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General Introduction 

1 

 

Since the onset of the Industrial Revolution in the mid-19th century, there has been a notable 

surge in greenhouse gas concentration in the atmosphere, especially of CO2 primarily driven by the 

combustion of fossil fuels. These greenhouse gases cause global warming and bring about many 

serious problems, such as the rise of sea level, the return of climate, and the increase of diseases. 

Additionally, CO2 as an acidic gas is often found in energy gases (natural gas, biogas), and the presence 

of CO2 reduces the calorific value and damage gas transportation pipelines. Therefore, the CO2 

separation technologies are highly desirable and have attracted great interest. 

In general, the traditional CO2 separation technology including absorption, adsorption, cryogenic 

distillation and hydrate, have the disadvantages of high energy consumption, high cost and 

environmental pollution. Compared to traditional CO2 separation techniques, membrane technology 

offers the ease of operation, simple maintenance, stability and low cost. Therefore, the membrane 

separation technology has been studied by many researchers with high expectations during the last 

decades. 

In the 1980s, the first generation of polymer membranes for gas mixtures separation was 

developed. The fast growth of the polymer membrane application is driven by its low production cost 

and ease of upscaling. The ease of fabrication, involving various polymer materials and tunable 

membrane configurations, further promotes the utilization of polymer membranes for the CO2 removal. 

In general, there are three types of polymer materials for membranes: rubbery and glassy polymers, 

and copolymers. Rubbery polymers (including poly(dimethylsiloxane) (PDMS), poly(acrylonitrile-co-

butadiene-co-styrene) (ABS), poly(ethylene oxide) (PEO), polyurethane (PU)), have flexible 

structures due to the high intersegmental mobility. They operate above their glass transition 

temperature (Tg) and have high gas permeability but low selectivity. By contrast, glassy polymers have 

a rigid structure and are used below their Tg. The examples of common glassy polymers for gas 

separation are polysulfone (PSF), polyethersulfone (PES), polycarbonate (PC), polyimide (PI), and 

polyetherimide (PEI). Compared to rubbery polymers, glassy polymers have been frequently chosen 

to elaborate gas separation membranes owing to their good mechanical properties and high selectivity. 

Copolymers combine glassy and rubbery features in their structures. For example, polyether block 

amide (PEBA) has been also applied to improve the gas separation properties. This polymer comprises 

hard (glassy) polyamide segments that provide mechanical strength, while the flexible component 
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(polyether) plays an important role in the CO2 transport. Owing to its promising properties, PEBA has 

been widely selected as a polymer matrix to fabricate membranes for CO2/N2 and CO2/CH4 separation. 

Among all studied polymers, the excellent mechanical properties and high gas selectivity of PSF and 

PES are rather attractive for gas separation membranes. 

It is widely known that most polymer membranes face limitations in terms of the trade-off 

between selectivity and permeability, which is represented by Robeson’s upper bound. Therefore, it is 

not possible to achieve high gas permeability and selectivity with a single polymer. According to 

previous works, CO2 permselectivity of polymer membranes were enhanced with different fillers: 

zeolite, graphene oxide, organic frameworks, metal oxides, silica and ionic liquids (ILs). In recent 

years, ILs have attracted more and more attention in the field of gas separation due to their outstanding 

properties: negligible vapor pressure, high thermal stability, excellent CO2 absorption capacity and 

adjustable properties, making them promising candidates for CO2 separation. Also, the incorporation 

of ILs can provide an efficient pathway to enhance the CO2 permeability and selectivity of polymer 

membranes. 

In this thesis, six ILs are synthesized and introduced into glassy polymers (PSF and PES) to 

prepare dense composite membranes with high CO2 permeability and selectivity. 

Four chapters are orderly organized. 

Chapter 1 gives an overview of composite membranes based on ionic liquids for CO2 separation.  

Chapter 2 details the synthesis and characterization of six ILs with different cations and anions. 

Their chemical structures are confirmed by FT-IR and 1H NMR analysis, and the effect of cations and 

anions on their thermal behavior (TGA and DSC) is studied. 

Chapter 3 presents the optimization of the dense membrane preparation procedure. PSF-based 

dense composite membranes with different ILs as well as different ILs loadings are prepared. Their 

thermal behavior, mechanical property, surface energy, microstructure and gas permeation are 

investigated and discussed. 

PES-based composite membranes containing ILs are presented and characterized in Chapter 4. 

Their thermal and mechanical properties are correlated with their microstructure and gas permeation 

performance. 

Finally, a general conclusion and prospects are given prior to the Annexes.  
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This work was made possible thanks to the cooperation between the MM and MPBM teams of 

PBS laboratory, and funding from CSC. 
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Introduction  

The development of modern industry has led to an important increase in global energy 

consumption, particularly owing to the combustion of fossil fuels, resulting in a significant rise of 

atmospheric CO2 concentration [1,2]. CO2 is the primary driver of global warming and has the most 

significant negative effect, contributing to approximately 55% of the observed increase in global 

temperature [3]. According to the report from the Intergovernmental Panel on Climate Change (IPCC), 

it will be impossible to achieve the goal of limiting global warming to approximately 1.5°C or even 

2°C unless there are immediate, quick, and substantial reductions in greenhouse gas emission [4,5]. 

IPCC predicted the CO2 concentration might reach 570 ppmv by 2100 in the atmosphere, which would 

result in an average global temperature increase of approximately 1.9°C and a rise of sea levels of 3.8 

meters [6]. On the other hand, in the case of energy gas resources, such as natural gas, shale gas, biogas, 

syngas, a certain amount of CO2 as impurity can decrease the heating values and gas quality [7] (thus 

demanding higher energy consumption for conversion and transport) and cause corrosion of pipelines 

and equipment [8]. Therefore, CO2 separation is essential for controlling greenhouse gases emission 

and energy gases purification.  

This Chapter is divided into four parts. Firstly, five CO2 separation technologies are introduced. 

Secondly, different types of membranes are listed and compared, with an emphasis on ionic liquid-

based composite membranes. Thirdly, the mechanisms involved during gas separation through a 

membrane are detailed. And finally, the factors (nature of polymer matrix, additives, gas properties 

and test conditions) influencing gas permeation properties are gathered and explained. To conclude, a 

summary and an outlook of CO2 separation composite membranes containing ILs are presented. 

 

1.1 CO2 separation technology 

In order to separate CO2 from gas mixtures, several technologies are available: absorption, 

adsorption, cryogenic distillation, hydrate and membrane technology [9]. The advantages and 

disadvantages of each method are presented in Table 1-1. 
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Table 1-1 Advantages and disadvantages of different separation technologies [6,10] 

Method Advantages Disadvantages 

Absorption Suitable for industrial application 

Operating at low CO2 feed concentration 

High energy consumption 

Corrosion caused by amines degradation 

Emission of harmful by-products 

Expensive for regeneration 

Adsorption High capacity of CO2 adsorption 

High pressure operation 

High selectivity over other gases 

High energy consumption 

Difficulty of regeneration 

Not suitable for cyclic operation 

Cryogenic 

distillation 

High product purity High energy consumption 

Only suitable for high CO2 feed 

concentration (50%) 

Need pre-processing step to remove 

humidity from mixed feed steam 

Hydrate High product purity High pressure and low temperature 

Secondary pollution 

High capital cost 

Membrane 

technology  

High energy efficiency 

Low operation cost 

Small footprint 

Simplicity in operation and installation 

Limited by Robeson’s upper bound 

 

1.1.1 Absorption technology 

The CO2 absorption consists in preferential physical or chemical interaction of CO2 and liquid 

absorbers, thus achieving CO2 separation from the gases mixture [11]. Due to the chemical reactivity 

of CO2 with amines, the amines absorption technology is widely used in industrial production, 

especially in post-combustion systems. Primary amines (monoethanolamine (MEA), 2-amino-2-

methyl-1-propanol (AMP)), secondary amines (diethanolamine (DEA)) and tertiary amines 

(methyldiethanolamine (MDEA)) are usually used [12]. However, such absorption technology has 

many harmful to the environment drawbacks, such as corrosive by-products formation, high energy 

consumption and use of volatile amines. In order to overcome such limitations, environmentally 

friendly CO2 absorbers were developed [13]. Currently, ILs are used for CO2 separation due to the 
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strong physical or chemical interactions between ILs and CO2. Besides, ILs are environmentally 

friendly owing to negligible vapor pressure [14–16]. To enhance the CO2 absorption capacity of ILs, 

different functionalized ILs have been designed, for example amino-functionalized ILs [17]. 

 

1.1.2 Adsorption technology 

Adsorption process using porous solid sorbents is an advantageous method as compared with 

solvent-based absorption, owing to easy operation, rapid reaction, low corrosion, and low energy 

consumption for regeneration [18]. Vacuum, pressure, temperature, and electric swing adsorption can 

renew solid adsorbents following CO2 capture. Pressure and temperature swing adsorption techniques 

are commercially accessible for CO2 removal from natural gas, and in pre-combustion systems for 

hydrogen generation [19]. Solid sorbents are efficient at elevated temperatures and their properties are 

comparable with the properties of the solvents used in pre-combustion processes.  

A wide variety of materials are used as sorbents, among them zeolites (aluminosilicates and 

titanosilicates), molecular sieves and activated carbons [20,21]. In addition, metal organic frameworks 

(MOFs) are proposed to serve as novel sorbents owing to their controllable pore size and surface 

chemistry [22–24]. Despite the significant progress in this field, the stability and regeneration of 

sorbent material should be improved and controlled. 

 

1.1.3 Cryogenic distillation 

Cryogenic distillation is based on the physical low-temperature condensation using different gas 

liquefaction temperatures [25]. This technology is extensively used for the separation of nitrogen from 

air, but the separation of CO2 is still under investigation [26]. The main advantage is the high purity of 

obtained CO2. However, CO2 can be separated from other light gases only below its liquefaction 

temperature of ~ -130°C. Moreover, the cooling devices and their significant energy consumption 

during the process significantly limit this technology. 

1.1.4 Hydrate technology 

CO2 separation via hydrate-based methods is based on the remarkable properties of hydrates [27]. 
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CO2 hydrates are solid crystalline compounds formed by the sequestration of CO2 molecules within a 

lattice composed of water molecules under specific temperature and pressure conditions. After the 

hydrate’s formation, a process of selective separation from the gas mixture can be applied. The 

dissociation and subsequent release of collected CO2 from hydrates can be accomplished by either 

pressure decreasing or temperature rising. The captured CO2 can be subsequently gathered and 

subjected to additional treatment for storage or further use. Hydrate-based CO2 separation technique 

attracts considerable interest, due to its high selectivity, low energy consumption, and the possibility 

to be used at ambient temperature [28]. However, the hydrate-based separation is still a subject of 

continuous investigation as numerous limitations should be overcome prior to its implementation on a 

commercial level (Table 1-1). 

 

1.1.5 Membrane technology 

Membranes may separate gases by sieving and/or sorption-diffusion process (depending on the 

membrane structure, i.e. porous or dense) thus allowing for one or more components to pass 

preferentially through the membrane [29,30]. The inherent membranes simplicity has many benefits 

as compared to other separation technologies, namely the use of small-scale equipment, reduced 

environmental impact, simple incorporation into the existing processes, and low energy consumption 

and operating costs [31–33]. 

In the past few years, great efforts have been made for the design of efficient and cost-effective 

membrane materials for emerging and potential applications [34]. Rapid progress in membrane 

technology enabled the current commercial use of membrane-based systems on an industrial scale for 

different gas separation processes, namely CO2 removal from natural gas, vapor/gas separation, 

nitrogen separation from air, and hydrogen recovery [35]. CO2 separation application includes 

separating CO2 from post-combustion (CO2/N2 mixture), pre-combustion (CO2/H2 or H2/CO2 mixture), 

and from biomethane (CO2/CH4 mixture). In order to develop advanced membranes with high 

permeability and selectivity to specific gases, good thermal/chemical resistance and sufficient 

mechanical stability towards the harsh environments of gas separation processes are required. 
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1.2 Membrane classification 

1.2.1 General classification 

Numerous research articles dealing with CO2 separation membranes can be found illustrating the 

rapid development of CO2 separation membranes over the past decade [36]. From structure and 

material point of view, the classification shown in Figure 1-1 can be established. The advantages and 

disadvantages of the different types of membranes are presented in Table 1-2. 

 

 

Figure 1-1 Classification of membranes 

 

According to membrane material, composite membranes are usually divided into inorganic 

(ceramic, metallic, carbon molecular sieves, silica, zeolites, and metalorganic frameworks (MOFs)), 

organic (polymer membranes), and hybrid composite membranes (mixed matrix membranes). Typical 

inorganic membranes, such as zeolite and carbon membranes, have been widely studied for CO2 

separation [37,38]. Usually, they have pores of appropriate size, which can serve as molecular sieves 

to separate gas molecules [39]. Moreover, inorganic membranes exhibit excellent CO2 selectivity due 

to their good CO2 affinity against CH4 or N2. For example, the mixed linker tetrahedral imidazolate 

framework-4 (TIF-4) MOF membrane, fabricated by Xia et al [40], revealed to be highly CO2 selective 

with CO2/N2 separation factor of 27 due to the effective pore size of TIF-4, that lies between the kinetic 

diameters of CO2 (3.3 Å) and N2 (3.64 Å). However, although inorganic membranes have interesting 

CO2 separation properties, such as high selectivity and great thermal and chemical stability, they are 

rather brittle and their fabrication is very complex and expensive. 
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Table 1-2 Advantages and disadvantages of different types of membranes [41] 

Properties Polymer membranes Inorganic 

membranes 

Hybrid membranes 

Fabrication cost Low High Moderate 

Chemical and thermal stability Moderate High High 

Synthesis and processability Easy Difficult Easy 

Plasticization Susceptible Insusceptible Insusceptible 

Surface roughness Low High Moderate 

Fouling resistance Low Moderate Moderate 

Cleaning after fouling Difficult Easy Easy 

Swelling Frequently occurs Swelling-free Limited-swelling 

Resistant to pressure Moderate High High 

Mechanical strength Good Poor Excellent 

Gas separation performance Below the Robeson’s 

upper bound 

Above the Robeson’s 

upper bound 

Above the Robeson’s 

upper bound 

 

Many studies have been conducted on polymer membranes for selective separation of CO2 [42]. 

In 1991, Robeson pointed out the trade-off between gas selectivity and gas permeability of polymer 

membranes, which was updated in 2008 (Figure 1-2) [43–46]. Robeson plotted this trade-off by 

analyzing a substantial amount of permeation data for different polymers gathered from literature, 

including multiple polymer-gas combinations. The graphical representation referred to as the 

"Robeson’s plot" is a logarithmic plot of selectivity vs permeability for the gas with the higher 

permeability, as shown in Figure 1-2a (CO2/N2) and Figure 1-2b (O2/N2). The lines represent the 

maximum possible combinations of permeability and selectivity for CO2/N2 and O2/N2 gas pairs 

among various polymers. Materials with high gas separation efficiency would be positioned to the 

right and above the upper-bound. The advantages of polymer membranes, namely good mechanical 

properties, low cost, synthetic feasibility, and largescale production, make them very attractive for gas 

separation processes. 
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Figure 1-2 Robeson’s upper bound of CO2/N2 (a) and O2/N2 (b) 
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Mixed matrix membranes are composed of a polymer material mixed with dispersed inorganic 

fillers [47]. As a continuous phase, polymers should have easy processability. On the other hand, solid 

inorganic filler particles serve as dispersed phase to provide gas selectivity and/or improve physical 

and thermal properties. A high affinity between phases is necessary. Otherwise, there will be voids at 

the interface between polymer and fillers, resulting in a decrease of the membrane gas selectivity. Gas 

separation though mixed matrix membranes also follows the Robeson’s upper bound trend.  

In recent years, many studies have focused on the use of ILs in CO2 separation membranes. 

Therefore, different types of membrane containing ILs are listed, discussed and compared in section 

1.2.2 

 

1.2.2 Ionic liquids-based membranes  

The use of polymer/IL membranes has gained tremendous popularity in the field of CO2 

separation due to their strong separation efficiency. An ionic liquid-based membranes classification 

was reported by Yan et al [48], dividing membranes into six categories (Table 1-3). 

Swati et al [49] used four ILs, namely 1-butylsulfonate-3-methylimidazolium p-toluene sulfonate 

([BSmim][tos]), 1-butylsulfonate pyridine p-toluene sulfonate ([BSmpy][tos]), 1-butyl-3-

methylimidazolium chloride ([Bmim][Cl]) and 1-butylpyridine chloride ([Bpy][Cl]), with porous 

polyvinylidene fluoride (PVDF) support to fabricate SILMs for CO2 separation. The SILMs were 

stable up to 0.6 MPa at room temperature without IL leaching. PVDF/[BSmim][tos] showed the best 

CO2/N2 and CO2/CH4 selectivities of 56.2 and 47.5 at 0.5 MPa, respectively. This can be explained by 

the [BSmim][tos] highest CO2 solubility coefficient and permeability among the four studied ILs 

(Table 1-4). 
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Table 1-3 Different types of ILs-based membranes [48] 

Membrane type Advantages Disadvantages 

Supported Ionic Liquids 

Membranes (SILMs) 

A class of composite membranes 

consisting of an IL immobilized or 

supported within a porous material 

 High interfacial area per unit volume for 

mass transfer 

 More efficient in application over other 

liquid membrane processes 

 In over-time operation, the ionic 

liquid is pushed out from the 

membrane pores, resulting in a 

non-selective transport 

 Thick membranes will exhibit 

improved stability and reasonable 

lifetimes but lower gas flux 

 Regeneration is complicated and 

difficult 

Ionic Liquids composite 

Polymer Membranes (ILPMs) 

A combination of ILs with 

polymer matrix, ILs are entrapped 

between polymer chains or 

clusters 

⚫ Prevent the membrane from excessive 

swelling and maintain the gas separation 

performances even at increased 

temperature and pressure conditions 

⚫ Gas permeability and diffusivity 

are hindered through the solid 

polymer matrix  

⚫ Possible plasticization 

⚫ Limited by Robeson’s upper 

bound line 

Ionic Liquids composite Mixed 

Matrix Membranes (ILMMMs) 

A combination of inorganic fillers, 

ILs and polymers 

 Membrane performances including 

permeability and selectivity are enhanced 

due to the synergetic effect between ILs 

and fillers  

 Added inorganic fillers increase the 

sorption/diffusion  

 ILs help to fill the interfacial voids thus 

ensuring higher thermal and mechanical 

properties than other membrane types 

 ILs could cause pore blockage in 

porous matrices  

 Surface voids and filler 

agglomeration affect the gas 

separation and structure of 

membranes 

 Poor compatibility between 

polymers and inorganic fillers 

Poly(Ionic Liquids) Membranes 

(PILMs) 

A class of polymer materials that 

are derived from polymerizable 

ILs 

⚫ Tunable charge and wettability  

⚫ Improved mechanical properties thus 

promoting both gas permeability and 

ideal selectivity  

⚫ Room temperature ionic liquids (RTILs) 

with polymerizable groups can be 

converted into composite dense 

membranes resulting in a friendly process 

⚫ Separation performances of 

PILMs mainly depend on 

monomer and polymerization 

methods  

⚫ The stability of membrane needs to 

be improved by adding plasticizers 

Ionic Liquids Gel Membranes 

(ILGMs) 

Composite materials consisting of 

ILs and a gel matrix 

 Liquid-like gas transport properties in a 

solid state, so easier to handle and to 

prepare membrane modules for industrial 

applications  

 

 Thermal and mechanical stability 

is limited  

 Gas permeability and ideal 

selectivity are low  

 Nature of gelators is limited  

 High packing density is required 

 Suffering the trade-off effect 

between CO2 permeability and 

selectivity of gas pair 

Ionic Liquids Membrane 

Contactors (ILMCs) 

ILs as the liquid phase within a 

membrane-based system to 

facilitate mass transfer or chemical 

reactions between two immiscible 

phases, typically a gas and a liquid 

⚫ Long-time operation  

⚫ Higher active surface area to volume ratio  

⚫ Low resistance to gas flow 

⚫ Self-supporting structure  

⚫ Ability to be used at high pressure 

 

⚫ Poor stability and processability 

⚫ Selection of materials is limited  

⚫ Some ILs can dissolve the polymer 

or polymer-based sealing 

membrane 

⚫ Low surface tension of ILs 
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Table 1-4 Diffusion and solubility coefficients of SILMs with different ILs [49] 

IL 

Diffusion coefficient  

(10-8 cm2s-1) 

Solubility coefficient  

(10-2 cm3(STP)cm-3cmHg-1) 

CO2 N2 CH4 CO2 N2 CH4 

[BSmim][tos] 3.04 2.21 2.40 9.06 0.22 0.24 

[BSmpy][tos] 3.79 2.32 2.45 7.29 0.22 0.25 

[Bmim][Cl] 5.43 4.50 4.70 5.07 0.21 0.20 

[Bpy][Cl] 5.89 4.80 4.90 4.68 0.17 0.21 

 

Li et al [50] designed a series of ILs with 1-alkyl-3-methylimidazolium cation ([CnMIM]+) and 

tetrafluoroborate ([BF4]−), acetate ([Ac]−) or glycine ([Gly]−) anions. These ILs were introduced into 

Pebax® to investigate the CO2 permeability and selectivity of ILPMs. Among all composite membranes, 

Pebax®/[C6MIM][Gly] (20 wt%) exhibited a notable level of CO2 permeability (1490 Barrer) and 

CO2/N2 selectivity (93) as compared to pure Pebax® with CO2 permeability of 350 Barrer and CO2/N2 

selectivity of 30. This fact can be explained by the microstructure of the Pebax®/[C6MIM][Gly] (20 

wt%) membrane, characterized by free volume cavities with a certain radius (0.338 nm), which 

enhance the selective transport of CO2 molecules and exhibit precise molecular sieving capability. 

