism  [80]. According to this model, the feed gas is first adsorbed from the 

upstream side of the membrane surface, diffuses across the membrane thickness, and lastly, 

desorption takes place from the downstream side of the membrane. To obtain higher permeability 

without compromising the separation factor, a new generation of hybrid materials significantly 

enhances the adsorption-desorption as well as diffusion mechanism, which affects the overall gas 
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transport parameters. The present hybridization includes a blend of two different glassy phases 

along with DES based filler composition. Figure 6.10 (i) to (iv) depicts the gas permeability of 

various MMMs. The gain in permeability follows the sequence such as H2 > CO2 > N2 > O2 > 

CH4 according to the kinetic diameter of gases. H2 being the smallest kinetic diameter diffuses 

faster compared to the rest of the gases. Hence, it gives higher permeability. 

Figure 6.10 (i) represents the permeability of various feed gases across GO embedded 

PC/PS blend membranes. The introduction of GO into the glassy phase significantly enhances 

permeability in a positive manner. As the filler content is increased up to 20 wt%, the permeability 

of all the applied feed gases increases. The H2 permeability coefficient improves by more than 

twofold as the GO amount is increased from 0 wt% to 20 wt%.  CO2 permeability almost doubles, 

and it also enhances the permeability of the other gases. This promising result is attributed to the 

characteristics of GO sheets, which create a large number of tortuous paths to enhance gas 

diffusion. This diffusion path depends on the kinetic diameter of the gas molecule. Moreover, 

there is a strong interface interaction between GO and the polymer phase which limits polymer 

chain mobility. As a consequence, the activation energy of permeating gases is improved  [81]. 

Furthermore, the introduction of GO flacks into the polymer matrix forms interfacial voids 

between GO and polymer chains which in turn results in fractional free volume. As the filler 

amount is further increased, Fraction free volume (FFV) also escalates and finally catalyses mass 

transport parameters  [82]. It can be observed that CO2 also diffuses at a similar speed to H2, 

despite its larger kinetic diameter compared to H2. This result, particularly for CO2 is due to its 

adsorption-diffusion property. As per the XRD analysis, the reduced crystallinity facilitates faster 

diffusion and increase CO2 sorption as a consequence of the amino group present in the polymer 

backbone. In addition, the GO-flacks increases active CO2 sorption along its surface which in turn 

improves CO2 solubility in the polymer matrix. CO2 is a non-polar gas but due to the polarity of 

individual C-O bonds confirms the molecular interaction with carboxylic groups in GO. Thus, 

carboxylic acid groups in GO provide a preferential sorption site to CO2 gas molecules. In 

addition, the structural defect on the GO surface also acts as nanopores and strongly traps gas 

species  [83,84]. 

From Figure 6.10 (ii), as the ZrO2 content is increased from 0 wt% to 20 wt%, the 

permeability of all the gas molecules is enhanced. H2 permeability increases by more than three-

fold, while for the other gases, it improves by more than two-fold. In this case, the filler 

concentration influences the formation of surface pores in the resulting membrane. During the 

membrane casting process, the introduction of ZrO2 fillers creates surface pores due to stress. 

Thus, the surface porosity of ZrO2 influences membrane skin porosity and overall gas 
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permeability. While both nano-fillers have individually influenced gas permeability to some extent, 

their combined effect significantly enhances the results, as depicted in Figure 6.10 (iii). The 

highest permeability is achieved with H2 gas for a 20 wt% GO/ZrO2 composition, which is around 

63 Barrer, more than six times higher than that of the pure blend membrane. CO2 permeability 

increases by 22 Barrer for the highest filler content, more than three times the base value. The 

other gases also showed a drastic improvement of almost four times enhancement in the final 

permeability coefficient. This outcome may be due to the combined effect of both penetrants 

which improved fractional free volume along with surface porosity. 

Notably, a more significant change is observed in Figure 6.10 (iv), where the permeability 

of gases increases when DES-GO/ZrO2 implanted MMMs are used in the gas permeation test. 

Superior performance is evident, particularly for the faster-permeating H2 gas molecule, resulting 

in a peak gas permeability coefficient of around 86 Barrers, which is more than eight times higher 

than that of the original blend membrane. The next notable improvement is observed in N2 gas 

permeability, increasing from 4.8 Barrer to 24.63 Barrer. This represents a drastic change, 

approximately five times higher than the base value. Again, this is a drastic change which is around 

three times than the base value. Gas permeability for the rest of the gases also improves more than 

four times showing superior performance of the hybridized membranes. As referenced by Hansen, 

et al.  [85], DES provides intermolecular attraction to the guest penetrating species. Thus, the 

adsorption capacity of the composite membrane improves. DES has a specific Van der Waals 

interaction with CO2 gas resulting in its higher solubility. As the sorption coefficient is also a 

responsible gas transport parameter provides higher CO2 permeability  [86]. The involvement of 

DES in the polymer matrix improves the thermodynamic stability of the resultant membrane. It 

also gains the viscosity of membrane solution resulting in the decrease of phase separation. This 

effect can form large uniform pores on the skin layer and develop micro-voids in the support layer. 