Furthermore, such polymer composite membranes contain amino and carboxyl groups within the free 

amino acid anions of IL. These groups play a crucial role in enabling the mobility of CO2, hence 

facilitating the CO2 transport with remarkable efficiency. 

Estahbanati et al [51] introduced 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim][BF4]) 

ionic liquid and silver nanoparticles to Pebax®1657 in order to improve gas separation properties. 

Pebax®/Ag (0.5 wt%)/IL (50 wt%) ILMMMs exhibited the highest CO2 permeability (180 Barrer) and 

selectivity (CO2/CH4 = 61.0 and CO2/N2 = 187.5) at 35℃ and 10 bar in comparison with pure 

Pebax®1657. The electro-positive part of the silver nanoparticles interacts with electron rich oxygen 

atoms such as ether segment of Pebax1657 and form stable MMMs in order to enhance gas transport 

properties. And IL can improve the permeability to CO2 and form a selective layer around the 

nanoparticles, thus providing a better interfacial adhesion between polymer and filler. 

Two kinds of poly(ionic liquid) (PILs) were synthesised (Figure 1-3) and used to fabricate PILMs 
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for CO2 separation [52]. PILs(2) membrane exhibited an excellent CO2 permeability of 170 Barrer and 

a CO2/N2 permselectivity of 36 due to the CO2 affinity of ether groups of PILs(2). 

 

 

Figure 1-3 Synthesis of crosslinked PILs membranes [52] 

 

Tetrabutylphosphonium prolinate ([P4444][Pro])-based tough gel membrane was fabricated for 

CO2 separation under humid conditions [53]. At room temperature, the membrane exhibited good 

stability at 70% relative humidity (RH). More importantly, at 30℃ and 70% of RH, and a CO2 partial 

pressure of 0.1 kPa, the membrane showed high CO2 permeability (around 50 000 Barrer) and CO2/N2 

selectivity (up to 8 100), because the presence of water promoted the absorption of CO2 by the NH2 

groups of ILGMs. 

Martins et al [54] removed CO2 from xenon anaesthesia circuits using an 50 wt% amino-acid 

ionic liquid solution (cholinium lysinate [Cho+][Lys-]) in a membrane contactor 

(polytetrafluoroethylene (PTFE)). The ILMCs showed a CO2 capture capacity of 3.50 mol/kg IL, due 

to the CO2 affinity of [Cho+][Lys-] and a reaction between -NH2 and CO2. 

The industrialization of ILs-based membranes depends on their stability and gas separation 

performance. Among all ILs-based membranes, ILPMs exhibit superior stability and gas separation 

performance. Therefore, ILPMs are the most suitable membrane type for high-efficiency CO2 

separation. 
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1.3 Gas permeation mechanism through a membrane 

There are four main mechanisms: solution-diffusion mechanism [55], facilitated transport 

mechanism [56], molecular sieving mechanism [57] and preferential adsorption-monomolecular 

surface diffusion mechanism [58] (Figure 1-4). In general, the permeation mechanism depends 

strongly on the properties of gas molecules (Table 1-5). 

 

 

Figure 1-4 Possible gas separation mechanisms through a membrane [59] 
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Table 1-5 Properties of some gas molecules [41,60] 

Parameter (unit) CO2 N2 O2 CH4 

Molecular weight (g/mol) 44.01 28.01 31.99 16.04 

Kinetic diameter (Å) 3.30 3.64 3.46 3.82 

Density, at 0°C and 1 atm (g/L) 1.98 1.25 1.43 0.72 

Quadrupole moment (Å) 4.30 1.52 0.39 0 

Critical temperature (℃) 31.1 -147.0 -118.6 -82.1 

1.3.1 Solution-diffusion mechanism 

The solution-diffusion mechanism has proven to be effective in elucidating gases transport within 

dense membranes (Figure 1-4a) [61]. The solution-diffusion mechanism includes 3 steps: absorption, 

diffusion and desorption [62]. At first, the gas absorbs on the membrane surface, and this step 

corresponds to the solubility coefficient S. Then, gas molecules diffuse across the membrane thickness. 

Diffusion takes place due to the concentration gradient, which provokes molecules to be transported 

from the membrane surface with the highest concentration (outside the membrane) to the side of the 

membrane with the lowest concentration (the permeate side). This step is characterized by the diffusion 

coefficient D. Finally, the gas is desorbed on the permeate side and the whole permeation process is 

completed, thus giving the permeability coefficient P [63]: 

𝑃 = 𝐷 × 𝑆                                                     (Equation 1-1) 

Selectivity can be determined as follows: 𝛼𝑖/𝑗 =
𝑃𝑖

𝑃𝑗
,                     (Equation 1-2) 

where Pi and Pj denote the permeability of gas species i and j within the membrane, respectively. 

 

1.3.2 Facilitated transport mechanism 

Facilitated transport mechanism refers to the phenomenon observed in membrane-dependent 

separation process, in which the transport of certain molecules across the membrane is promoted by 

carrier molecules, resulting in improved transport (Figure 1-4b) [64]. Facilitated transport mechanism 

depends on reversible interactions between molecules and carriers present within the membrane. Such 

mechanism allows molecules to be transported across the membrane against the concentration gradient 
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(Equation 1-3) 

(Equation 1-4) 

and more efficiently. For CO2 separation, amino groups are the most common carriers that facilitate 

the CO2 transport. The reactions between amino groups and CO2 are following [65–67]: 

 

   

where R is equivalent to alkyl. 

 

Chen et al [68] reported that amino acid functionalized graphene oxide (arg@GO) nanosheets 

were synthesized and incorporated into Pebax® membranes for CO2 separation. Pebax®/arg@GO (0.4 

wt%) nanosheets presented promising CO2 permeation (169 Barrer) and CO2/N2 selectivity (70), and 

surpassed the 2008 upper bound (Figure 1-2): the amino and carboxylic groups in amino acids 

improved the CO2 facilitated transport mechanism. Mubashir et al [69] introduced ZIF-62 to cellulose 

acetate (CA) to obtain composite membranes for CO2 separation. The CA/ZIF-62 (8 wt%) showed the 

highest CO2 permeability (84.8 Barrer) and a CO2/CH4 ideal selectivity of 35.3, which were 436.7% 

and 189.3%, respectively, higher than those of pristine CA membrane. This result can be explained by 

the high CO2 adsorption on ZIF-62, due to the organic ligands attached to the unsaturated Zn2+ metal 

of ZIF-62, which improve affinity towards CO2 via electrostatic interactions and π-π interactions. 

 

1.3.3 Molecular sieving mechanism 

The molecular sieving mechanism refers to a phenomenon observed in separation procedures 

when the molecules are selectively separated by the membrane according to their size and shape 

(Figure 1-4c) [70]. This mechanism is based on the fact that the membrane possesses distinct holes or 

cavities at the molecular scale, which facilitate the passage of smaller molecules but block the transfer 

of the largest ones. In gas separation, porous membranes can be used to separate gases with different 

kinetic diameters. The accurate regulation of pore size is necessary because of the tiny difference in 

molecule size between CO2 and other gases such as H2, N2, and CH4 (Table 1-5). Microporous 

membranes with small pore size and narrow pore size distribution typically demonstrate exceptional 

selectivity during gas separation. Hou et al [71] fabricated a novel carbon molecular sieve membrane 
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(CMS) using pyrolysis of a hydroxyl-containing polyetherimide (BAHPPF-6FDA type HPEI) 

precursor for CO2 separation. The CO2 permeability of CMS pyrolyzed at 700℃ is 3200 Barrer and 

CO2/N2 (and CH4) selectivity is 43.8 (and 72.7). These values are higher than those obtained for 

membranes pyrolyzed at 500℃ and 600℃, owing to the pore distribution: CMS-700℃ has more pores 

in the 3-4 Å range, but fewer in the 4–7 Å and 7–15 Å ranges, as compared to CMS-500℃ and CMS-

600℃. The pore size of CMS-700°C is more appropriated for the separation of gas molecules (CO2, 

N2 and CH4) according to their dynamic diameter (Table 1-5). 

 

1.3.4 Preferential adsorption-monomolecular surface diffusion mechanism 

The notion of preferential adsorption-monomolecular surface diffusion mechanism is frequently 

used in separation or transportation of certain molecules across a membrane or adsorbent material 

(Figure 1-4d) [72,73]. Preferential adsorption-monomolecular surface diffusion mechanism is based 

on two fundamental processes: preferential adsorption and monomolecular diffusion. The preferential 

adsorption involves the selective adsorption of CO2 from gases mixture onto the membrane surface. 

The adsorption is rather selective as some molecules display a greater affinity towards the membrane 

surface owing to chemical interactions (adsorption sites, hydrogen bonding, and other intermolecular 

forces). Monomolecular diffusion refers to the migration of CO2 when it diffuses inside the membrane. 

Also, CO2 molecules can pass through the membrane micropores easier than other gases due to its 

smaller kinetic diameter (Table 1-5). Preferential adsorption-monomolecular surface diffusion 

mechanism is a combination of facilitated transport mechanism (Figure 1-4b) and molecular sieving 

mechanism (Figure 1-4c). Yuan et al [74] introduced a novel type of Cr3+-induced microporous 

(HMMP-1) filler with amine-rich nanochannels into polyvinyl amine (PVAm) to prepare facilitated 

transport mixed matrix membranes for CO2 separation. The PVAm/HMMP-1 (44.4 wt%) mixed matrix 

membrane exhibits the maximum CO2 permeance of 1544 GPU and CO2/N2 selectivity of 252 at a 

feed gas pressure of 0.2 MPa from a CO2/N2 mixture (15/85 vol%). The amine-rich micropore gas 

transport channels enable CO2 to be easily adsorbed and transported through the membrane. 
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1.4 Factors influencing gas permeation properties 

In order to prepare polymer-based membranes with high gas permeability and selectivity, it is 

important to study the factors affecting the gas permeation. Among these factors are the nature of 

polymer matrix, additives, gas properties and test conditions (temperature, pressure and humidity). 

 

1.4.1 Nature of polymer matrix 

The key element of membrane CO2 separation technology is the choice of a suitable polymer 

matrix, whose physical and chemical properties determine the separation efficiency. To date, many 

polymer matrices have been investigated for CO2 separation. According to their chemical structure, 

they are classified into three types: glassy polymers [75], rubbery polymers [76] and copolymers [77]. 

The gas permeability though the polymer membranes depends mainly on the polymer nature (glassy, 

rubbery and copolymer) and crystallinity. Glassy polymers possess low gas permeability but high 

selectivity. Among them are polycarbonate (PC) [78–80], CA [81–84], polyimides (PI) [85–87], 

polyether sulfone (PES) [88–90], polysulfone (PSF) [91–93] and poly(phenylene oxide) (PPO) [94]. 

Rubbery polymers have high gas permeability and low selectivity, as the separation takes place above 

their glass transition temperature. It is the case of poly(acrylonitrile-butadiene-styrene) (ABS) [95], 

poly(dimethylsiloxane) (PDMS) [96–98], poly(ethylene glycol) (PEG) [99,100], polyurethane (PU) 

[101]. Copolymers (for example: PEBA [102]) have gas permeability and selectivity between glassy 

and rubbery polymers. Polymer membranes, both glassy and rubbery ones, have the limitation of trade-

off between their permeability and selectivity (Figure 1-2) [103]. And in general, a single polymer is 

not efficient for gas separation. The gas permeation properties of some polymers used for CO2 

separation are presented in Table 1-6. Usually, glassy polymers should be chosen for high CO2 

selectivity. 
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Table 1-6 Gas permeability and selectivity of several polymer matrices 

Polymer Type/grade 

Testing conditions Performance Selectivity 

Ref 

T/°C P/bar Gas Pair PCO2/Barrer CO2/N2 CO2/H2 

PDMS PDMS41 35 4 Single gas 166 13.8 2.35 [104] 

PBI N/A 25 20 Single gas 0.025 3.57 N/A [105] 

PEO DM14 25 0.98 Single gas 45 68 N/A [106] 

PPO BPPOdp 25 0.69 Single gas 78 30 N/A [107] 

PU N/A 25 3  Single gas 167 N/A N/A [108] 

PVA Mowiol®8-88 25 2 Single gas 0.027 N/A 0.47 [109] 

PSF N/A 25 3  Single gas 3.65 N/A N/A [93] 

PES ULTRASON® E-

6020 P 

25 5  Single gas 2.86 N/A N/A [88] 

CA N/A 35 2.6 Single gas 5.96 25.8 N/A [110] 

PI 6FDA-DAM 25 2 CO2/CH4 

50/50 

390 N/A N/A [111] 

PEBA Pebax®1657 35 10 Single gas 110 78.6 N/A [112] 

Teflon Teflon AF2400 35 N/A Single gas 2200 4.58 1.05 [113] 

 

Furthermore, gas permeability is generally lower for polymers with high crystallinity, as the gas 

can diffuse only through amorphous regions [114]. Guinault et al [115] performed gas barrier tests on 

poly(lactic acid) (PLA) obtained with different crystallinity degrees by heating and recrystallisation 

(Table 1-7). As one can see, He and O2 permeability decreased when the polymer crystallinity 

increased. 
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Table 1-7 Gas permeability of PLA with different crystallinities [115] 

Polymer PHe  

(1010 Barrer) 

PO2 

(1010 Barrer) 

Crystallinity degree 

Xc (%) 

Poly-L-lactic acid 95 2.1 2.5 

Poly-L-lactic acid 38 1.2 58 

Poly-D-lactic acid 202 2.1 2 

Poly-D-lactic acid 50 0.8 37 

 

1.4.2 Additives 

In order to increase its performance, the membrane can be composed of one or more polymers 

with different additives. Each component can have a certain influence on the CO2 separation. Extensive 

studies have been conducted to enhance the efficiency of gas separation by using different kinds of 

fillers: zeolites [116–118], MOFs [119–123], oxide nanoparticles (TiO2, SiO2, MgO, ZnO) [124,125], 

nanocarbon (carbon nanotubes, carbon fibers, graphene, graphene oxide carbon molecular sieves and 

activated carbons) [126], and ILs [127–129]. Some obtained results are discussed below. 

 

1.4.2.1 Zeolites 

Zeolites are a class of natural or synthetically produced crystalline aluminosilicate minerals, 

which are characterized by a porous and framework-like structure. Zeolites exhibit significant potential 

for molecular sieving membranes due to their homogeneous pore system with dimensions at the 

molecular scale, high porosity, and exceptional thermal and chemical durability. These characteristics 

make zeolites particularly appropriate for the gas separation in industrial conditions.  

Zeolites belong to the most advanced molecular sieve family, and they have been widely used in 

both rubbery and glassy polymers as gas separation membranes [130]. The utilization of carbon-

modified zeolites as additives in polysulfone membranes were investigated to enhance the gas 

separation performance [131]. The addition of carbon-modified zeolites at 0.25 wt% to the PSF matrix 

significantly enhanced the selectivity for CO2/CH4 (107.66%), O2/N2 (24.79%), CO2/N2 (18.55%), and 

H2/CH4 (140.56%) separation. Such improved gas selectivity can be attributed to the high 
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microporosity of carbon-modified zeolites obtained by chemical vapor deposition (BET surface area 

~ 2939 m2/g, total pore volume ~ 1.929 cm3/g, micropore volume using t-plot ~ 1.90 cm3/g, mean pore 

width size ~ 12.2 Å). The presence of carbon-modified zeolite particles with a high degree of 

microporosity has important influence on the diffusion of gases with low kinetic diameters (such as 

H2, CO2, O2, and N2) (Table 1-5). On the contrary, the diffusion of gases with high kinetic diameters 

(such as CH4) (Table 1-5) is hindered by this type of zeolite. The increased gas permeance observed in 

case of composite membranes containing zeolite-templated carbons can be due to the specific surface 

area of zeolite-templated carbons that consequently enhances the membrane gas adsorption capability. 

Furthermore, the observed increase in permeance might be attributed to the larger pore volume and 

favorable pore size distribution of zeolite-templated carbons, which facilitates efficient molecular 

transmission. Pure silica Si-CHA zeolite was synthesized and introduced into Pebax®-1657 for CO2 

separation from CH4 [132]. Pebax®-1657/silica Si-CHA zeolite (10 wt%) is characterized by the CO2 

permeability of 116.11 Barrer and a CO2/CH4 selectivity of 23.28 at a feed pressure of 4 bar and room 

temperature due to favorable diffusion of gases with small kinetic diameter (Table 1-5) [133]. 

 

1.4.2.2 Organic frameworks (MOFs) 

MOFs are a kind of nano porous materials that consist of the assembly of metal ions (Co2+, Ni2+, 

Al3+, Fe2+, etc.) with organic linkers. MOFs exhibit a unique property owing to their organic and 

inorganic constituents. Due to their exceptional high porosity, extensive surface area, well defined 

open channels, diverse structural characteristics, and abundant functions, MOFs have been widely 

utilized in several domains, such as gas storage and separation, catalysis, and sensing [134]. MOFs-

based composite membranes show great potential for gas separation. For instance, the amino-

functionalized MOFs like amino-functionalized UiO-66 [23-27], ZIF-7 [28-31] and zeolitic imidazole 

framework (ZIF-8) [32-34] were used to enhance the selective transport of CO2 through facilitated 

transport or selective adsorption. 

PES-based composite membranes modified with 3-aminopropyltriethoxysilane (APTES) 

functionalized NH2-MIL-101(Al) were studied by Ahmadipouya et al [135]. With the increased 

APTES functionalized NH2-MIL-101(Al) loading, an increase of CO2 permeability and CO2/CH4 
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selectivity is noticed by about 50% and 80%, respectively, as compared with pure PES. The increase 

in permeability could be attributed to the highly porous structure of APTES functionalized NH2-MIL-

101(Al) nanoparticles. These nanoparticles facilitate rapid gas transport through intra-particle channels 

within the composite membrane and enhance the free volume at the APTES functionalized MOF/PES 

interface by disrupting the packing of polymer chains. Meanwhile, APTES enhance the strong 

interactions between the MOF surface and polar CO2 molecules, as well as the interfacial interactions 

between PES and MOFs without any non-selective voids, thus CO2/CH4 selectivity was increased. 

The OH-functionalized mixed-linker-ZIF-7 was synthesized and incorporated into Pebax®2533 

for CO2/N2 separation [136]. The CO2 adsorption of the functionalized linker was higher than that of 

pure ZIF due to the affinity of -OH and CO2, indicating the benefit of such functionalization on CO2 

adsorption. Hence, the Pebax®/ZIF-7-OH (14 wt%) membrane demonstrated a CO2 permeability 

performance of 273 Barrer and a CO2/N2 separation factor of 38. These values were increased by 60% 

and 145%, respectively, as compared with the neat Pebax® membrane. 

 

1.4.2.3 Oxide nanoparticles 

There exist numerous types of oxide nanoparticles, such as TiO2, SiO2, Al2O3, ZrO2, etc., which 

are frequently employed as membrane fillers due to their ability to alter the characteristics of adjacent 

polymers and the interface between fillers and polymers. The presence of oxide nanoparticles can 

result in an increase or decrease of the gas permeation path, ultimately leading to enhanced 

permeability. In addition, many oxide nanoparticles exhibit a pronounced affinity towards CO2, 

making them promising in CO2 capture and separation from other gases, such as N2. 

Ahmad et al [137] incorporated TiO2 nanoparticles in polyvinyl alcohol (PVA) in order to improve 

the gas separation efficiency of PVA. The results indicated that the incorporation of TiO2 at a 

concentration of up to 10 wt% results in the enhancement of both permeability and selectivity of the 

composite membrane. Hydrogen bonding between PVA and TiO2 alter the overall crystallinity, thus 

disturbing the organized arrangement of PVA molecules and enhancing the available free space. The 

presence of hydrogen bonds also causes the formation of voids that could facilitate non-selective fluid 

flow. Therefore, the permeability of O2, CO2, and H2 increased to 95%, 79%, and 62%, respectively, 
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and the selectivity of O2/N2, H2/N2, and CO2/N2 increased to 38%, 26.5%, and 14%, respectively.  

Ariazadeh et al [138] functionalized SiO2 nanoparticles by APTES. These particles were 

introduced into Pebax®1074 to enhance gas permeability and selectivity. The results of the permeation 

testing demonstrated that the addition of 12.5 wt% of SiO2 or amine-functionalized SiO2 nanoparticles 

to Pebax® matrix resulted in a significant increase of CO2 permeability and ideal CO2/CH4 selectivity. 

Besides, Pebax®/amine functionalized SiO2 membranes were characterized by higher CO2 

permeability (128.9 Barrer) and ideal CO2/CH4 selectivity (27.3) than Pebax®/SiO2 (CO2 permeability: 

126.4 Barrer, CO2/CH4 selectivity: 23.3) and pure Pebax® (CO2 permeability: 64.5 Barrer, CO2/CH4 

selectivity: 20.8). The strong CO2 adsorption capacity of SiO2 nanoparticles along with the selective 

voids’ formation at the SiO2-Pebax® interface ensure a positive impact of SiO2 on the enhanced gas 

separation efficiency. The gas permeation experiments also demonstrated that amine modification of 

SiO2 particles prior to their incorporation into the Pebax® matrix increased the CO2 permeability due 

to the affinity of amine groups and CO2, thus also improving the CO2/CH4 selectivity. 

 

1.4.2.4 Nano-carbon 

Nano carbon typically refers to carbon materials or structures that have nanoscale dimension. 

Carbon in various forms includes zero-dimensional (0-D) carbon quantum dots (QDs), one-

dimensional (1-D) carbon nanotubes (CNT) and carbon fibers, two-dimensional (2-D) graphene and 

graphene oxide (GO), and three-dimensional (3-D) carbon molecular sieves and activated carbons 

[139]. Nano carbon possesses unique properties and performance, such as specific surface area with 

different sizes and shapes that can be efficiently used in gas separation. 

Two kinds of QDs (namely, graphene oxide QDs (GQD) and polymer-like QDs (PQD)) were used 

to disrupt the intrinsic crystal arrangement of Pebax® in order to enhance the gas permeability and 

selectivity [140]. It was found that primary interactions occur between GQD and the PA6 segments, 

whereas PQD interacts with both PEO and PA6 segments simultaneously, thus directly changing gas 

selectivity. The CO2/N2 selectivity of Pebax®/PQD membranes was characterized by a constant rise 

with the PQD content increasing. However, 0.05 wt% of GQD was the optimal concentration in terms 

of gas selectivity. The Pebax/GQD (0.05 wt%) membrane revealed a 155% increase of the CO2 
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permeability and a 130% improvement of the CO2/N2 selectivity as compared to the pristine Pebax® 

membrane. The higher GQD concentration provoked agglomeration and selectivity performance 

decreased. 

Rajabi et al [141] fabricated poly(vinyl chloride)(PVC)-based composite membranes containing 

raw and functionalized carbon nanotubes (MWCNTs) by solution casting method. The gas 

permeability of PVC/MWCNTs and PVC/functionalized MWCNTs was found to be higher than that 

of pure PVC membrane. Also, functionalized MWCNTs had higher gas permeability and CO2 

selectivity as compared to raw MWCNTs. The CO2 permeability of PVC/functionalized-MWCNTs (3 

wt%) was 11.08 Barrer. For comparison, only 0.25 Barrer was measured for pure PVC. In addition, 

the CO2/CH4 and CO2/N2 selectivity was 52.76 and 28.41 as compared to 31.25 and 12.50, respectively, 

for pure PVC. The vertical orientation of MWCNTs to the membrane surface facilitates the rapid 

diffusion of gas molecules, since MWCNTs serve as pinholes. The formation of network channels and 

the increase of the MWCNTs content also increase the membrane free volume. Besides, the 

introduction of MWCNTs into a polymer matrix leads to the formation of voids between the polymer 

chains and MWCNTs. These voids become more pronounced when the MWCNTs concentration 

increases. These spaces serve as favorable locations to gas sorption, resulting in increased permeability. 

Moreover, the functionalized MWCNTs are better dispersed in PVC and, therefore, such membrane 

has better gas permeability and selectivity.  

Sainath et al [142] reported the influence of graphene oxide nanosheets on the performance of 

PSF-based hollow fiber membranes. The PSF/GO hollow fiber composite membrane with 0.2 wt% of 

GO sheets demonstrated exceptional performance in separating CO2 from CH4. The membrane 

displayed 36% increase in CO2 permeance and 201% increase in CO2/CH4 selectivity as compared to 

pure PSF hollow fiber membrane. The abundance of oxygenated functional groups on GO nanosheets 

enables them to interact with polar gas CO2, thereby enhancing CO2 permeance. Conversely, the non-

polar CH4 exhibited lower permeance owing to its limited interaction with GO nanosheets. 

Acrylonitrile-butadiene-styrene (ABS) including two micro-mesoporous activated carbons (AC) 

composite membranes were prepared and CO2/CH4 separation properties were investigated by Anson 

et al [143]. ABS/AC membranes exhibited a concomitant enhancement in CO2 gas permeability (40-

600%) and CO2/CH4 selectivity (40-100%) as compared to pure ABS due to the CO2 adsorption 
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capacity of AC and interfacial contact between ABS and AC. 

 

1.4.2.5 Ionic liquids (ILs) 

ILs are a class of salts with organic cation and (in)organic anion, also known as low-temperature 

molten salts [144]. ILs as green solvents have been widely used over the past few decades in biological 

catalysis as well as in electrochemistry owing to their outstanding properties, such as negligible vapor 

pressure, high thermal stability, excellent gas solubility and tunable properties [119,120,145,146]. The 

ILs anion and cation structure determines directly their physical and chemical properties. Different 

cations (Figure 1-5) and anions (Figure 1-6) can be combined to create over 106 different ILs, each 

with specific physical-chemical features [121,122]. In the field of gas separation, ILs are often used to 

improve the gas separation performance of polymers. The introduction of CO2-philic groups to 

functionalized ILs usually improves the CO2 absorption capacity due to the strong interactions between 

CO2 and ILs. In order to improve stability and gas separation performance, the three-components 

composite membranes containing IL, polymer and porous fillers are considered to be promising 

materials for gas separation [147]. 

 

 

Figure 1-5 Commonly used IL cations 
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Figure 1-6 Commonly used IL anions 

 

Rabiee et al studied Pebax®-based composite membranes for the CO2 separation from light gases 

(H2, CH4, N2) [148]. The separation performance and transport properties of Pebax®1657/1-ethyl-3 

methylimidazolium tetrafluoroborate ([Emim][BF4]) with 20, 40, 60, 80, 100 wt% loadings were 

measured in different conditions (operating pressure of 2-20 bar and temperature of 25-65℃). The 

CO2, H2, N2 and CH4 permeability of neat Pebax®1657 and Pebax®/IL increased and the selectivity of 

CO2/H2, CO2/N2, CO2/CH4 decreased with increasing temperature at 2 bars. There was a slight increase 

of the CO2 permeability with increasing the operating pressure at 25℃, but the N2, CH4, H2 

permeability increase was less pronounced. Therefore, the CO2/H2, CO2/N2 and CO2/CH4 selectivity 

increased due to CO2 affinity with ILs. A novel membrane based on polyimide and ILs was reported 

by Mittenthal et al [149]. Polyimide-ionene hybrids were prepared by grafting imidazolium cations to 

the polymer backbone. Such membranes were then soaked in 1-butyl-3-methylimidazolium bis(tri-

fluoromethylsulfonyl)imide ([C4mim][Tf2N]) in order to obtain composite polyimide-ionene 
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hybrids/IL membranes. The gas permeability of neat ionic polyimide was rather low: for CO2 - 0.9, H2 

- 1.6, N2 - 0.03 and CH4 - 0.03 Barrer. Owing to gas diffusivity increase through the membrane due to 

the presence of imidazolium cations of IL, CO2, N2 and CH4 permeability rised by 1800-2700%. 

However, H2 permeability of polyimide-ionene hybrids increased only by 200%. This can be explained 

by the fact that the cavities of polyimide-ionene hybrids may be sufficiently large that H2 takes the 

same diffusion pathway than in case of the neat ionic polyimide. Composite membranes with the γ-

alumina layer of a tubular porous asymmetric membrane filled with 1-ethyl-3-methylimidazolium 

tris(pentafluoroethyl)tri-fluorophosphate ([Emmim][FAP]) were studied by Althuluth et al [150] to 

purify natural gas including CO2, CH4, ethane C2H6 and propane C3H8. The permeability of pure gases 

was tested at 0.7 MPa and 40°C, and the next order was found: PCO2 > PCH4 > PC2H6 > PC3H8. The 

permselectivity of CO2/CH4 (50/50%, v/v) was found to be much lower (1.15) than the ideal 

permselectivity (3.12) because of water negatively affecting the performance of composite membranes. 

The water (which is present in natural gas) could compete with CO2 for some free volume of the 

composite membrane. Secondly, the possible interactions between water and IL may change the 

polarity, thus reducing CO2 permeability. Therefore, this kind of composite membrane is a less 

promising candidate for the removal of CO2 from natural gas. Estahbanati et al [151] aimed to enhance 

the CO2 affinity of Pebax®1657 with 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim][BF4]) 

ionic liquid. The gas permeability of Pebax®/IL membrane was tested at 2-10 bar and 35℃. Due to the 

affinity between [Bmim][BF4] and CO2, the solubility of CO2 was found to be higher than that of CH4 

and N2 in [Bmim][BF4]. The CO2 permeability of Pebax®/IL (50 wt%) (190 Barrer) was 1.73 times 

higher than pure Pebax® (110 Barrer) at 35℃ and 10 bar. The related CO2/CH4 and CO2/N2 selectivities 

were increased from 20.8 to 24.4 and from 78.6 to 105.6, respectively. O’Harra et al [152] worked on 

gas separation membranes containing 6FDA-based polyimide-ionenes with ionic liquids. Composite 

membranes of 3 novel 6FDA-based polyimide-ionenes with imidazolium moieties and varying 

regiochemistry (para-, meta- and ortho-connectivity) and three ILs (3-ethyl-1-methyl-1H-imidazol-3-

ium bis((trifluoromethyl) sulfonyl)amide [C2mim][Tf2N], 3-butyl-1-methyl-1H-imidazol-3-ium 

bis((trifluoromethyl) sulfonyl)amide [C4mim][Tf2N], 3-butyl-1-methyl-1H-imidazol-3-ium 

bis((trifluoromethyl) sulfonyl)amide [Bnmim][Tf2N]) were prepared as gas separation membranes. All 

composites exhibited good compatibility and thermostability, and [6FDA I4A pXy][Tf2N] 
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ionene/[C4mim][Tf2N] and [6FDA I4A pXy][Tf2N] ionene (para-connectivity)/[Bnmim][Tf2N] 

membranes presented a good affinity for CO2 due to enhanced physical adsorption between ILs and 

CO2. The CO2 permeability of hybrid membranes was increased by more than two times (P([6FDA 

I4A pXy][Tf2N] ionene): 2.15, P([6FDA I4A pXy][Tf2N] ionene/[C4mim][Tf2N]): 4.57, P([6FDA I4A 

pXy][Tf2N] ionene/[C4mim][Tf2N]/[Bnmim][Tf2N]): 6.32 Barrer). Compared to the pure membrane, 

the permselectivities α of the composite membranes with [C4mim][Tf2N] and [Bmim][Tf2N] were also 

remarkably increased ([6FDA I4A pXy][Tf2N]: αCO2/N2=20.9, αCO2/CH4=13.4; [6FDA I4A 

pXy][Tf2N]/[C4mim][Tf2N]: αCO2/N2=19.1, αCO2/CH4=24.8; [6FDA I4A pXy][Tf2N] 

/[Bnmim][Tf2N]: αCO2/N2=22.4, αCO2/CH4=21.5).  

It is known that ionic liquids containing CO2-affinity groups, such as amino and ether groups, can 

improve the membrane CO2 permeability, thus further improving the CO2 selectivity. In the case of 

amino groups, owing to the interaction of -NH2 with CO2 (equations 1-3 and 1-4), the membrane 

affinity with CO2 can be enhanced. Poly(ethylene glycol) (PEG) and poly(ethylene oxide) (PEO), 

which are characterized by a high CO2 solubility owing to the interactions of ether groups with CO2, 

are widely used for gas separation. 

Kasahara et al [153] studied the influence of the amino-group density of functionalized ionic 

liquids on the facilitated transport properties in case of CO2 separation. Tetrabutylammonium glycinate 

([N4444][Gly]), tetramethylammonium glycinate ([N1111][Gly]) and 1,1,1-trimethylhydrazinium 

glycinate ([aN111][Gly]) were used to prepare a facilitated transport membrane (FTM). The results 

show that higher relative humidity and higher IL amino group density facilitate the CO2 transport 

through FTM as a [aN111][Gly]-CO2 complex can be formed via a reaction of the second amino group 

at higher RHs. [aN111][Gly]-based FTM showed higher CO2 permeability (at 50% RH: [aN111][Gly] ~ 

200 000, [N4444][Gly] ~ 100 000, [N1111][Gly] ~ 160 000 Barrer) and higher CO2 selectivity (at 50% 

RH: [aN111][Gly] ~ 5900, [N4444][Gly] ~ 200, [N1111][Gly] ~ 5000) against N2 than [N4444][Gly] and 

[N1111][Gly] over a wide RH range at 100℃. PEG-based epoxy-amine networks for CO2 separation 

membranes (crosslinked PEG diglycidyl ether (PEGDE) with a diamine (2,2'-

(ethylenedioxy)bis(ethylamine)) and a polyamine-based ionic liquid (triethylenetetramine 

trifluoroacetate ([Teta][TfA])) were reported by Dai et al [154]. Owing to the amine-based crosslinking 

agents and PEG ether groups, the membrane CO2 affinity was enhanced. PEGDE with an average 
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molecular weight of 250 g/mol was also added as a plasticizer to improve mechanical compatibility 

and gas transport properties of the resulting network. The result showed that the PEG crosslinked with 

[Teta][TfA] and 80% of free PEGDE had high CO2 permeability (117.2 Barrer) and CO2/N2 and 

CO2/CH4 selectivities (131.1 and 70.3, respectively). Deng et al [155] developed a series of composite 

membranes based on ether-functionalized pyridinium-based ionic liquids ([EnPy][Tf2N], n = 1, 2) and 

CA polymer matrix to improve the CO2 separation performance. Ether-functionalized pyridinium-

based ILs (CA/[EnPy][Tf2N]) and non-functionalized analogous ILs (CA/[CnPy][Tf2N]) composite 

membranes were prepared and studied. The CO2/N2 and CO2/CH4 permselectivities were affected by 

plasticizing effect and the affinity of ILs to gases. The plasticizing effect was dominant and 

permselectivities dropped when the IL amount in membranes was lower than 20 wt%. When the IL 

concentration grew, the permselectivity of CO2/N2 was improved and the permselectivity of CO2/CH4 

decreased due to the CO2 affinity between ether groups of [E1Py][Tf2N] and CA. The results showed 

that the CA/[E1Py][Tf2N] (40 wt%) composite membrane exhibited approximately a seven-fold 

increase of the CO2 permeability as compared with the permeability of pure CA membrane with 

CO2/N2 and CO2/CH4 ideal selectivities of 32 and 24, respectively. In addition, the more ether groups 

were present, the higher the compatibility between [E1Py][Tf2N] and CA was, and the less was the 

CO2 permeability increase. However, [E1Py][Tf2N] can improve the ideal selectivity of CO2/N2 and 

CO2/CH4 showing the higher CO2 permeability increase in comparison with N2 and CH4. 

Recently, a new approach, the combination of ionic liquids with other fillers, was adopted to 

enhance the membrane gas permeability and selectivity. SAPO zeolites were modified by an 

imidazolium-based ionic liquid ([Emim][Tf2N]) in case of polysulfone asymmetric membranes for 

CO2 gas separation by Ahmad et al [156]. It was found that the dispersion of modified SAPO-34 

particles was better than that of pure SAPO-34 particles in terms of CO2 selectivity, and the CO2/CH4 

and CO2/N2 selectivities were enhanced to 20.35 (PSF ~ 3.24) and 18.82 (PSF ~ 6.15), respectively. 

The high specific surface area and porosity of zeolite made it selective for gas adsorption. The IL 

modification did not affect the crystal structure of SAPO-34 zeolite, but slightly reduced both surface 

area and pore volume of zeolite. Graphene oxide modified by ionic liquid (1-(3-aminopropyl)-3-

methylimidazolium bromide) was also introduced into Pebax® to enhance the CO2 capture [157]. 

Compared with the pristine membranes, 0.05 wt% of GO can improve the composite membrane CO2 
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permeability by 23%, CO2/N2 selectivity by 71%, and CO2/H2 selectivity by 31%. However, when the 

added amount was 0.5 wt%, the performance of each gas decreased due to the GO agglomeration. 

When modified with IL-NH2, the interlayer space between the GO-IL sheets increased (for GO: 

interlayer space was ca. 0.79 nm, and for IL-NH2 GO it was 0.88 nm). This result is important when 

higher GO content should be used. The presence of IL-NH2 on the surface of the GO sheets also 

improved the CO2 transport due to the reaction of -NH2 with CO2. It was found that Pebax®/GO-IL 

(0.2 wt%) had the highest CO2 permeability (118.6 Barrer), and CO2/N2 (71) and CO2/H2 (9.5) 

selectivities. The mixed matrix membranes formed by zeolite particles (SAPO-34 nanocrystalline, ca. 

300 nm; SSZ-13 nanoparticles, ca. 500 nm), crosslinked poly(ionic liquids) (poly([Smim][Tf2N]), 

poly([Vmim][Tf2N]), poly([Vhim][Tf2N])), and RTILs ([Emim[Tf2N], [Smim][Tf2N], [Vmim][Tf2N], 

[Vhim][Tf2N]) were studied by Singh et al [158] for CO2/CH4 separation. In order to solve the problem 

of defects at the interface and the easy hardening of the interface between zeolite and poly(ionic liquid), 

RTILs was introduced. It was found that the CO2/CH4 separation order was: poly([Smim][Tf2N]) ≥ 

poly([Vmim][Tf2N]) > poly([Vhim][Tf2N]), and while the majority of CO2 was rapidly permeated, 

both zeolite and poly(ionic liquid) with smaller fractional free volume (FFV) had a slower CH4 

permeation. The sample with 50 wt% of poly([Smim][Tf2N]/[Emim][Tf2N] (20 wt%)/SAPO-34 (30 

wt%) displayed exceptional performance of CO2/CH4 selectivity of 90 and CO2 permeability of 260 

Barrer. Yao et al [123] focused on ionic liquids modified MOF-polymer membranes prepared with 

imidazolium-based ionic liquid-decorated UiO-66 type nanoparticles and an isocyanate-terminated 

polyurethane oligomer. UiO-66/IL-PF6, UiO-66/IL-SO3CF3 and UiO-66/IL-ClO4 were synthesized 

and used to prepare membranes for CO2 separation. UiO-66/IL-ClO4 polyurethane showed that the 

covalent bonding had a positive influence on enhancing the interfacial interaction between MOF and 

polymer, improving the MOF dispersion within the polymer. The best selectivity of composite films 

was noted when [ClO4]- was used as anion, the ideal CO2/N2 and CO2/CH4 selectivities of the sample 

with 50 wt% UiO-66-ClO4 were 39.1 and 25.1, respectively, at 25℃ and 10 bar. 
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1.4.3 Gas properties 

The transport of permeants inside a polymer matrix is influenced by their inherent characteristics. 