Thus, DES modified GO/ZrO2 forms uniform pores on the membrane surface and micro-voids 

within the membrane matrix. This outcome can improve membrane performance in terms of 

diffusion of gas molecules and their permeability  [57]. Moreover, from the contact angle analysis, 

the introduction of ZrO2 and DES functionalization increases the hydrophobicity of the final 

product by reducing oxygen functional group which in turn fosters gas permeability. In addition, 

the filler content has stimulated the membrane porosity conformed by the porosity determination 

experiment. As the weight percentage of GO, ZrO2, GO-ZrO2, and DES-GO/ZrO2 is increased, 

the void size as well as porosity increases additional transport routes to the applied feed gas. Even 

from the XRD analysis, it can be observed that DES-supported membranes improve the interlayer 

spacing, enhancing the diffusion of gas molecules. The agglomeration due to fillers causes free 



 

 

Ph.D. Thesis of Vishwajit R. Chavda 149 | P a g e  

 

Chapter 6: A polymer blend NCs for the 

separation and purification of gases  

spaces at the nanoparticle and polymer interaction surface which is clearly indicated in SEM 

analysis. According to the characterization, large sized agglomerated particles exist within the 

membrane surface. This free space provides a smaller diffusion path to the penetrant and assists 

the penetrant in transport. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10: Gas permeability of H2, CO2, N2, O2 and CH4 in (i) GO (ii) ZrO2 (iii) GO/ZrO2 

(iv) DES-GO/ZrO2 with 0 wt% to 20 wt% nanofillers. 

6.3.9 Selectivity and upper bound visualization 

The separation of gases usually relies on the nature of the host membrane composition. 

When discussing the selectivity of particular gas pairs, it becomes essential to introduce Robeson’s 

trade-off relationship between selectivity and permeability for the hybrid membranes  [24,25]. 

Generally, when one of these parameters’ uplifts, the other is sacrificed. However, certain 

(i) (ii) 

(iv) (iii) 
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membrane compositions have significantly improved both the gas permeability coefficient and the 

separation factor. Figure 6.11 (i-iv) shows the selectivity of gases with respect to the various 

membrane compositions, while Figure 6.12 (i-iv) sheds light on hydrogen separation from other 

gas mixtures. When focusing on H2 separation from the other gases, H2 having a kinetic diameter 

of 2.89 Å transports faster as compared to other gases from the GO-derived nano-channels. The 

other gases such as N2, O2, and CH4 cannot transport through the nano-channels as the nano-

channels exist around 3.5 Å interlayer height. Furthermore, the FFV also provides diffusion 

pathways to the smaller kinetic diameter gases such as H2 and CO2. As a result, the selectivity for 

H2/N2, H2/O2 and H2/CH4 is higher than that for H2/CO2 selectivity. H2/CH4 shows a higher 

value than other gas pairs because H2 molecules can swiftly pass through the free volume of the 

membrane to the permeate side, while CH4 molecules accumulate in the interlayer gallery of GO. 

Moreover, CH4 shows a strong affinity with GO as compared to H2. These factors promote H2 

separation from CH4  [87]. For the single gas permeation experiment, the separation of H2 from 

CO2 is a molecular sieving operation since CO2 species are strongly absorbed by the GO flakes. 

However, CO2 does not fit into every structural defect created by GO and ZrO2, it permeates 

through a few quantities of large defects  [88].  

In the case of the H2/CO2 gas pair (Figure 6.12 (i)), the interaction of GO within the 

blend composition alters the selectivity with a smaller magnitude whereas ZrO2/PC-PS provides 

a better outcome. However, when GO along with ZrO2 results in better separation of H2 from 

CO2. Notably, as the filler content is magnified up to 20 wt%, the selectivity becomes more than 

double, which tends the material towards Robeson’s boundary limit. Additionally, DES modified 

fillers enhance H2/CO2 selectivity along with permeability. The trade-off relationship for H2/CO2 

is given in Figure 6.12 (i). The plot clearly shows that as the filler content is increased, the 

membrane composition tends towards the trade-off line. Moreover, at the highest particle loading, 

the fabricated MMM crosses the Robeson’s 2008 upper bound  [24], which makes the material in 

a novel group of hybridized membranes. Then after the H2/N2 selectivity gains with almost the 

same value for both individual filler compositions. However, the integration of GO/ZrO2 and 