The properties of CO2, N2 and O2 molecules are gathered in Table 1-5. The gases diffusion within a 

polymer is usually correlated with the gas’s molecular kinetic diameter. Typically, the gas diffusivity 

decreases as the gas molecular size increases [159,160]. The gas permeation via a composite membrane 

includes the diffusion of gas molecules across the membrane. This diffusion process is impacted by 

the relative size and shape of gas molecules in relation to the dimension of the free volume present 

within the membrane. Furthermore, the impact of gas molecule size and shape on molecular 

permeability is more pronounced in glassy polymers as compared to rubbery polymers (Table 1-8) 

[161]. The solubility of gases or vapors is significantly influenced by their condensability and 

molecular interactions, which are directly related to their critical temperature and Lennard-Jones force 

constant, respectively. Generally, polymers have higher solubility in the case of gases or vapors with 

higher condensability and strong intermolecular interactions. The solubilities of N2, CO2, CH4, C2H6, 

C3H8, and C3F8 were determined in Hyflon® AD 80 at 35°C [162]. The results showed the solubilities 

of these gases increase in the next order: N2 < CH4 < CO2 ≈ C2H6 < C3F8 < C3H8 (pressure < 5 atm). 

This is also the order of gas critical temperature used. At high pressure (pressure > 5 atm), interactions 

with the polymer have a more pronounced effect on solubility as penetrant molecules are sorb 

preferentially into more densified polymer regions. Because of its chemical similarity with the polymer, 

C3F8 has more favorable interactions with this fluoropolymer. When the pressure > 5 atm, C3F8 

solubility (2.6 cm3(STP)/(cm3atm)) exceeds that of C3H8 (2.4 cm3(STP)/(cm3atm)). 

 

Table 1-8 Diffusion and solubility coefficients of PE and PLA [163] 

Polymer 

State at 

experiment 

temperature  

Diffusion 

(10-9 cm2/s) 

Solubility 

(cm3(STP)/(cm3·atm)) 

CO2 N2 O2 CO2 N2 O2 

PE Rubbery 676 505 1800 0.550 0.100 0.150 

PLA Glassy 5.22 13.7 47.2 2.31 0.036 0.0070 
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1-5 (Equation 1-5) 

1.4.4 Operation parameters 

1.4.4.1 Temperature 

The gas permeability properties of composite membranes can be significantly affected by 

temperature. In general, it can be observed that an increase of temperature leads to an increase of the 

gas permeability through the membrane. Gas molecules exhibit increased kinetic energy as 

temperature rises, resulting in increased frequency of interactions with the membrane and thus, 

enhanced permeation. Simultaneously, with the temperature increase, intensification of polymer chains 

movement can take place, resulting in an increased availability of free volume inside membranes for 

gas molecules to permeate. As reported by Wang et al [164], the Tröger-base polymer (TB) was 

synthesized and used to fabricate mixed matrix membranes with ZIF-8 modified by polydopamine 

(PDA). TB/ZIF-8@PDA (30 wt%) was tested for CO2 and CH4 transport at different temperatures (35, 

45, 55℃) under 4 bar. The results showed that CO2 and CH4 permeabilities increased with permeation 

temperature (CO2: 196.8 Barrer (35℃), 240 Barrer (55℃); CH4: 11.3 Barrer (35℃), 18.5 Barrer 

(55℃)). Polymer chain flexibility and mobility are improved at higher temperature, thus increasing 

the gas permeability due to improved diffusion. The smaller kinetic diameter of CO2 molecule (3.30 

Å) was less sensitive to temperature changes than CH4 (3.82 Å). As a result, CO2/CH4 selectivity 

decreased from 18.1 to 12.8 with temperature increasing. 

 

1.4.4.2 Pressure 

Pressure can also influence the gas permeation properties of composite membranes. The 

permeation rate is directly correlated with the pressure difference (ΔR) across the membrane, and the 

pressure gradient increase across a composite membrane often results in increasing the gas permeation 

rate. The correlation between pressure and permeability is commonly described by Darcy’s law 

(Equation 1-5) [165], which postulates that the flow rate Q is directly proportional to the pressure 

difference ΔR and the membrane permeability P.  

 

𝑃 ∝ 𝑄 = −𝑘1𝐴
∆𝑅

𝐿
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where A is the membrane area to the direction of flow, L is the thickness of membrane and 𝑘1 is a 

constant. 

As the pressure increases, the gas molecules enter in more frequent collisions with the membrane, 

provoking higher permeability. Also, in case of composite membranes with components that possess 

adsorptive characteristics (such as zeolites or activated carbon), gas adsorption can be influenced by 

pressure, thus impacting gas permeation. Elevated pressure can enhance the gas adsorption onto 

adsorptive materials, hence modifying the composite membrane gas transport characteristics. Yousef 

et al [166] studied CO2, CH4, N2 and H2 permeability performance of polyethersulfone membranes 

under different pressures (1-6 bar). The result showed that the permeability of CO2, CH4, N2 and H2 

under 6 bar was increased by 13.2%, 4.6%, 15.1% and 11%, respectively, as compared to the results 

obtained at 1 bar at the same temperature (20℃). A high pressure can increase the void volume in the 

membrane and kinetic energy of molecular motions, so that gases can be easily transported through 

the polymer membrane. 

 

1.4.4.3 Humidity 

The effect of humidity on the gas permeability of composite membranes is critical, especially for 

gases sensitive to RH [167]. The water solubility can influence the permeability of specific gases. 

When exposed to humidity, gases (such as CO2 and NH3) can exhibit enhanced solubility, leading to 

an increase in their permeability across the membrane. On the other hand, it should be noted that some 

gases (such as O2 and N2) demonstrate lower solubility in water and may have diminished permeability 

when exposed to humid environment. In some cases, moisture can potentially compete with the target 

gases for available adsorption sites, thereby decreasing gas permeability. Deng et al [168] reported 

CO2/N2 separation through Pebax®/zeolitic imidazolate framework cuboid (ZIF-C) mixed matrix 

membranes under different humidity conditions (0~100%). Pebax®/ZIF-C (10 wt%) showed CO2 and 

N2 permeability decreased when RH was lower than 70% (CO2: 141.7 Barrer at 0 RH%; 108.6 Barrer 

at 70 RH%. N2: 3.5 Barrer at 0 RH%; 2.5 Barrer at 70 RH%). This fact results from the competition 

between gas and water molecules for free volume. Also, the impact of water molecules on the 

permeability is greater than the impact of increased CO2solubility. On the contrary, when RH was 
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(Equation 1-6) 

100%, CO2 and N2 permeability increased to 259.2 and 4.5 Barrer, respectively. This can be explained 

by the greater effect of gas solubility at this RH value. In addition, more free volume is formed in 

swollen Pebax® chains. 

In addition, the composite membrane components exhibit a reversible interaction with gas, and 

the introduction of water enhances the reaction kinetics and facilitates gas penetration through the 

composite membrane. Barooah et al [169] investigated the CO2 separation performance of 

PVA/PEG/amine-functionalized silica filler mixed matrix membranes under sweep water flow (0.0–

0.075 mL/min). The PVA (38 wt%)/PEG (9 wt%)/PEI (25 wt%)/triethylenetetramine (15 wt%)/KOH 

(10 wt%)/3-aminopropyltrimethoxysilane (APTMS) functionalized silica nanoparticle loading 

(AFSNP) (3 wt%) membrane labelled as AFSNP-03, revealed CO2 permeance and CO2/N2 selectivity 

of 10 GPU and 76, respectively, at a sweep water flow rate of 0.01 mL/min and temperature of 100°C. 

However, at a sweep water flow rate of 0.04 mL/min and temperature of 100°C this membrane showed 

CO2 permeance of 36 GPU and CO2/N2 selectivity of 325. The presence of water increased the CO2-

amine reversible reaction mechanism as shown in Equations 1-3, 1-4 and 1-6. 

 

 

 

1.5 Summary and outlook 

It is an urgent need to develop an energy-efficient technology to separate CO2 from other gases 

to reduce the greenhouse effect and face energy gas challenges. Among the different separation 

methods proposed (absorption, adsorption, cryogenic distillation, hydrate and membrane technology), 

due to its advantages (such as ease of operation, small footprint and low maintenance) membrane 

technology has emerged as the most promising for CO2 separation. 

In fact, polymer membranes, inorganic membranes and mixed matrix membranes have been 

studied for CO2 separation. As compared to inorganic and mixed matrix membranes, polymer 

membranes have significant benefits (such as low fabrication cost and gas separation performance), 

which are essential for industrial applications. When selecting a polymer matrix, glassy polymers are 
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a favorable choice due to their high gas selectivity as compared to the selectivity of rubbery polymer. 

However, the gas permeation of polymer membranes is limited by Robeson’s upper bound.  

Although ILs are ecotoxic, they are being investigated as potential CO2 absorbents since they 

present favorable properties for CO2 capture, like high uptake capacity, negligible vapor pressure, wide 

liquid temperature range and tunable solvent capacity. Therefore, ILs are considered as the most 

suitable choice for enhancing the gas separation performance of polymer membranes by overcoming 

Robeson’s upper bound. 

In the last years, numerous studies have been reported on the IL use in CO2 separation composite 

membranes, indicating that research in this area is growing rapidly. Despite significant progress, there 

are still some challenges for ILs-based CO2 separation composite membranes, namely: 

1. improving their stability, 

2. recovery-based reuse, 

3. to balance between CO2 permeability and selectivity, 

4. reducing the cost of membrane separation technology. 

The present PhD research aims to obtain high CO2 permeability and selectivity polymer-based 

membranes, that is why PSF and PES (both glassy polymers) were chosen. 

PSF (Figure 1-7) stands out as a suitable polymer for membrane production thanks to its 

exceptional physicochemical properties, including notable thermal stability (weight loss starts at about 

400℃) [170], robust chemical resistance to various substances (bases, acids, and chlorine) [171], 

excellent mechanical strength (tensile stress around 55 MPa) [172], and efficient processability [173]. 

Therefore, PSF-based membranes are applied in a wide range of fields, including water and wastewater 

treatment [174], membrane distillation [175], pollutant removal [176], gas separation [177], as 

separators for lithium-ion battery [178], and supports of composite membranes [179]. 

 

 

Figure 1-7 Chemical structure of PSF 

PES (Figure 1-8) exhibits excellent characteristics, such as thermal stability and transparency 
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[180]. Additionally, PES demonstrates exceptional mechanical strength, resistance to hydrolysis, 

thermal stability, chemical durability, remarkable antioxidant properties, and ability to form films 

[181–183]. Therefore, PES is highly suitable for the fabrication of membranes with diverse surface 

properties and pore dimensions, with applications in many fields, such as water/oil separation [184,185] 

and blood purification [186]. Thus, PES has shown great potential in the manufacture of gas separation 

membranes [187], and has been proven to be effective in N2 generation, H2 recovery, and CO2 capture 

[187,188]. PES, as a glassy polymer, presents high gas selectivity and low gas permeation - at 5 bars 

~ 2.86 Barrer and at 25 bars ~ 2.42 Barrer for CO2 permeation [189]. 

 

 

Figure 1-8 Chemical structure of PES 

 

To overcome the tradeoff between permeability and selectivity, limited by Robeson’s upper bound 

(Figure 1-2), of polymer materials, ILs will be introduced into PSF and PES to fabricate dense 

composite membranes with high CO2 permeability and selectivity. 
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Prior research has demonstrated that the CO2 absorption capacity of ILs is influenced by both 

anion and cation nature, with anions exerting a more significant impact [1–3]. Furthermore, it has been 

reported that imidazolium-based and alkanolamine-based ILs exhibit excellent thermal stability and 

CO2 absorption capacity [4–6]. To obtain imidazolium-based ILs with superior thermal stability and 

to study the impact of imidazolium-based ILs featuring different cations on the gas permeation of 

composite membranes, [Meim]+ and [Vim]+ cations were chosen. [TFSO3]- and [Tf2N]- as anions were 

adopted due to the strong affinity of CO2 with fluorine atom. Concerning alkanolamine-based ILs 

ligands, the strategic choice was made to exploit the reaction involving the amino groups of 2,2’-

(ethylenedioxy)bis(ethylamine) (DOBA) and 2-hydroxyethylenediamine (HDA) with CO2. 

In this Chapter, the synthesis of six ILs is described: 

- vinyl imidazolium trifluoromethane sulfonate [Vim][TFSO3] (Figure 2-1), 

- methyl imidazolium trifluoromethane sulfonate [Meim][TFSO3] (Figure 2-1), 

- vinyl imidazolium bis(trifluoromethylsulfonyl)imide ([Vim][Tf2N]) (Figure 2-2), 

- methyl imidazolium bis(trifluoromethylsulfonyl)imide ([Meim][Tf2N]) (Figure 2-2), 

- lithium bis(trifluoromethylsulfonyl)imide salt-2,2’-(ethylenedioxy)bis(ethylamine) 

(Li(DOBA)[Tf2N]) (Figure 2-3), 

- and lithium bis(trifluoromethylsulfonyl)imide salt-2-hydroxyethylenediamine 

(Li(HDA)[Tf2N]) (Figure 2-3). 

Their chemical structure was analyzed by 1H NMR and FT-IR analysis, while their thermal 

properties were characterized by DSC and TGA. 

 

2.1 Synthesis of ionic liquids 

2.1.1  [Meim][TFSO3] and [Vim][TFSO3] 

[Meim][TFSO3] and[Vim][TFSO3] (Figure 2-1) were synthesized according to the literature [7]. 

150 mmol of 1-methylimidazole (Meim) (12.32 g) or N-vinylimidazole (Vim) (14.12 g) were dissolved 

in dry diethylether (200 mL) at 0°C under an argon atmosphere. Then, 150 mmol of 

trifluoromethanesulfonic acid (32.72 g) were dropwise added to the solution under stirring and 

maintained around 5°C. White crystals of ionic liquid began to precipitate after 15-20 min. The reaction 

mixture was stirred for 2 h at 10°C and additional 2 h at 25°C. Then, the obtained white crystals were 

filtrated off and washed 5 times with 250 mL of chloroform. The obtained salt was vacuum dried at 
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150 mbar and 120°C for 48 h. 

 

 

Figure 2-1 Synthetic route of [Meim][TFSO3] and [Vim][TFSO3] preparation 

 

2.1.2  [Meim][Tf2N] and [Vim][Tf2N]  

[Meim][Tf2N] and [Vim][Tf2N] (Figure 2-2) were synthesized according to the literature [8]. Dry 

ethanol (30 mL) was added to a two-necked round-bottom flask equipped with a magnetic stirrer, a 

thermometer and a drip funnel under an argon atmosphere. Then, 150 mmol of 

bis(trifluoromethanesulfonyl)imide (Tf2N) (42.17 g) were slowly added, the solution was cooled down 

to 0°C, and 150 mmol of 1-methylimidazole (12.32 g) or N-vinylimidazole (14.12 g) were added 

dropwise. The temperature was increased to 22°C and the mixture was stirred overnight. IL was dried 

under vacuum at 150 mbar and 100°C for 48 h. 

 

 

Figure 2-2 Synthetic route of [Vim][Tf2N] and [Meim][Tf2N] preparation 

 

2.1.3  Li(DOBA)[Tf2N] and Li(HDA)[Tf2N] 

Li(DOBA)[Tf2N] and Li(HDA)[Tf2N] (Figure 2-3) were prepared according to the literature [6] 
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by equimolar mixing of lithium bis(trifluoromethylsulfonyl)imide salt (LiTf2N) (43.06 g) and 2,2’-

(ethylenedioxy)bis(ethylamine) (DOBA) (22.23 g) or 2-hydroxyethylenediamine (HDA) (15.62 g). 

The mixture was stirred 24 h at 50°C. The obtained IL was dried under vacuum (150 mbar) for 24 h at 

80°C. 

 

 

Figure 2-3 Synthetic route of Li(DOBA)][Tf2N] and Li(HDA)][Tf2N] preparation 

2.2 Characterization of ILs 

2.2.1 Structural characterization 

2.2.1.1 FT-IR analysis 

FT-IR spectroscopy was used to analyze the vibrations of the characteristic bonds of the ILs 

functional groups (Figure 2-4). 
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Figure 2-4 FT-IR spectra of synthesized ILs 

 

For easier comparison, the signals of the same cations and anions were analyzed together. 

 

For [Vim][TFSO3], [Meim][TFSO3], [Meim][Tf2N] and [Vim][Tf2N], all the characteristic 

vibrations of the cationic imidazole ring (N-H, C-H, C=N and C=C stretch at 3268, 2800-3200, 1576 

and 1542 cm-1) can be observed and are consistent with the literature [9]. The signals at 1660 cm-1 and 

950-1000 cm-1, corresponding to the C=C substituent characteristic peak and C-H bending of vinyl 

imidazolium, revealed the difference between [Vim]+ and [Meim]+ as already observed [10]. For 

anions, the characteristic peaks were more pronounced and intense. The S=O bending of [TFSO3]- 

appeared at 632, 1020 and 1226 cm-1, while the -SO2 groups of [Tf2N]- were observed at 614, 

1128,1186 and 1346 cm−1. The characteristic strong bands of C-F were observed at 752 and 1146 cm-

1 for [TFSO3]- and 572 cm-1 for [Tf2N]-. Also, the C-S bending of [TFSO3]- at 834 cm-1 and [Tf2N]- at 

794 and 1056 cm-1 were observed. Finally, the S-N bending of [Tf2N]- appeared at 742 cm-1. All these 

results are consistent with the literature [8,11].  

The characteristic peaks of alkanolamine-based ILs were also analyzed. The C-H and N-H signals 
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of DOBA and HDA appeared at 2800-3000 and 3200-3420 cm-1, respectively [6]. The broad peak at 

3420-3680 cm-1 was assigned to the -OH groups of HDA [12]. The N-H bending of DOBA and HDA 

was observed around 1600 cm-1 [13]. 

To sum up, the peaks of all ILs are consistent with the targeted structures and with the literature. 

 

2.2.1.2 1H NMR spectroscopy 

In order to validate FT-IR results, 1H NMR analysis was carried out to confirm the ILs structures. 

The corresponding chemical shifts were gathered in Table 2-1 and are consistent with the literature 

[6,8]. 

For a clearer presentation, [Meim][TFSO3] and Li(DOBA)[Tf2N] were taken as typical examples 

of imidazolium-based and alkanolamine-based ILs, respectively, and the results are detailed thereafter. 

The 1H NMR spectrum of [Meim][TFSO3] (Figure 2-5 (a)) exhibited the signals of the 

imidazolium ring b, c, d at 7.66 (1H), 7.69 (1H) and 9.03 (1H) ppm, and the proton a of the side methyl 

chain at 3.86 (3H) ppm, fully concordant with the expected structure. The obtained signals are quite 

different from the spectrum of Meim (Figure 2-5 (b)), for which the signals a, b, c, d at 3.64 (3H), 6.87 

(1H), 7.09 (1H) and 7.55 (1H) ppm can be seen. Such difference is due to the different intramolecular 

interactions brought by the anion [14]. The signal of trifluoromethanesulfonic acid (Figure 2-5 (c)) at 

13.65 ppm could not be detected on the spectrum of IL, indicating that no initial reagent remained. 

Therefore, the results of 1H NMR analysis confirm the successful synthesis of [Meim][TFSO3]. 

 

Table 2-1 1H NMR chemical shifts of synthesized ILs 

ILs (solvent) 1H NMR shifts (ppm) 

[Meim][TFSO3] (d6-DMSO) 9.03 (s, 1H), 7.69 (t, 1H), 7.66 (t, 1H), 3.86 (s, 3H) 

[Vim][TFSO3] (d6-DMSO) 
9.32 (t, 1H), 8.17 (t, 1H), 7.79 (t, 1H), 7.29 (m, 1H), 5.99 (dd, 

1H), 5.42 (dd, 1H) 

[Meim][Tf2N] (d6-DMSO) 9.03 (s, 1H), 7.69 (t, 1H), 7.66 (t, 1H), 3.86 (s, 3H) 

[Vim][Tf2N] (d6-DMSO) 
9.33 (t, 1H), 8.17 (t, 1H), 7.80 (t, 1H), 7.29 (m, 1H), 5.99 (dd, 

1H), 5.42 (dd, 1H) 

Li(DOBA)[Tf2N] (D2O) 3.67 (s, 2H), 3.56 (t, 2H), 2.78 (t, 2H) 

Li(HDA)[Tf2N] (D2O) 3.66 (t, 2H), 2.70 (m, 6H) 

 

https://www.sciencedirect.com/topics/chemistry/intermolecular-force
https://www.sciencedirect.com/topics/chemistry/intermolecular-force
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Figure 2-5 1H NMR spectra of [Meim][TFSO3] (a), 1-methylimidazole (b), and 

trifluoromethanesulfonic acid (c) 

 

The 1H NMR spectrum of Li(DOBA)[Tf2N] is presented in Figure 2-6. The protons at 3.67 (2H), 

3.56 (2H) and 2.78 (2H) ppm were found, very close to the literature values (3.66 (2H), 3.53 (2H) and 

2.88 (2H)) [6]. To conclude, the 1H NMR analysis confirms the successful synthesis of 

Li(DOBA)[Tf2N]. 
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Figure 2-6 1H NMR spectra of Li(DOBA)[Tf2N] 

 

 The 1H NMR spectra of [Vim][TFSO3], [Meim][Tf2N], [Vim][Tf2N], and Li(HDA)[Tf2N] are 

presented in Figure 2-7, Figure 2-8, Figure 2-9 and Figure 2-10, respectively. The 1H NMR spectra of 

other raw chemicals (Vim and Tf2N) are presented in Annex 3. 
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Figure 2-7 1H NMR spectra of [Vim][TFSO3] 

 

 

Figure 2-8 1H NMR spectra of [Meim][Tf2N] 
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Figure 2-9 1H NMR spectra of [Vim][Tf2N] 

 

 

Figure 2-10 1H NMR spectra of Li(HDA)[Tf2N] 
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2.2.2 Thermal characterization 

2.2.2.1 Thermal stability  

The thermal stability of ILs, which is a crucial parameter both during production and membrane 

use [15], was studied from 30 to 800℃ by thermal gravimetric analysis (Figure 2-11 and Table 2-2). 

One can see that the 5% weight loss temperature (T5%) of imidazolium-based ILs is 314, 289, 323 

and 287°C for [Meim][TFSO3], [Vim][TFSO3], [Meim][Tf2N] and [Vim][Tf2N], respectively. The T5% 

value of Meim and Vim is 56 and 42°C, respectively, indicating that the thermal stability of [Meim]+ 

and [Vim]+ is higher than that of Meim and Vim due to the ionic bonding. Furthermore, [Meim][TFSO3] 

and [Meim][Tf2N] exhibit higher degradation temperatures, with a one-step degradation, than that of 

[Vim][TFSO3] and [Vim][Tf2N], with a two-step degradation. This result can be explained by the 

higher thermal stability of the methyl groups as compared to the stability of vinyl ones, while [TFSO3]- 

and [Tf2N]- anions have minimal impact on the T5% value of ILs. 

It can be seen that T5% of alkanolamine-based ILs are 241℃ for Li(DOBA)[Tf2N] and 238℃ for 

Li(HDA)[Tf2N], which is much higher than the temperature of DOBA (81℃) and HDA (93℃) (Table 

2-2). Such improvement of the thermal stability is due to the coordination between Li+ and nitrogen 

and oxygen atoms [6,16]. Also, the coordination atoms and coordination number affect the thermal 

stability of alkanolamine-based ILs, therefore Li(DOBA)[Tf2N] is slightly more stable than 

Li(HDA)[Tf2N]. 

The thermal stability of imidazolium-based ILs is superior to the stability of alkanolamine-based 

ILs, with a degradation starting around 290 and 240°C, respectively. Besides [Meim]-based ILs are the 

most stable, with no observed degradation below 314°C. 
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Figure 2-11 TGA and DTG curves of ILs 

 

Table 2-2 TGA data (T5%, Tmax and isothermal weight loss at 150°C) of ILs 

IL 
T5% 

 (℃) 

Tmax  

(℃) 

Weight loss (150℃, 800 min) 

(%) 

[Meim][TFSO3] 314 396 0.8 

[Vim][TFSO3] 289 409 1.3 

[Meim][Tf2N] 323 423 1.2 

[Vim][Tf2N] 287 412 3.5 

Li(DOBA)[Tf2N] 241 440 5.8 

Li(HDA)[Tf2N] 238 441 6.7 

T5% - 5% weight loss temperature; Tmax - temperature at maximum degradation rate 
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One of the possible ways to prepare composite membranes is the solvent evaporation method. 

The final step consists in a complete drying of the obtained membrane, since residual solvent can 

plasticize the polymer matrix and change its overall properties. The solvents generally used for PSF 

and PES membranes, dimethylformamide (boiling temperature 153℃) and N-methyl-2-pyrrolidone 

(boiling temperature 202℃) [17], must be eliminated in a 15 mbar vacuum oven at a temperature of 

150℃ during 10 h. In order to confirm that these drying conditions are compatible with the thermal 

stability of ILs, TGA was carried out at 150℃ for 800 min (Figure 2-12 and Table 2-2). All ILs are 

rather stable at 150℃ for 800 min, showing limited weight loss-around 1-7%. These results indicate 

that both imidazolium-based and alkanolamine-based ILs have good thermal stability and could be 

used for the preparation of PSF-based and PES-based membranes. 

 

 

Figure 2-12 TGA isothermal curves of ILs at 150°C 
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2.2.2.2 Differential scanning calorimetry (DSC) 

DSC measurements were carried out to determine the melting (Tm), crystallization (Tc) and glass 

transition (Tg) temperatures of ILs (Table 2-3). Apart from the first heating used to erase the thermal 

history (which turned out to be identical to the second one), the first cooling and second heating curves 

are presented in Figure 2-13. Despite quenching attempts, the Tg of imidazolium-based ILs could not 

be measured, so the literature data were used for some values.  

 

Table 2-3 DSC data of ILs 

IL Tg (℃) Tm (℃) Tc (℃) ∆Hm (J/g) 

[Meim][TFSO3] -61 [197] 61/85/110 61/81/93 70.2 

[Vim][TFSO3] nd 71 41 62.3 

[Meim][Tf2N] -59 [197] 17/49 -43 75.6 

[Vim][Tf2N] -75 [197] 31 -16 53.2 

Li(DOBA)[Tf2N] -57 41 -1cc 52.7 

Li(HDA)[Tf2N] -47 nd nd nd 

nd - no data available; cc - cold crystallization during heating 

 

It is clear that both cation and anion structures affect the thermal behavior of ILs. 

The Tg of all imidazolium-based ILs is below -50°C (-61℃ for [Meim][TFSO3], -59℃ for 

[Meim][Tf2N] and -75℃ for [Vim][Tf2N]). [Meim][TFSO3] exhibits three Tm at 61°C, 85°C, and 

110°C, and [Meim][Tf2N] displays two Tm at 17°C and 49°C. In contrast, both [Vim][TFSO3] and 

[Vim][Tf2N] have a single Tm at 71°C and 31°C, respectively. This suggests that [Meim]+ is more 

prone to form polymorphism than [Vim]+. The Tm values reported in the literature for [Vim][TFSO3] 

(77°C), [Meim][Tf2N] (57°C) and [Vim][Tf2N] (39°C) were quite different from the values found in 

this work, maybe due to the different drying condition used [8]. Additionally, the Tm of the four 

imidazolium-based ILs is above room temperature, so these ILs are crystalline solid at room 

temperature. Globally, for the same anion, [Meim]+ as compared to [Vim]+, brings higher Tg, Tm, Tc 

and ∆Hm, and for the same cation, [TFSO3]- brings higher Tm than [Tf2N]-. These results may be 

explained by the fact that the smaller the size of both anion and cation is, the stronger the ionic bond 

is, leading to a higher melting point. 
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Figure 2-13 DSC curves of ILs 

 

The Tg of Li(DOBA)[Tf2N] (-57℃) is lower than the Tg value of Li(HDA)[Tf2N] (-47℃) because 

of the ether bonds in DOBA that bring easier chain mobility than HDA. The crystallization ability of 
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these ILs is inferior as compared to the imidazolium-based ILs. Indeed, Li(DOBA)[Tf2N] exhibit a 

cold crystallization process with no crystallization during previous cooling, with a Tm of 41℃, and 

Li(HDA)[Tf2N] seems to be amorphous. 

 

2.3 Conclusion 

Four imidazolium-based ILs ([Meim][TFSO3], [Vim][TFSO3], [Meim][Tf2N] and [Vim][Tf2N]) 

and two alkanolamine-based ILs (Li(DOBA)[Tf2N] and Li(HDA)[Tf2N]) were synthesized 

successfully. The chemical structures were verified through rigorous analysis using 1H NMR and FT-

IR spectroscopy. The thermal stability of the ILs was examined by TGA, demonstrating stability up to 

200°C and long-term stability at 150°C for 800 min, which is especially crucial for membrane 

preparation procedure confirming the suitability of these ILs for membrane production process. 

Notably, imidazolium-based ILs are more thermally stable than alkanolamine-based ILs.  

Additionally, the DSC characterization emphasized the impact of both anion and cation on the IL 

thermal behavior, namely on Tg, Tm, Tc values and crystallization ability. For imidazolium-based ILs 

with the same anion, [Meim]+ exhibited elevated values of Tg, Tm, Tc, and ∆Hm as compared to [Vim]+. 

Similarly, when assessing the same cation, [TFSO3]- revealed a higher Tm than [Tf2N]-. Meanwhile, 

the ILs with the [Meim]+ cation exhibited polymorphism. For alkanolamine-based ILs, 

Li(DOBA)[Tf2N] was crystalline, whereas Li(HDA)[Tf2N] was amorphous. The Tg of 

Li(DOBA)[Tf2N] was lower than that of [Li(HDA)[Tf2N]. Finally, the four imidazolium-based ILs 

showed greater crystallization ability than the alkanolamine-based ILs.  

This comprehensive investigation provides valuable insight to the further utilization of these ILs 

in various applications, particularly in the development of advanced membranes. 
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3.1 Introduction 

Owing to the numerous advantageous characteristics of PSF detailed in Chapter 1 (section 1.5), 

PSF has been extensively studied as porous support layer in composite membranes for CO2 separation. 

Martínez-Izquierdo et al [1] prepared PSF support layers by casting, followed by phase inversion. 

Then, the selective layer (Pebax® Renew® 30R51/ZIF-94 (15 wt%)/[Bmim][BF4] (10 wt%)) was spin-

coated onto the PSF support, and gave a CO2 permeance increased by 65% up to 819 GPU as compared 

with the pristine Pebax®. This result was explained by the high CO2-philicity of [Bmim][BF4], the 

aldehyde group in ZIF-94, and the large specific surface area (645 cm2/g) of ZIF-94. 

Also, PSF can serve as a selective dense layer in CO2 separation composite membranes. However, 

PSF as a glassy polymer demonstrates high gas selectivity but it is constrained by limited gas 

permeability (CO2 permeability is 4.3 Barrer and CO2/CH4 selectivity is 8.2) [2]. Farrokhara and 

Dorosti, [2] studied the effect of 1-ethyl-3-methylimidazolium tetrafluoroborate [Emim][BF4] on 

CO2/CH4 separation performance of symmetric PSF membranes: PSF/[Emim][BF4] (40 wt%) 

improved CO2 permeation and CO2/CH4 selectivity by 98.3% and 172%, respectively, in comparison 

with pure PSF membrane. This enhancement was attributed to the high CO2 affinity of [Emim][BF4]. 

In this Chapter, the main objective is to obtain dense PSF-based composite membranes with high 

CO2 permeability and selectivity. Firstly, the initial focus is optimizing the preparation process of dense 

composite membranes based on PSF and containing six synthesized ionic liquids: [Meim][TFSO3], 

[Vim][TFSO3], [Meim][Tf2N], [Vim][Tf2N], Li(DOBA)[Tf2N] and Li(HDA)[Tf2N]. Secondly, the 

impact of these ILs on the thermal properties, microstructure, surface energy, mechanical 

characteristics, and gas permeation (CO2, N2 and O2) of the composite membranes will be studied and 

discussed. 

 

3.2 Membrane preparation 

The fabrication of membranes by the casting method, especially composite membranes, is a 

complex process. Indeed, the membrane’s quality depends on several preparation factors, including 

solvent selection, polymer concentration, supporting material, and solvent evaporation conditions. 
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3.2.1 Solvent selection 

Many researchers have emphasized the critical role of casting solvents on the properties of gas 

separation membrane as they may change the membrane microstructure and, consequently, the gas 

permeability. Furthermore, the choice of a casting solvent influences the solvent removal process, 

contributing to the production of membranes with higher quality. 

In this study, five casting solvents were tested: N-methyl-2-pyrrolidone (NMP) [2], 

dimethylformamide (DMF) [3], tetrahydrofuran (THF) [4], chloroform (CHCl3) [5] and 

dichloromethane (CH2Cl2) [6]. Their characteristics, including boiling point, density, solubility 

parameter and molecular structure, are gathered in Table 3-1. It should be pointed out that the solubility 

parameter is rather crucial. 

 

Table 3-1 Properties of solvents [7] 

Solvent Structure Boiling point 

(℃) 

Density 

(g/mL) 

Solubility parameter 

(cal/cm3) 

CHCl3 

 

61.2 1.498 9.3 

CH2Cl2 

 

39.8 1.326 9.7 

THF 

 

66 0.886 9.1 

DMF 

 

153 0.944 12.1 

NMP 

 

202 1.028 11.3 

 

Even if PSF can be successfully dissolved in CHCl3 and CH2Cl2, four of the synthesized ILs 

([Meim][TFSO3], [Vim][TFSO3], [Meim][Tf2N], [Vim][Tf2N]) are insoluble in these solvents. 

Therefore, CHCl3 and CH2Cl2 cannot be used as casting solvents. Meanwhile, PSF and all ILs are 

soluble in THF, DMF and NMP. Therefore, these solvents were selected for dense PSF-based 
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membranes preparation. 

 

3.2.2 Polymer concentration 

The determination of the polymer optimal concentration is necessary to obtain a defect-free and 

dense CO2 separation composite membrane. Different polymer concentrations (from 5 wt% to 25 wt%) 

were tested with the three selected solvents (THF, DMF and NMP). In each case, the obtained solution 

was casted on a glass support. Whatever the solvent used, 5 wt%, 10 wt% and 15 wt% polymer 

concentrations did not give solutions with sufficient viscosity to allow casting by Doctor BladeTM. In 

contrast, the 25 wt% polymer concentration was too high, leading to a bad quality membrane (non-

smooth surface). Finally, dense pure PSF membranes with best quality were obtained with a 20 wt% 

polymer concentration, which was chosen for all further experiments. 

 

3.2.3 Supporting material 

The selection of the right supporting material is important to fabricate superior quality composite 

membranes by the casting method. Thus, different supports were considered. Among them, a PVA 

supporting membrane was tested and prepared by solution-casting process. 15 g of PVA were dissolved 

in 85 g of ultrapure water and stirred overnight at 95°C. Then, the solution was sonicated during 6 h 

to remove air bubbles. Finally, the solution was casted on a glass plate by Doctor BladeTM, placed in 

an oven at 45°C during 15 h, and dried at 85°C during 6 h. 

Since the loading of ILs can change the surface energy value of the casting solution and, hence, 

affect the membrane formation on the support, 20 wt% PSF solutions in THF, DMF and NMP, and 

containing [Meim][TFSO3] (10% w/w IL/PSF) were chosen for the tests. 

The PSF/IL solutions casted on different supports (Table 3-2) successfully led to the formation of 

membranes only on PVA, indicating similar polarities of PVA membrane and casting solution. To 

conclude, PVA support was chosen for all membranes fabrication. 
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Table 3-2 Tested supporting materials to obtain PSF/[Meim][TFSO3] composite membranes 

Support 
Surface energy  

(mN/m) 

Solvent used 

THF DMF NMP 

Glass ~50 × × × 

Glass surface grafted by imidazole nd × × × 

PDMS ~20 × × × 

Aluminum ~40 × × × 

Steel ~45 × × × 

PVDF ~44 × × × 

PE ~30 × × × 

PVA ~37 √ √ √ 

× - no membrane; √ - work; nd – no available data 

 

3.2.4 Solvent evaporation conditions 

The environment temperature and humidity during solvent evaporation have a strong influence 

on the quality and structure of membranes [8]. High humidity will promote water diffusion inside the 

casting solution, thus changing the membrane microstructure and creating voids. High temperature 

also accelerates solvent evaporation, resulting in shorter drying time but contributing to the formation 

of porous layers. Therefore, optimal humidity and temperature are essential for obtaining uniform and 

high-quality membranes.  

A THF-based solution of PSF/10[Meim][TFSO3] was casted, placed in room conditions (25℃, 

40% RH) and covered by a glass dish to prevent THF from evaporating too quickly. However, the 

obtained composite membrane was not dense (Figure 3-1a). The DMF-based solution, casted and 

placed in an oven at 65℃ (0% RH) also did not give a dense composite membrane (Figure 3-1b). 

Finally, a dense composite membrane (Figure 3-1c) was successfully prepared with NMP-based 

solution at 65℃ and 0% RH. Therefore, NMP was chosen for PSF-based membrane preparation. 
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Figure 3-1 Cross-section SEM images of PSF/10[Meim][TFSO3] membranes prepared from THF (a), 

DMF (b), and NMP (c) solutions 

 

3.2.5 Optimized membrane preparation procedure 

To ensure that composite membranes without defects are obtained by the solution-casting process, 

the polymer and ILs were placed at 100°C for 6 h to remove all moisture before use. 

The preparation process of pure membranes was as follows: PSF (5 g) was dissolved in NMP (20 

g) with magnetic stirring during 24 h at room temperature (25°C) to obtain a 20 wt% homogeneous 

solution. Then, the solution was casted on the PVA supporting membrane, placed under vacuum at 

65°C, and the pressure was decreased with a rate of 5 mbar/min from atmospheric pressure down to 

15 mbar. After 12 h, the obtained membrane was maintained at 85, 110 and 130°C, each time for 5 h. 

Finally, the membrane was dried at 150°C during 24 h (still under 15 mbar). 

The composite membranes were prepared following the same procedure and a certain amount of 

ILs was added to the PSF solution in NMP. The upper limit for the loading capacity of imidazolium-

based and alkanolamine-based ILs was 30 and 20 wt%, respectively. The names of the obtained 

membranes follow a common nomenclature. For example, adding 0.5 g of [Meim][TFSO3] to the 5 g 

of PSF solution gave the membrane labelled PSF/10[Meim][TFSO3], adding 1.0 g of [Meim][TFSO3] 

to the 5 g of PSF solution gave the membrane labelled PSF/20[Meim][TFSO3], and adding 1.5 g of 

[Meim][TFSO3] to the 5 g of PSF solution gave the membrane labelled PSF/30[Meim][TFSO3]. 

 

3.3 Membrane Characterization 

3.3.1 Transparency of membrane 

The optical images of pure PSF and PSF/IL-based composite membranes with different amounts 
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of ILs are showed in Figure 3-2. The pure membrane was colorless and optically transparent. As the 

ILs loading increased, the membranes became less transparent and turned to light yellow, especially 

using ILs with [Vim]+. The observed results may indicate an incompatibility between PSF and ILs at 

high IL content. 

 

3.3.2 FT-IR spectroscopy and SEM-mapping 

All membranes exhibited a characteristic peak at 1684 cm-1 corresponding to a C=O stretching 

vibrational absorption peak (Figure 3-3). Residual solvent from casting, N-methyl-2-pyrrolidone, 

could explain this signal. 