DES-GO/ZrO2 provides promising output, as depicted in Figure 6.12 (iv), with the modified 

composition leading towards the Robeson’s 1991 upper bound  [25]. A similar trend in membrane 

composition is observed for H2/O2 selectivity, as shown in Figure 6.12 (iii). Due to a large 

difference between the kinetic diameter of H2 and CH4, their separation factor tremendously 

boosts when GO/ZrO2 and DES-GO/ZrO2 are embedded into the blend phase. Figure 6.12 (ii) 

presents the trade-off plot for H2/CH4, with the 20 wt% DES-GO/ZrO2 lying below the 1991 
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boundary line. This outstanding performance of hydrogen separation can be applicable in 

multifarious energy applications  [2,37,89].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11: Gas selectivity of PC50/PS50 + 2 wt% to 20 wt% nanofillers (i) GO (ii) ZrO2 (iii) 

GO/ZrO2 (iv) DES-GO/ZrO2 in various gases. 

The MMMs also demonstrate favourable results in the separation of CO2 from N2 and 

CH4. While CO2/N2 selectivity improves linearly with the addition of any of the additives, the 

polymer membrane implanted with DES-GO/ZrO2 shows particularly noteworthy results. Such 

a modification is applicable in natural gas purification, CO2 capturing, and compositional flue gas 

treatment, where CO2 is separated from the CH2 and N2 gases  [90]. Specifically, CO2 molecules 

diffuse faster than N2 and CH4 due to their adsorption and diffusion properties with GO. 

Moreover, the functional groups on DES enhance the selectivity and permeability of CO2 in 

MMM, due to its greater affinity or attraction for CO2  [91]. What is more, as the DES 

concentration increases, the diffusion of CO2 enhances, altering the morphology of MMMs and 

(i) (ii) 

(iv) (iii) 
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allowing accessible vacancies for the passage of CO2 molecules  [92]. Even the interdiction of GO 

sheets modifies the CO2/N2 selectivity due to surface-functional groups, a high aspect ratio, 

varying orientations of the nanofillers, and high compatibility with the glassy phase  [81]. 

Furthermore, the interaction between the –COOH and –OH polar groups on GO nanosheets and 

the CO2 host membrane exhibit stronger CO2 adsorption ability compared to pure polymeric 

material. Even MMMs composed of GO provide preferential CO2 adsorption and transport, 

which is essential for generating fast and selective nanochannels for CO2 gas molecules  [93]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.12: Robeson upper bound correlations for (i) H2/CO2 separation (ii) H2/CH4 

separation (iii) H2/O2 separation and (iv) H2/N2 separation in PC50/PS50 + 20 wt% nanofillers 

(GO, ZrO2, GO/ZrO2 and DES-GO/ZrO2). 

Last but not least, O2/N2 separation also serves a similar trend to the other gas pairs. 

Moreover, again DES modified membrane shows an immense separation performance. Such an 

outcome can be applicable to oxygen enrichment, gasification, natural gas purification as well as 

the oxyfuel combustion process where it becomes a prerequisite to separate O2 from the N2 or 

(i) (ii) 

(iii) (iv) 
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other air products  [94,95]. Thus, a significant trade-off between gas selectivity and permeability 

has been achieved by the combination of glassy polymers, GO/ZrO2 nanofillers, and DES, which 

evaluates the membrane’s performance. 

6.4 Conclusion 

Permeability/selectivity data for various environmental gases were computed on the basis 

of the variation in the rate of permeation with time. Modification of PNCs with various fabricated 

nanofillers shows a distinct (8-fold increase is observed over the starting polymer blend) 

improvement in permeability, with the highest value with DES modified nanofiller. This is 

proposed due to the synergy developed (e.g., surface porosity) among the components of DES 

based MMM. Additionally, this modified nanofiller based MMM shows a distinct raise in thermal 

and mechanical strength (increases by 97.6 % for 20 wt% of DES-GO/ZrO2), which is a 

prerequisite for the application of MMMs for pure hydrogen production. A prominent upshot of 

this synergism was achieved using state-of-the-art Robeson’s upper bound visualization. The 

MMMs tend toward the trade-off boundary and the outstanding remark can be noticed for 

H2/CO2 selectivity (crosses the boundary line). Such performance can attract vast industrial 

applications, especially for energy applications and hydrogen purification. Exploring the above 

class of modified MMMs and their utilization in medical applications, hydrocarbon reforming as 

well as separation and syngas production could be a future line of research. 
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