Concerning pure PSF, the peaks from 2820 cm-1 to 3050 cm-1 could be the aromatic and aliphatic 

stretching vibrations of -CH2 group [9]. Meanwhile, the stretching vibration of the aromatic benzene 

rings was found from 1480 to 1590 cm-1 [10]. The C-O stretching characteristic peak appeared at 1237 

cm-1 [11] and the S=O stretching vibration peak was found at 1149 and 1294 cm-1 [12]. All these bands 

were observed at their distinctive places, as reported in the literature, and were observed in every 

composite membrane. 

After incorporating different types and concentrations of ILs, the FT-IR spectra of the composite 

membranes changed significantly and confirmed the effective incorporation of ILs into the polymer 

matrix: the peak near 1024 cm-1 in the composite membranes was ascribed to the S=O stretching 

vibrations of [TFSO3]-, and the S=O absorption peak at 1182 cm-1 and the C-S bonding at 1050 cm-1 

showed the presence of [Tf2N]-. However, the bond of alkanolamine-based ILs ligand (DOBA and 

HDA) cannot be observed. This could be due to the overlapping of their characteristic signals with 

those of PSF and the inherent weakness of the N-H bond. This result confirms the effective IL 

incorporation inside the PSF matrix. 
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Figure 3-2 Optical images of PSF/ILs-based membranes 
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Figure 3-3 FT-IR spectra of PSF/ILs composite membranes 

 

The microstructure of the membrane plays a decisive role in membrane permeability and 

mechanical properties. The pure PSF membrane has homogeneous and smooth surfaces (Figure 3-4). 

The SEM images of both membrane surfaces (close to air and close to PVA) containing [Meim][TFSO3] 
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and [Vim][TFSO3] are presented in Figure 3-4 and 3-5, respectively. The microscopic morphology of 

both sides of PSF/30[Meim][TFSO3] exhibited a similar appearance, characterized by smooth surfaces 

free of observable cracks or holes. Nevertheless, the addition of [Vim][TFSO3] to PSF resulted in a 

noticeable alteration in the microscopic morphology of PSF close to PVA surface: increasing the 

loading of [Vim][TFSO3] made the surface rougher, so that the surface of PSF/30[Vim][TFSO3] close 

to PVA exhibited numerous irregularities. A compatibility issue between PSF/[Vim][TFSO3] and PVA 

could be supposed. Fluorine (F) elemental mapping of the surface, shown in Figure 3-4 and Figure 3-

5, demonstrated a homogeneous distribution of ILs in PSF.  
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Figure 3-4 SEM images and F-mapping of PSF/[Meim][TFSO3] membranes 
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Figure 3-5 SEM images and F-mapping of PSF/[Vim][TFSO3] membranes 

 

The SEM membrane cross-sectional images, shown in Figure 3-4 and Figure 3-5, indicated that 

the thickness of PSF/[Meim][TFSO3] and PSF/[Vim][TFSO3] was about 150 μm. The pure PSF 

membrane and PSF/10[Meim][TFSO3] were dense, void-free and symmetric. However, many voids 

were observed in the cross-section of PSF/20[Meim][TFSO3] and PSF/30[Meim][TFSO3]. In contrast 

to PSF/[Meim][TFSO3], the cross-sectional morphology of PSF/[Vim][TFSO3] exhibited larger and 
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more abundant pores. As the loading of [Vim][TFSO3] increased, the porosity of composite membranes 

also increased probably due to bad compatibility between PSF and [Vim][TFSO3] at high IL loading. 

In addition, the F-mapping of membranes cross-sections showed that ILs were well distributed in the 

membrane thickness.  

Concerning PSF/[Meim][Tf2N] and PSF/[Vim][Tf2N] membranes, SEM images and F-mapping 

of both surfaces were presented in Figure 3-6 and Figure 3-7, respectively. It can be seen from surface 

SEM images that there was no micro void on both surfaces, and the surfaces close to air were smooth. 

However, the ILs had an effect on the roughness of the surface close to PVA. As the amount of ILs 

increased, the rougher the surface became. When [Meim][Tf2N] and [Vim][Tf2N] loading was 30 wt%, 

it could be observed that the surface close to PVA displayed obvious textures - the same as for the PVA 

surface. The reason could be that the IL enhanced the interactions, more particularly hydrogen bonds 

F···HO between the composite membrane and the PVA support. Based on F-mapping images, F 

element was well distributed, indicating that [Meim][Tf2N] and [Vim][Tf2N] were not aggregated. 

As to the membrane cross-section (Figure 3-6 and Figure 3-7), all membranes were dense except 

PSF/20[Vim][Tf2N] and PSF/30[Vim][Tf2N]: some micro voids, probably owing to a bad 

compatibility between PSF and [Vim][Tf2N], could be noticed. The uniform distribution of F element 

in the cross-section views suggested that ILs were dispersed uniformly throughout the thickness.  

To sum up, [Meim]+-based ILs seemed to be more appropriate than [Vim]+-based ILs in terms of 

compatibility with the PSF matrix. 
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Figure 3-6 SEM images and F-mapping of PSF/[Meim][Tf2N] membranes 
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Figure 3-7 SEM images and F-mapping of PSF/[Vim][Tf2N] membranes 

 

Concerning Li(DOBA)[Tf2N] and Li(HDA)[Tf2N], the SEM images and F-mapping of the 

surfaces (Figure 3-8) revealed the homogenous IL dispersion whatever the loading, as no 

agglomeration was observed. The surfaces close to air were smooth and non-porous as compared to 

the non-porous and non-smooth surfaces close to PVA. 
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Figure 3-8 SEM images and F-mapping of PSF/Li(DOBA) [Tf2N] and PSF/Li(HDA) [Tf2N] 

membranes 

 

The cross-section images and F-mapping (Figure 3-8) revealed that all composite membranes 

were dense, with a well-distributed F element in the thickness, indicating a good compatibility between 

PSF and Li(DOBA) [Tf2N] or Li(HDA) [Tf2N]. 

 

3.3.3 Thermal characterization 

3.3.3.1 Thermal degradation 

TGA was carried out to study the thermal stability of the composite membranes (Figure 3-9). All 
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membranes had a weight loss of about 6% from 175°C to 200°C, which corresponded to residual 

solvent, N-methyl-2-pyrrolidone, as previously observed in FT-IR. 

Different behaviors were obtained for PSF/imidazolium-based ILs (two-step degradation) and 

PSF/alkanolamine-based ILs (one-step degradation) composite membranes. 

For PSF/imidazolium-based ILs composite membranes, the curves of PSF/30[Meim][TFSO3] 

(Figure 3-9a) and PSF/30[Vim][TFSO3] (Figure 3-9b) were taken as example. Excluding the weight 

loss due to NMP, the 5 % weight loss temperature (T5%) of PSF membrane was 502℃, and the T5% of 

[Meim][TFSO3] and [Vim][TFSO3] were 314℃ and 289℃, respectively (Table 2-2). The composite 

membranes showed a T5% of 408°C and 394°C for PSF/30[Meim][TFSO3] and PSF/30[Vim][TFSO3], 

respectively. The first stage from 394°C to 453°C, or from 380°C to 432°C, corresponded to the 

degradation of ILs ([Meim][TFSO3] or [Vim][TFSO3], respectively), with weight loss percentages 

corresponding to the ILs loadings (10, 20 and 30%). The ILs degradation temperature in the composite 

membrane was higher than the thermal degradation temperature of initial ILs, indicating that the PSF 

protected the ILs from degradation. The second stage of degradation corresponded to the degradation 

of PSF, which was lower than T5% of pure PSF: the ILs catalyzed the thermal degradation of PSF. 

For PSF/alkanolamine-based ILs membranes, PSF/Li(DOBA)[Tf2N] was taken as an example 

(Figure 3-9e). The TGA curve of PSF/20Li(DOBA)[Tf2N] showed a one-step degradation process with 

T5% = 486°C, indicating a low decrease of the thermal stability of PSF by the IL (T5% of PSF is 502°C). 

In conclusion, the TGA curves demonstrated that the composite membranes exhibited sufficient 

thermal stability for gas separation application. 
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Figure 3-9 TGA curves of PSF/IL composite membranes 
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(Equation 3-1) 

(Equation 3-2) 

(Equation 3-3) 

3.3.3.2 Differential scanning calorimetry (DSC) 

The prepared composite membranes were characterized by DSC to assess the effect of ILs on 

their thermal properties. The obtained thermograms and the glass transition temperatures (Tg) from the 

second heating were shown in Annex 4 and Table 3-3. As expected, Tg of the composite membranes 

was lower than that of pure PSF membrane (Tg = 180℃), with a gradual decrease by increasing the IL 

content. Indeed, ILs serve as plasticizer, reducing the stiffness of PSF, as already observed in the 

literature [13].  

To estimate the glass transition temperature of homogeneous polymer blends, it is common to 

employ the Fox equation (Equation 3-1) [14,15] or the Gordon-Taylor equation (Equation 3-2) [16]. 

 

1

𝑇𝑔
=

𝜔1

𝑇𝑔1
+

𝜔2

𝑇𝑔2
 

 

𝑇𝑔 =
𝜔1 ∙ 𝑇𝑔1 + 𝑘 ∙ 𝜔2 ∙ 𝑇𝑔2

𝜔1 + 𝑘 ∙ 𝜔2
 

where 𝑇𝑔 is the glass transition temperature of the blend, 𝜔1 and 𝜔2 are the weight fractions of the 

two components in the blend, 𝑇𝑔1  and 𝑇𝑔2  are the glass transition temperatures of the individual 

components, and 𝑘 is a constant. 

 

Except PSF/[Vim][TFSO3] (no Tg value obtained for this IL), all PSF-based composite 

membranes gave calculated Tg which are different from those obtained experimentally (Table 3-3). 

Therefore, Fox equation is not suited to describe PSF-based composite membranes. 

 

If the more complete Gordon-Taylor relation is used, Equation 3-2 can be modified and linearized 

to give Equation 3-3, very useful to check the validity of the law and to deduce the coefficient k: 

 

𝑇𝑔 − 𝑇𝑔𝑃𝑆𝐹

𝑇𝑔𝐼𝐿 − 𝑇𝑔
= 𝑘

1 − 𝜔𝑃𝑆𝐹

𝜔𝑃𝑆𝐹
 

where 𝑇𝑔  is the glass transition temperature of the composite membrane, 𝜔𝑃𝑆𝐹  and 𝜔𝐼𝐿  are the 

weight fractions of PSF and IL in the membrane, respectively, 𝑇𝑔𝑃𝑆𝐹 and 𝑇𝑔𝐼𝐿 are the glass transition 

temperatures of PSF and IL, respectively, and 𝑘 is a constant. 
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Table 3-3 Tg value of PSF/IL composite membranes 

Sample Tg (℃)/Experiment 
Tg (℃)/Calculated 

(Equation 3-1) 

PSF 182 - 

PSF/10[Meim][TFSO3] 165 139 

PSF/20[Meim][TFSO3] 127 109 

PSF/30[Meim][TFSO3] 114 87 

PSF/10[Vim][TFSO3] 150 nd 

PSF/20[Vim][TFSO3] 

PSF/30[Vim][TFSO3] 

136 

128 

nd 

nd 

PSF/10[Meim][Tf2N] 152 140 

PSF/20[Meim][Tf2N] 131 110 

PSF/30[Meim][Tf2N] 101 88 

PSF/10[Vim][Tf2N] 144 134 

PSF/20[Vim][Tf2N] 106 101 

PSF/30[Vim][Tf2N] 99 77 

PSF/10Li(DOBA)[Tf2N] 148 140 

PSF/20Li(DOBA)[Tf2N] 90 111 

PSF/10Li(HDA)[Tf2N] 136 144 

PSF/20Li(HDA)[Tf2N] 84 116 

nd – no data available 

 

The linear fits of Tg by Gordon-Taylor equation (Figure 3-10) showed R-square values for 

PSF/[Meim][TFSO3], PSF/[Meim][Tf2N], PSF/[Vim][Tf2N], and PSF/Li(HDA)[Tf2N] exceeding 0.98. 

This revealed that these ILs were well distributed within the membrane and formed homogeneous 

mixtures with PSF. However, contrary to the SEM observations, Li(DOBA)[Tf2N] seemed to be non-

ideally distributed within PSF. This difference may come from the fact all membranes contained 

slightly different quantities of residual casting solvent (Figure 3-9), which modified differently each 

Tg. 
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Figure 3-10 Linear fit of Tg by Gordon-Taylor equation (Equation 3-3) 
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3.3.4 Surface energy 

The surface energy of membranes was measured by contact angle measurements in order to 

characterize their wettability. The contact angle values for both surfaces of PSF and PSF-based 

composite membranes are shown in Table 3-4 (surface close to air) and Table 3-5 (surface close to 

PVA). As the amount of added ILs increased, the contact angle of water and glycerol gradually 

decreased, and the diiodomethane contact angle gradually increased. The reason is that ILs, as 

hydrophilic additives containing hydrophilic groups (-NH, -NH2 and -OH), enhanced the 

hydrophilicity of PSF. 

The Owens - Wendt method was used to determine the surface energy (γs), and dispersive (γs
d) 

and polar (γs
p) components. The obtained results are presented in Table 3-4 and Table 3-5. As compared 

to pure PSF, the composite membranes had higher values of γs and γs
p due to the ILs presence. It can 

be seen that the difference of γs
p between PSF/10[Meim][TFSO3] and PSF/10[Meim][Tf2N] was much 

higher than that between PSF/10[Meim][TFSO3] and PSF/10[Vim][TFSO3]. The same situation was 

observed for all PSF/imidazolium-based IL composite membranes. Moreover, the γs
p value of 

PSF/imidazolium-based IL with [Tf2N]- was close to that of PSF/alkanolamine-based IL with [Tf2N]-. 

Therefore, the impact of anion on the surface energy of the composite membranes is more important 

than that of cation due to the presence of the highly polar F element within all studied anions.  

Additionally, the [Tf2N]- anion had a stronger influence on the surface energy as compared to 

[TFSO3]- due to a higher concentration of F elements (Figure 3-4 and Figure 3-7). Concerning 

imidazolium-based ILs, except the influence of anion, the cation also contains the polar component -

NH, thereby exerting a pronounced impact. The inclusion of -NH2 (DOBA), -O- (DOBA), -OH (HDA), 

-NH (HDA), and F ([Tf2N]-) in alkanolamine-based ILs enhances the surface polarity of PSF. 

Finally, one can see that the membrane surface values of γs
p close to air and PVA are rather similar 

for the same membrane, indicating that the IL distribution on both surfaces is practically the same, 

which is consistent with F-mapping characterization. 
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Table 3-4 Solvent contact angles and surface energy of PSF-based membranes (air-contacting 

surface) 

Sample 
Contact angle (°) γs γs

d γs
p 

Water Diiodomethane Glycerol (mN m-1) 

PSF 85.1 ± 0.9 21.2 ± 0.8 88.5 ± 2.0 40.7 40.0 0.7 

PSF/10[Meim][TFSO3] 78.0 ± 1.5 23.1 ± 1.1 76.5 ± 1.6 43.6 41.3 2.3 

PSF/20[Meim][TFSO3] 71.1 ± 1.7 25.5 ± 0.8 71.5 ± 1.1 44.9 40.2 4.6 

PSF/30[Meim][TFSO3] 66.7 ± 1.4 31.5 ± 1.4 67.7 ± 1.0 45.2 38.2 6.9 

PSF/10[Vim][TFSO3] 75.0 ± 1.4 23.8 ± 0.5 73.0 ± 1.4 44.6 41.3 3.2 

PSF/20[Vim][TFSO3] 71.9 ± 1.0 35.2 ± 0.6 58.8 ± 0.9 46.3 40.5 5.8 

PSF/30[Vim][TFSO3] 69.6 ± 1.5 40.5 ± 0.9 53.5 ± 0.7 46.6 39.0 7.6 

PSF/10[Meim][Tf2N] 77.9 ± 1.1 28.4 ± 0.2 80.6 ± 0.4 62.6 43.9 18.7 

PSF/20[Meim][Tf2N] 71.3 ± 1.0 31.5 ± 0.2 77.6 ± 0.6 63.7 43.4 20.3 

PSF/30[Meim][Tf2N] 65.6 ± 0.4 34.8 ± 0.3 68.3 ± 0.8 65.4 43.5 22.0 

PSF/10[Vim][Tf2N] 71.8 ± 0.3 32.3 ± 0.2 76.4 ± 0.3 63.7 43.5 20.3 

PSF/20[Vim][Tf2N] 69.2 ± 0.6 33.4 ± 0.1 72.0 ± 0.4 64.4 43.6 21.0 

PSF/30[Vim][Tf2N] 67.9 ± 0.6 38.1 ± 0.3 63.0 ± 0.5 65.5 43.7 21.8 

PSF/10Li(DOBA)[Tf2N] 70.1 ± 0.2 28.8 ± 0.2 73.7 ± 0.1 63.9 44.2 19.7 

PSF/20Li(DOBA)[Tf2N] 66.6 ± 1.0 36.7 ± 0.2 72.2 ± 0.3 64.8 43.1 21.8 

PSF/10Li(HDA)[Tf2N] 74.1 ± 0.3 26.3 ± 0.2 73.7 ± 0.2 64.1 44.5 19.6 

PSF/20Li(HDA)[Tf2N] 70.8 ± 1.2 31.0 ± 0.1 67.0 ± 0.1 64.8 44.2 20.6 
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Table 3-5 Solvent contact angles and surface energy of PSF-based membranes (PVA-contacting 

surface) 

Sample 
Contact angle (°) γs γs

d γs
p 

Water Diiodomethane Glycerol (mN m-1) 

PSF 86.6 ± 1.0 22.9 ± 0.7 88.7 ± 1.9 40.4 39.9 0.5 

PSF/10[Meim][TFSO3] 77.9 ± 1.2 24.2 ± 0.5 77.5 ± 0.5 43.0 40.6 2.4 

PSF/20[Meim][TFSO3] 72.0 ± 1.9 26.7 ± 0.8 73.9 ± 0.7 43.7 39.4 4.3 

PSF/30[Meim][TFSO3] 69.9 ± 1.4 32.3 ± 1.4 70.1 ± 0.4 43.8 38.0 5.7 

PSF/10[Vim][TFSO3] 72.9 ± 1.1 26.9 ± 0.7 76.9 ± 1.1 42.6 38.7 3.9 

PSF/20[Vim][TFSO3] 66.8 ± 1.8 38.3 ± 1.0 65.3 ± 1.0 44.2 36.2 7.9 

PSF/30[Vim][TFSO3] 74.5 ± 1.6 40.8 ± 0.9 74.8 ± 0.7 39.3 34.4 4.9 

PSF/10[Meim][Tf2N] 80.5 ± 0.4 30.4 ±0.4 77.8 ± 0.2 62.5 44.2 18.3 

PSF/20[Meim][Tf2N] 77.5 ± 0.4 33.9 ± 0.3 74.7 ± 0.4 63.1 43.9 19.2 

PSF/30[Meim][Tf2N] 70.6 ± 0.5 37.1 ± 0.2 66.3 ± 0.6 64.9 43.8 21.1 

PSF/10[Vim][Tf2N] 77.3 ± 0.6 39.4 ± 0.3 77.6 ± 0.5 62.5 43.0 19.5 

PSF/20[Vim][Tf2N] 74.8 ± 0.8 42.9 ± 0.2 73.2 ± 0.3 63.1 42.8 20.4 

PSF/30[Vim][Tf2N] 72.8 ± 1.0 38.7 ± 0.1 66.2 ± 0.6 64.5 43.8 20.7 

PSF/10Li(DOBA)[Tf2N] 76.1 ± 0.5 45.5 ± 0.5 70.2 ± 0.2 63.1 42.8 20.4 

PSF/20Li(DOBA)[Tf2N] 71.3 ± 0.8 48.8 ± 0.2 66.8 ± 0.3 64.0 42.2 21.8 

PSF/10Li(HDA)[Tf2N] 76.8 ± 0.8 30.2 ± 0.3 70.2 ± 0.4 63.9 44.7 19.3 

PSF/20Li(HDA)[Tf2N] 71.5 ± 0.4 31.9 ± 0.1 ± 64.9 ± 0.2 65.2 44.5 20.6 
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Additionally, enhancing the surface polarity of the membrane surface tends to decrease the 

solubility of non-polar gases (N2, O2 and CO2). However, the gases with higher critical temperature 

(Table 1-5, gases critical temperature order: CO2 > O2 > N2) are more condensable and, therefore, more 

soluble, this behavior being especially pronounced in membranes with high surface polarity [17]. 

Therefore, our membranes, with high surface polarity, are more suitable for CO2 solubility as compared 

to N2 and O2, which is desirable in this study. 

 

3.3.5 Mechanical properties 

In general, additives can reduce the mechanical properties of a polymer matrix because of their 

poor compatibility and interfacial issues [18]. The effect of ILs on the mechanical properties is shown 

in Table 3-6.  

PSF is a brittle material with a high tensile strength (75.8 MPa), a high Young’s modulus (2690 

MPa) and a low strain at break (3.8%) (Table 3-6). The addition of imidazolium-based ILs decreased 

Young’s modulus due to the plasticizing ability of ILs, thus confirming the lower glass transition 

temperatures measured by DSC for the composite membranes as compared with pure PSF (Table 3-3). 

The same trend was observed for the strain at break: it increased, and the effect was more pronounced 

with [Vim]+ than with [Meim]+, and also higher with [TFSO3]- as compared to [Tf2N]-. The tensile 

strength of composite membranes decreased with higher IL concentration, certainly owing to an 

incompatibility between PSF and ILs that appears at high IL loading.  

For PSF/alkanolamine-based ILs composite membranes, Young’s modulus and tensile strength 

globally decreased as compared with pure PSF, while their strain at break was close to that of pure PSF 

(Table 3-6). Almost no difference was observed between PSF/Li(DOBA)[Tf2N] and 

PSF/Li(HDA)[Tf2N] composite membranes with the same IL loading, indicating that Li(DOBA)[Tf2N] 

and Li(HDA)[Tf2N] had the same influence on the PSF mechanical properties. 

To conclude, ILs reduce the Young’s modulus and the tensile strength of PSF. Additionally, the 

plasticizing effect of ILs on PSF has also been confirmed. 
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Table 3-6 Mechanical properties of PSF and PSF/ILs membranes 

Sample 
Young’s modulus

 

(MPa) 

Tensile strength 

(MPa) 

Strain at break 

(%) 

PSF 2690 ± 270 75.8 ± 4.9 3.8 ± 0.3 

PSF/10[Meim][TFSO
3
] 2540 ± 119 71.2 ± 6.5 9.7 ± 2.1 

PSF/20[Meim][TFSO
3
] 2500 ± 160 61.3 ± 5.6 8.8 ± 2.3 

PSF/30[Meim][TFSO
3
] 2240 ± 173 54.0 ± 4.1 9.1 ± 1.6 

PSF/10[Vim][TFSO
3
] 2520 ± 121 60.5 ± 4.9 18.4 ± 1.3 

PSF/20[Vim][TFSO
3
] 2443 ± 127 39.2 ± 5.2 15.8 ± 1.1 

PSF/30[Vim][TFSO
3
] 2330 ± 169 34.0 ± 6.7 12.4 ± 0.9 

PSF/10[Meim][Tf2N] 2470 ± 91.8 73.7 ± 1.0 4.0 ± 0.1 

PSF/20[Meim][Tf2N] 2190 ± 120  60.0 ± 1.2 3.6 ± 0.3 

PSF/30[Meim][Tf2N] 2040 ± 130 60.5 ± 2.2 3.8 ± 0.1 

PSF/10[Vim][Tf2N] 2760 ± 142 70.8 ± 3.5 2.6 ± 0.2 

PSF/20[Vim][Tf2N] 2530 ± 123 67.2 ± 2.6 6.8 ± 0.7 

PSF/30[Vim][Tf2N] 2230 ± 180 46.1 ± 3.9 10.1 ±0.4 

PSF/10Li(DOBA)[Tf2N] 2300 ± 144 60.2 ± 4.6 4.6 ± 0.3 

PSF/20Li(DOBA)[Tf2N] 2230 ± 147 57.8 ± 2.4 4.1 ± 0.2 

PSF/10Li(HDA)[Tf2N] 2680 ± 231 70.3 ± 2.9 3.1 ± 0.1 

PSF/20Li(HDA)[Tf2N] 2160 ± 170 57.7 ± 1.1 4.4 ± 0.2 

 

3.3.6 Gas separation 

Based on “time-lag method”, the pressure-time curves can be obtained. The permeability 

coefficient P is calculated by Equation 3-4. 

 

𝑃 =
𝐿 × 𝑉𝑎 × 𝑇0

𝑆𝑎 × 𝑃1 × 𝑃0 × 𝑇𝑚

𝑑𝑝2

𝑑𝑡
 

where L is the thickness of membrane, 𝑉𝑎  is the downstream volume (256 сm3), Sa represents the 

Equation (3-4) 
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surface of membrane (11.3 cm2), P1 is the upstream compartment pressure (4 bars), 
𝑑𝑝2

𝑑𝑡
 is the slope 

of the P2-t curve, 𝑃0  is 1 atm, 𝑇𝑚  is the experimental (measurement) temperature (298 K). The 

permeation coefficient (P) unit is typically defined as Barrer and 1 Barrer = 10-10 cm3 (STP) cm/(cm2 

s cmHg). 

 

The diffusion coefficient D is estimated from the time-lag value 𝑡𝐿: 

𝐷 =
𝐿2

6 𝑡𝐿
 

 

The permeability coefficient P and the ideal gas selectivity α are described in Equation 1-1 and 

Equation 1-2, respectively. 

In general, the main factor controlling the gas sorption is the condensing capacity of the permeant 

gases [19]: the polymer gases solubility should follow the order: S (CO2) > S (O2) > S (N2). According 

to gases Van Der Waals volume order: V(O2) < V(N2) < V(CO2) [20], the gases diffusion order within 

a polymer should be D (O2) > D (N2) > D (CO2) [21]. S (CO2) is much higher than S (O2) and S (N2), 

therefore, the gases permeability should follow the order: P (N2) < P (O2) < P (CO2). 

The gases (CO2, N2 and O2) permeability and selectivity coefficients are presented in Figure 3-11 

and Table 3-7, respectively. The corresponding diffusion and solubility coefficients are shown in Figure 

3-12 and Figure 3-13, respectively. As expected, the orders of permeability and solubility coefficients 

within PSF-based membranes followed the well-established order: P (N2) < P (O2) < P (CO2) and S 

(CO2) > S (O2) > S (N2). Meanwhile, the order of diffusion coefficient is following: D (O2) > D (N2) > 

D (CO2), except for PSF/20[Meim][TFSO3], PSF/10Li(DOBA)[Tf2N] and PSF/10Li(HDA) [Tf2N]: D 

(N2) > D (O2) > D (CO2). This result can be explained by membrane morphology. 

According to Equation 1-1, the gas permeability coefficient of composite membrane mainly 

depends on IL influence on the diffusion and solubility coefficients. The membrane solubility 

coefficient depends on the membrane surface polarity, free volume and IL absorption capacity. Only 

PSF/20[Meim][Tf2N] membrane has higher solubility coefficient as compared to pure PSF (Figure 3-

13). And this, whatever the gas is. The higher polarity and more free volume in case of composite 

membranes can explain this result. 

One can see that the IL loading has little effect on the CO2 diffusion coefficient (Figure 3-12) 

confirming no specific interactions between CO2 and membrane components (i.e. IL and PSF). In fact, 

the six ILs mainly affect the gases diffusion in PSF by affecting the membrane microstructure. The 

effect of 3 imidazolium-based ILs ([Meim][Tf2N], [Vim][TFSO3], [Vim][Tf2N]) on O2 diffusion within 

Equation (3-5) 
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PSF is greater than that on N2 owing to the gas molecule size (Table 1-5). However, O2 diffusion 

behavior of PSF/[Meim][Tf2N] is quite different from PSF/[Vim][Tf2N] and PSF/[Vim][TFSO3] due 

to the different membrane microstructure (Figure 3-5 and Figure 3-7). Both [Meim][TFSO3] and 

alkanolamine-based ILs have more influence on N2 diffusion as compared with that of O2. This can be 

explained by a more pronounced effect of these ILs on membranes. These composite membranes with 

a certain amount IL loading (20 wt% of [Meim][TFSO3], 10 wt% of alkanolamine-based ILs) present 

the highest N2 diffusion. In addition, when the IL loading is higher, the N2 diffusion decrease. The 

reason may be that ILs presence decreases the volume for the N2 diffusion within composite membrane. 

The CO2/O2, CO2/N2 and O2/N2 selectivities of pure PSF membrane was 4.5, 17.7 and 3.9, 

respectively (Table 3-7). The CO2/N2 and O2/N2 selectivity of PSF/ILs composite membranes 

decreased slightly. The CO2/O2 selectivity of PSF/10[Vim][TFSO3], PSF/20[Vim][TFSO3], 

PSF/10[Meim][Tf2N] and PSF/20Li(DOBA)[Tf2N] was enhanced by 4.5%, 8.9%, 8.9% and 2.2%, 

respectively, as compared to pure PSF. The CO2/O2 selectivity of PSF/30[Meim][TFSO3] and 

PSF/20Li(HDA)[Tf2N] was the same as that for pure PSF. In addition, the CO2/O2 selectivity of other 

composite membranes showed a slight decrease. 

One can see that the CO2/O2 and CO2/N2 selectivities of PSF/20 alkanolamine-based ILs are 

slightly higher than those of PSF/10 alkanolamine-based ILs. Therefore, one can suppose that further 

increasing the alkanolamine-based ILs content (using suitable compatibilizer) could improve the 

membrane gas selectivity performance. 
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Figure 3-11 Permeability coefficients of PSF/IL-based membranes 
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Table 3-7 Gas selectivity of PSF/IL-based membranes 

Sample  α 

 CO2/O2 CO2/N2 O2/N2 

PSF 4.5 17.7 3.9 

PSF/10[Meim][TFSO3] 4.4 10.9 2.5 

PSF/20[Meim][TFSO3] 4.0 8.2 2.0 

PSF/30[Meim][TFSO3] 4.5 13.9 3.1 

PSF/10[Vim][TFSO3] 4.7 14.3 3.1 

PSF/20[Vim][TFSO3] 4.9 14.3 2.9 

PSF/30[Vim][TFSO3] - - 1.0 

PSF/10[Meim][Tf2N] 4.9 16.0 3.4 

PSF/20[Meim][Tf2N] 4.4 14.9 3.4 

PSF/30[Meim][Tf2N] 4.4 13.5 3.1 

PSF/10[Vim][Tf2N] 4.4 13.5 3.0 

PSF/20[Vim][Tf2N] 3.5 10.8 3.1 

PSF/30[Vim][Tf2N] 4.2 11.3 2.7 

PSF/10Li(DOBA)[Tf2N] 4.2 11.6 2.7 

PSF/20Li(DOBA)[Tf2N] 4.6 13.9 3.0 

PSF/10Li(HDA)[Tf2N] 4.4 12.9 2.9 

PSF/20Li(HDA)[Tf2N] 4.5 13.7 3.1 

The errors of all gas selectivitives are less than 0.1 
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Figure 3-12 Diffusion coefficients of PSF/IL-based membranes 
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Figure 3-13 Solubility coefficients of PSF/IL-based membranes 
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3.4 Conclusion 

The preparation process of PSF-based composite membranes containing six ILs ([Meim][TFSO3], 

[Vim][TFSO3], [Meim][Tf2N], [Vim][Tf2N], Li(DOBA)[Tf2N] and Li(HDA)[Tf2N]) was optimized, 

and PVA was utilized as a supporting material in membrane preparation process for the first time. SEM 

analysis demonstrated the successful formation of dense composite membranes, except in case of 

PSF/30[Vim][TFSO3], PSF/30[Vim][TFSO3], PSF/20[Vim][Tf2N] and PSF/30[Vim][Tf2N] owing to 

poor compatibility of [Vim]+-based ILs and PSF at high IL loading. FTIR analysis indicated that no 

new chemical bonds were formed, suggesting that the ILs and PSF were physically mixed. Additionally, 

F mapping revealed that the IL was homogeneously distributed within the PSF matrix. TGA tests 

demonstrated that both PSF and PSF-based composite membranes exhibited decomposition 

temperatures exceeding 300°C, confirming suitable thermal stability for gas permeation application. 

Surface energy measurements confirmed that the IL incorporation enhanced the surface polarity of 

PSF. DSC measurements revealed the lowering of the Tg value of PSF/IL composite membranes as 

compared with PSF, meaning ILs ability to plasticize the polymer matrix. Linear fits of Tg in case of 

composite membranes via Gordon-Taylor equation showed that [Meim][TFSO3] (R2 = 0.983), 

[Meim][Tf2N] (R2 = 0.990), [Vim][Tf2N] (R2 = 0.983), and Li(HDA)[Tf2N] (R2 = 0.981) dispersed 

within PSF matrix better than Li(DOBA)[Tf2N] (R2 = 0.959). Additionally, mechanical tests confirmed 

the plasticizing ability of ILs by the increasing strain at break and a slightly decreasing Young’s 

modulus of PSF/IL composite membranes as compared with PSF. 

In this study, all gases permeated membranes by solution-diffusion mechanism. Gas permeation 

results showed that the membrane gases permeability coefficients followed the next order: P (N2) < P 

(O2) < P (CO2) which was expected. Only the gases solubility coefficients of PSF/20[Meim][TFSO3] 

membrane was slightly higher than that of pure PSF due to the influence of higher polarity and more 

free volume. Gas diffusion coefficients of PSF/IL composite membrane was affected by their 

microstructure and gases Van Der Waals volume. The composite membranes microstructure changed 

by [Meim][Tf2N], [Vim][TFSO3], [Vim][Tf2N], which affected the O2 diffusion. However, 

[Meim][TFSO3], Li(DOBA)[Tf2N] and Li(HDA)[Tf2N] mainly influence the N2 diffusion of PSF-

based membrane. Further, only CO2/O2 selectivity of PSF/[Vim][TFSO3] composite was enhanced 

with IL loading increasing, and PSF/20[Vim][TFSO3] presented the highest CO2/O2 selectivity of 4.9. 
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4.1 Introduction 

Due to its excellent characteristics described in Chapter 1 (section 1.5), PES may be another 

candidate to fabricate CO2 separation membranes and overcome the limitations of PSF-based 

membranes. 

Rostami and Khodaei [1] synthesized the hybrid structure MIL-53(Al)@MWCNT membrane by 

combining MIL-53(Al) particles with -COOH functionalized MWCNT, which were incorporated into 

PES for CO2/CH4 and CO2/N2 separation. The MMMs consisting of 5 wt% of MIL-53(Al)@MWCNT 

had a higher CO2/N2 and CO2/CH4 ideal selectivity of 87 and 58.6, respectively, as compared to pure 

PES membrane (CO2/N2 - 12 and CO2/CH4 - 15). Additionally, the MMMs exhibited a CO2 

permeability of 183 Barrer, overcoming that of pure PES membrane (55 Barrer) and exceeding the 

Robeson upper bounds (Figure 1-2). The CO2 absorption capacity of MIL-53(Al)@MWCNT was 

enhanced by both carboxylic groups and Al3+ metal sites, while the uptake of N2 and CH4 remained 

limited: the MMMs exhibited a strong CO2 selectivity. 

Mannan et al [2] combined 1-ethyl-3-methyl imidazolium bis(trifluoromethylsulfonyl)imide 

([Emim][Tf2N]) ionic liquid and PES to prepare dense composite membranes for CO2 separation. The 

results indicated a substantial increase in the CO2 permeability, with a rise from 2.42 Barrer for pure 

PES membrane to 298.84 Barrer for PES/[Emim][Tf2N] (50 wt%), at 25℃ and 25 bar, and the 

CO2/CH4 ideal selectivity was enhanced to 57.53 as compared to pure PES (15.91). Since 

[Emim][Tf2N] has a high affinity with CO2, the CO2 solubility and its diffusion inside the composite 

membrane can be improved. 

Mohshim et al [3] worked on CO2 gas separation performance of PES-based mixed matrix 

membranes with [Emim][Tf2N] and SAPO-34 obtained by casting method. PES/SAPO-34 (20 

wt%)/[Emim][Tf2N] (20 wt%) presented promising CO2/CH4 ideal selectivity (62.2) as compared to 

PES/SAPO-34 (20 wt%) (20.7) at room temperature and 30 bar. The CO2 permeance of PES/SAPO-

34 (20 wt%)/[Emim][Tf2N] (20 wt%) increased by 253% (300 GPU) as compared to PES/SAPO-34 

(20 wt%) (85.69 GPU), thanks to the large number of pores provided by SAPO-34. Also, [Emim][Tf2N] 

attached to SAPO-34 can act as a fast absorber of CO2 to facilitate the CO2 permeation. In addition, 

[Emim][Tf2N] improved the compatibility between PES and SAPO-34, resulting in an improvement 

of the interfacial adhesion between SAPO-34 and PES, and in obtaining defect-free membranes. 

In this Chapter, six ILs ([Meim][TFSO3], [Vim][TFSO3], [Meim][Tf2N], [Vim][Tf2N], 

Li(DOBA)[Tf2N] and Li(HDA)[Tf2N]) were introduced into a PES matrix to fabricate dense 
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composite membranes. The influence of these different ILs and their loadings on the microstructure, 

thermal properties, chemical structure, mechanical properties, and gas permeation properties of 

PES/ILs composite membranes was investigated and discussed. 

 

4.2 Membrane preparation 

4.2.1 PES-based composite membranes 

The PES membranes preparation procedure was the same as that of PSF-based membranes 

described in Chapter 3 (Section 3.2). 

 

4.3 Membrane Characterization 

4.3.1 Transparency 

The optical images of PES and PES/ILs composite membranes are shown in Figure 4-1. The pure 

PES membrane demonstrated remarkable transparency and glossiness. Even if all PES/ILs composite 

membranes also were glossy, the addition of an IL into the PES matrix decreased transparency, 

especially at higher loading, probably due to a compatibility limit between PES and ILs. PES/ILs 

containing [Vim]+ showed the worst transparency.  
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Figure 4-1 Optical photos of PES and PES/ILs membranes 

 

4.3.2 Chemical structure and microstructure of membranes 

The incorporation of ILs inside the PES matrix was studied by FT-IR spectroscopy (Figure 4-2). 

The vibrational C=O peak, appeared at 1667 cm-1 in all membranes, was attributed to residual N-

methyl-2-pyrrolidone, which was the solvent used for membrane preparation. 

Concerning pure PES, the C=C stretching of the benzene rings was detected at 1576 cm-1 and 1483 

cm-1 [4]. The sulfone (S=O) group exhibited symmetric and asymmetric vibrations at 1145 cm-1 and 

1293 cm-1, respectively [5]. The asymmetric stretching of the C-O bond in the ether was seen at 1233 

cm-1 and 1100 cm-1 [6]. All these bands were observed at their distinctive places, as reported in the 
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literature, and were noted for every composite membrane. 

In PES/[Meim][TFSO3] and PES/[Vim][TFSO3] composite membranes, the S=O band of 

[TFSO3]- appeared at 1031 cm-1. The S=O bands of [Tf2N]- were seen at 1196 cm-1 and 1352 cm-1 in 

PES/[Meim][Tf2N] and PES/[Vim][Tf2N], and at 1199 cm-1 and 1350 cm-1 in PES/Li(DOBA)[Tf2N] 

and PES/Li(HDA)[Tf2N] composite membranes. According to the above analysis, the ILs were 

effectively incorporated inside the PES matrix. 

The morphology of the composite membranes was observed using SEM on both surfaces 

(contacting air and contacting PVA) and cross-section and the results are gathered in Figure 4-3, Figure 

4-4 and Figure 4-5. Uniform and smooth surfaces (close to air) were observed, in the case of composite 

membranes as well as for pure PES. However, there were numerous streaks on the surface close to 

PVA: probably due to the presence of hydrogen bonds between the F of the composite membrane and 

the OH of the PVA support, the composite membranes stuck with PVA during the membrane drying 

and generated these defects. The F-mapping of the composite membranes (Figure 4-3 and Figure 4-5) 

showed that the F distribution was uniform, suggesting that the ILs were well dispersed within the 

composite membranes. 
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Figure 4-2 FT-IR spectra of PES and PES/ILs membranes 
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Figure 4-3 SEM images and F-mappings of PES, PES/[Meim][TFSO3] and PES/[Vim][TFSO3] 

membranes 

 

The cross-sectional SEM images (Figure 4-3 and Figure 4-5) confirm the dense structure of PES 

and PES/ILs membranes, with a thickness of approximately 150 µm, and with uniform ILs 

distributions. The membranes with 20 wt% of [Vim][TFSO3] or [Vim][Tf2N] showed the presence of 

micropores in the cross-section, indicating a lower compatibility at this loading between the ILs 

containing [Vim]+ and PES. This result is consistent with the lower membrane transparency obtained 

for these ILs (Figure 4-1). 
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Figure 4-4 SEM images and F-mappings of PES, PES/[Meim][Tf2N] and PES/[Vim][Tf2N] 

membranes 
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Figure 4-5 SEM images and F-mappings of PES, PES/Li(DOBA)[Tf2N] and 

PES/Li(HDA)[Tf2N] membranes 

 

4.3.3 Thermal characterization 

4.3.3.1 Thermal stability 

The thermal stability curves of PES and PES/ILs membranes are shown in Figure 4-6. The TGA 

curves indicated a first weight loss, from 175℃ to 250℃, corresponding to approximately 9%, owing 

to the presence of residual N-methyl-2-pyrrolidone as previously observed in FT-IR spectra (Figure 4-

2). The next degradation step, observed between 400℃ and 600℃, could be attributed to the 

simultaneous thermal degradation of both ILs and PES. 
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Figure 4-6 TGA curves of PES and PES/ILs membranes 

 

The thermal stability of the composite membranes was decreased in comparison to pure PES 

membrane owing to the early degradation of ILs. However, the membrane degradation exceeded 400°C 

demonstrating the excellent thermal stability of composite membranes. 
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4.3.3.2 Differential scanning calorimetry (DSC) 

DSC analysis was used to evaluate the impact on the Tg value of blending ILs in a PES matrix. 

The DCS curves and Tg value of membranes are shown in Annex 4 and Table 4-1, respectively. For 

pure PES, Tg was measured (from the second heating cycle) at 179℃, which was lower than the 

classical reported value of 231℃ [7]. This plasticization effect could be attributed to the remaining 

solvent evidenced by TGA. The Tg value of all composite membranes (Table 4-1) was lower than the 

value of pure PES, as already mentioned in the literature [8], and decreased with increasing the IL 

loading. For example, Tg of PES/20[Meim][TFSO3] was 89℃, which was lower than Tg of 

PES/10[Meim][TFSO3] (97℃): IL acted as plasticizer, consequently resulting in the softening of the 

PES matrix. Since the plasticization of a polymer matrix has a notable impact on its mechanical 

characteristics and gas permeability properties [9,10], this effect will be further examined. 

As for PES-based membranes, all PES-based composite membranes revealed calculated Tg values 

that were higher than those obtained experimentally (Table 4-1). Therefore, it can be concluded than 

Fox equation (Equation 3-1) is not suited for PES-based composite membranes. 

 

Table 4-1 Tg of PES/ILs membranes 

Sample Tg (℃)/Experiment Tg (℃)/Calculated (Fox) 

(Equation 3-1) 

PES 179 - 

PES/10[Meim][TFSO3] 97 137 

PES/20[Meim][TFSO3] 89 107 

PES/10[Vim][TFSO3] 104 nd 

PES/20[Vim][TFSO3] 98 nd 

PES/10[Meim][Tf2N] 107 137 

PES/20[Meim][Tf2N] 94 108 

PES/10[Vim][Tf2N] 92 132 

PES/20[Vim][Tf2N] 89 99 

PES/10Li(DOBA)[Tf2N] 89 138 

PES/20Li(DOBA)[Tf2N] 84 109 

PES/10Li(HDA)[Tf2N] 90 141 

PES/20Li(HDA)[Tf2N] 69 114 

nd – no data available 
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The fits of Tg by Gordon-Taylor equation (Equation 3-3) (Figure 4-7) were not linear (R2 was less 

than 0.96), indicating that the ILs exhibited only a partial compatibility with PES, which is concordant 

with the reduced membrane transparency (Figure 4-1). 

 

Figure 4-7 Tg linear fits by Gordon-Taylor equation (Equation 3-3) for PES/IL composite membranes 
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4.3.4 Surface energy 

To investigate the impact of ILs on the surface energy of the composite membranes, contact angle 

measurements were conducted, and the surface energy (γs), with the dispersive (γs
d) and polar (γs

p) 

components, was determined using the Owens - Wendt method (Table 4-2). Since the rough membrane 

surface close to PVA seen by SEM (Figure 4-3 and Figure 4-5) could impact the contact angle 

measurements, the characterization was limited to the membrane surface close to air. 

 

Table 4-2 Solvent contact angles and surface energy of PES and PES/ILs membranes 

Sample 
Contact angle (°) γs γs

d γs
p 

Water Diiodomethane Glycerol (mN m-1) 

PES 79.2 ± 0.6 30.0 ± 0.9 75.8 ± 0.3 42.0 39.6 2.5 

PES/10[Meim][TFSO3] 73.0 ± 1.1 32.6 ± 0.2 65.1 ± 0.6 45.0 39.1 4.9 

PES/20[Meim][TFSO3] 62.0 ± 1.9 50.1 ± 0.3 53.1 ± 0.3 45.8 32.7 13.1 

PES/10[Vim][TFSO3] 69.8 ± 1.2 36.1 ± 0.6 69.7 ± 0.5 42.4 36.5 6.2 

PES/20[Vim][TFSO3] 61.1 ± 0.3 50.7 ± 0.4 65.3 ± 0.5 42.7 29.4 13.0 

PES/10[Meim][Tf2N] 70.2 ± 0.4 34.0 ± 0.2 69.4 ± 0.8 43.5 37.7 5.8 

PES/20[Meim][Tf2N] 60.6 ± 1.0 47.2 ± 0.3 62.8 ± 0.4 44.1 31.6 12.6 

PES/10[Vim][Tf2N] 71.4 ± 1.8 32.2 ± 0.2 70.5 ± 0.4 43.2 37.9 5.3 

PES/20[Vim][Tf2N] 63.9 ± 0.4 43.7 ± 0.3 60.6 ± 1.6 44.8 34.4 10.4 

PES/10Li(DOBA)[Tf2N] 70.7 ± 0.8 36.3 ± 0.4 70.5 ± 0.5 42.4 36.6 5.9 

PES/20Li(DOBA)[Tf2N] 62.9 ± 0.3 47.9 ± 0.4 62.9 ± 0.3 43.3 31.7 11.6 

PES/10Li(HDA)[Tf2N] 72.6 ± 0.3 35.7 ± 0.2 69.2 ± 0.4 42.8 37.6 5.2 

PES/20Li(HDA)[Tf2N] 65.3 ± 0.6 48.2 ± 0.4 60.3 ± 0.5 43.3 32.7 10.6 

 

The incorporation of ILs reduced the water and glycerol contact angles, and increased the contact 

angle of diiodomethane, resulting in an increase in γs and γs
p values and a decrease in γs

d. These changes, 

becoming more pronounced with higher ILs loadings, suggested that the ILs acted as polar additives.  

The enhancing of membrane surface polarity can have a negative influence on CO2, O2 and N2 

solubility coefficients, as these gases are characterized by low polarity. However, membranes surface 
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with high surface polarity are more suitable for CO2 solubility as explained in Chapter 3 (Section 3.3.4). 

 

4.3.5 Mechanical properties 

The membrane mechanical characteristics were examined using Young’s modulus, strain at break, 

and tensile strength. The data and curves are shown in Table 4-3 and Figure 4-8, respectively. 

 

 

Figure 4-8 Stress - strain curves of PES and PES/ILs composite membranes 
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Table 4-3 Mechanical data of PES and PES/ILs membranes 

Sample 
Young’s Modulus

 

(MPa) 

Tensile strength 

(MPa) 
Strain at break (%) 

PES 2390 ± 40 94.8 ± 5.0 4.9 ± 0.2 

PES/10[Meim][TFSO
3
] 2210 ± 105 71.9 ± 4.0 4.5 ± 0.1 

PES/20[Meim][TFSO
3
] 2140 ± 62 57.8 ± 0.5 5.0 ± 0.4 

PES/10[Vim][TFSO
3
] 2160 ± 39 58.8 ± 2.6 3.5 ± 0.1 

PES/20[Vim][TFSO
3
] 2110 ± 70 56.7 ± 1.3 6.2 ± 0.3 

PES/10[Meim][Tf2N] 1920 ± 56 62.9 ± 2.6 4.0 ± 0.4 

PES/20[Meim][Tf2N] 1911 ± 60  47.9 ± 0.6 5.2 ± 0.3 

PES/10[Vim][Tf2N] 2220 ± 71 63.9 ± 4.0 6.1 ± 0.2 

PES/20[Vim][Tf2N] 2050 ± 140 55.4 ± 5.3 12.5 ± 0.6 

PES/10Li(DOBA)[Tf2N] 2521 ± 120 70.5 ± 4.2 2.6 ± 0.3 

PES/20Li(DOBA)[Tf2N] 2268 ± 130 62.3 ± 5.0 6.4 ± 0.2 

PES/10Li(HDA)[Tf2N] 2170 ± 84 53.2 ± 3.9 3.9 ± 0.2 

PES/20Li(HDA)[Tf2N] 2159± 141 51.0 ± 2.1 4.5 ± 0.6 

 

It could be seen that pure PES shows outstanding mechanical properties with a Young’s modulus 

of 2390 MPa and a tensile strength of 94.8 MPa. The Young’s modulus of all composite membranes 

was equivalent or slightly lower than that of pure PES, indicating that ILs had little or no effect on the 

stiffness of the composite membranes. The introduction of ILs had a more pronounced impact on the 

tensile strength: as the loading of ILs increased, the tensile strength of the membranes decreased. From 

the stress-strain curves (Figure 4-8), it was evident that the pure PES membrane exhibited brittle 

fracture. When adding a certain amount of IL, the composite membranes exhibited ductile fracture, 

accompanied by an increase in strain at break. It can be linked to the plasticizing effect of ILs on PES, 

in accordance with the results obtained by DSC measurements (Section 4.3.3.2). 

 



Chapter 4 Preparation and characterization of PES-based composite membranes 

 

119 

4.3.6 Gas separation 

The gases (CO2, N2 and O2) permeability and selectivity coefficients are shown in Figure 4-9 and 

Table 4-4, respectively. The corresponding diffusion and solubility coefficients are presented in Figure 

4-10 and Figure 4-11, respectively. The gases (CO2, N2 and O2) solubility and permeability coefficients 

follow the expected order: S (CO2) > S (O2) > S (N2) and P (N2) < P (O2) < P (CO2), respectively, as 

already explained previously (Section 3.3.6). The gases diffusion coefficients of PES-based 

membranes follow the order: D (N2) > D (O2) > D (CO2) except for PES/10[Vim][Tf2N] (D (O2) > D 

(N2) > D (CO2)), which is different as compared with gases diffusion coefficients of PSF-based 

membranes (D (O2) > D (N2) > D (CO2)). This can be explained by the fact that PES matrix structure 

is more suitable for N2 diffusion. The studied IL loading only slightly increases the N2 solubility 

coefficients (Figure 4-11) owing to the surface higher polarity and more available free volume. 

The O2 and CO2 diffusion coefficients of PES/10[Vim][TFSO3] and PES/20[Meim][TFSO3] are 

higher than those of pure PES, that can be explained by numerous pathways presented in this 

membrane structure. 

 

Figure 4-9 Permeability coefficients of PES/IL-based membranes 
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The gas permeability decreases in presence of imidazolium-based IL (not including 10 wt% of 

[Vim][TFSO3] and 10 wt% [Vim][Tf2N]), while increases when 10 wt% of [Vim][TFSO3] is added, 

whatever the gas is. The PES/10[Meim][Tf2N], PES/20[Meim][Tf2N], PES/10[Meim][TFSO3] and 

PES/10[Vim][Tf2N] show the higher CO2/O2 and CO2/N2 selectivities than those of pure PES, 

indicating high affinity of these ILs with CO2 within PES. In addition, PES/10[Vim][Tf2N] presents 

higher CO2 permeability coefficient (1.92 Barrer) than that of pure PES (1.66 Barrer), and best CO2 

separation performance with CO2/O2 selectivity (6.1) and CO2/N2 selectivity (20.4). However, 

PES/20[Vim][TFSO3] and PES/20[Vim][Tf2N] show lower gas selectivity than that of pure PES owing 

to the membranes’ micromorphology (Figure 4-3 and Figure 4-4). PES/alkanolamine-based IL 

composite membranes are not selective owing to poor compatibility between PES and alkanolamine-

based ILs. 

 

Table 4-4 Gas selectivity data of PES and PES/ILs membranes 

Sample 
 α 

 CO2/O2 CO2/N2 O2/N2 

PES 4.0 9.6 3.2 

PES/10[Meim][TFSO3] 4.3 13.7 3.2 

PES/20[Meim][TFSO3] 4.0 6.7 1.7 

PES/10[Vim][TFSO3] 4.4 7.3 1.7 

PES/20[Vim][TFSO3] 1.0 1.0 0.9 

PES/10[Meim][Tf2N] 6.0 16.3 2.7 

PES/20[Meim][Tf2N] 4.8 11.9 2.5 

PES/10[Vim][Tf2N] 6.1 20.4 3.4 

PES/20[Vim][Tf2N] 2.7 3.1 1.2 

PES/10Li(DOBA)[Tf2N] 0.9 1.0 0.9 

PES/20Li(DOBA)[Tf2N] 1.0 2.4 2.5 

PES/10Li(HDA)[Tf2N] 1.0 1.0 1.0 

PES/20Li(HDA)[Tf2N] 1.0 1.0 1.0 

The errors of all gas selectivitives are less than 0.1 
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Figure 4-10 Diffusion coefficients of PES/IL-based membranes 

 

Figure 4-11 Solubility coefficients of PES/IL-based membranes 
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4.4 Conclusion 

PES/ILs composite membranes were prepared successfully. Optical images of the composite 

membranes showed that the incorporation of ILs diminished the transparency of PES, with a more 

pronounced effect for [Vim]+ containing ILs. SEM confirmed that the PES-based membranes were 

dense, except PES/20[Vim][TFSO3] and PES/20[Vim][Tf2N] owing to poor compatibility between 

PES and [Vim]+ containing ILs at high loading. F-mapping revealed that ILs were neither agglomerated 

on the surface nor inside the composite membranes. No new chemical bonds were observed in the FT-

IR spectra of composite membranes, suggesting physical blends between PES and ILs. The TGA 

results indicated 9% of the residual solvent in the composite membranes, and affirmed their thermal 

stability up to 350℃. DSC analysis revealed that the incorporation of ILs led to a reduction in the Tg 

value of PES, and this reduction was more pronounced with an increase of the IL loading. Modeling 

using Fox and Gordon-Taylor equations pointed a poor compatibility between IL and PES. Surface 

energy testing results indicated that the IL addition led to the PES surface energy increase. Mechanical 

tests indicated that the incorporation of ILs increased the PES strain at break, suggesting the IL 

plasticization effect. As one expected, the permeability coefficients of all membranes followed the 

order: P (N2) < P (O2) < P (CO2). PES/10[Vim][TFSO3] presented higher gases permeability 

coefficients as compared to pure PES. Additionally, the CO2/O2 and CO2/N2 selectivities were 

enhanced by in the presence of 10 wt% of [Meim][TFSO3], 10 wt% of [Meim][Tf2N], 20 wt% of 

[Meim][Tf2N] and 10 wt% [Vim][Tf2N], as compared with the selectivity of pure PES membrane. 
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In this thesis, PSF/IL and PES/IL composite membranes for CO2 separation application were 

fabricated and investigated in terms of morphological, thermal, chemical, mechanical, and gas (CO2, 

O2 and N2) permeation properties. 

Firstly, six ILs ([Meim][TFSO3], [Vim][TFSO3], [Meim][Tf2N], [Vim][Tf2N], Li(DOBA)[Tf2N] 

and Li(HDA)[Tf2N]) were synthesized successfully. Their chemical structure was confirmed by FT-IR 

and 1H NMR analysis, and their thermal properties were analyzed by DSC and TGA. DSC results 

revealed that [Meim]+-based imidazolium ILs were polymorphic, and Tm of [TFSO3]--based 

imidazolium ILs was higher than that of [Tf2N]--based imidazolium ILs due to smaller size (stronger 

ionic bound). Furthermore, imidazolium-based ILs had stronger crystallization ability than 

alkanolamine-based ILs. The TGA results confirmed that all ILs were thermally stable enough for the 

preparation of PSF-based and PES-based membranes, and imidazolium-based ILs were more 

thermally stable than alkanolamine-based ILs. 

Secondly, the preparation process of PSF-based dense composite membranes with different ILs 

([Meim][TFSO3], [Vim][TFSO3], [Meim][Tf2N], [Vim][Tf2N], Li(DOBA)[Tf2N] and Li(HDA)[Tf2N]) 

was optimized. The composite membranes’ chemical structure was characterized by FT-IR analysis, 

confirming the effective physical blending of ILs with PSF. The composite membranes’ dense structure 

was revealed by SEM, except in the case of PSF with 20 wt% and 30 wt% of [Vim]+-based imidazolium 

ILs owing to poor compatibility between PSF and ILs at high concentration. Linear fits of composite 

membranes’ Tg via Gordon-Taylor equation showed that [Meim][TFSO3], [Meim][Tf2N], [Vim][Tf2N], 

and Li(HDA)[Tf2N] dispersed within PSF matrix better than Li(DOBA)[Tf2N], which was confirmed 

by F-mapping analysis. The IL role as plasticizer was noted through the Tg value decrease in case of 

composite membranes and the increase of strain at break as compared to neat PSF. Gas permeation 

measurement underlined the membrane gases permeability coefficients order (P (N2) < P (O2) < P 

(CO2)) as expected in case of solution-diffusion mechanism. The membrane gases solubility 

coefficients were only slightly enhanced in the presence of 20 wt% of [Meim][TFSO3] owing to higher 

polarity and more free volume. [Meim][Tf2N], [Vim][TFSO3] and [Vim][Tf2N] mainly influenced the 

O2 diffusion coefficients, while [Meim][TFSO3], Li(DOBA)[Tf2N] and Li(HDA)[Tf2N] changed the 

N2 diffusion coefficients of PSF-based membranes. PSF/20[Vim][TFSO3] and PSF/10[Meim][Tf2N] 

membranes were characterized by the highest CO2/O2 selectivity of 4.9.  

Thirdly, the same ILs were introduced into PES matrix. SEM images showed dense structures, 

except for PES/20[Vim][TFSO3] and PES/20[Vim][Tf2N], which showed the worst transparency and 
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porous structures indicating poor compatibility between PES and 20 wt% of [Vim]+-based ILs. FT-IR 

spectra of composite membranes suggested physical blends between PES and ILs. Tg values were 

lower and strain at break were higher than those of pure PSF revealing the IL role as plasticizer to 

soften the PES matrix. The TGA analysis revealed that the composite membranes withstood 

temperatures up to 350℃ without any thermal degradation. As one expected, the permeability 

coefficients of all membranes followed the order: P (N2) < P (O2) < P (CO2). The 

PES/20[Meim][Tf2N], PES/10[Meim][TFSO3] and PES/10[Vim][Tf2N] showed higher CO2/O2 and 

CO2/N2 selectivities than those of pure PES, indicating high affinity of these ILs with CO2 within PES, 

especially PES/10[Vim][Tf2N] with CO2/O2 selectivity (6.1) and CO2/N2 selectivity (20.4). 

The results obtained in this work gives a new insight to the knowledge about tailoring the 

membrane properties for CO2 separation. Numerous prospects could be proposed for further study, 

some of them are listed below. 

The imidazolium-based and alkanolamine-based ILs synthesized in this study have good thermal 

stability, and have strong CO2 absorption capacity as reported in the literature. Therefore, they could 

be introduced into other polymer matrixes for CO2 separation. In addition, their plasticizing effect 

could make them useful as plasticizers. 

As the gas permeability coefficient of PSF/IL composite membranes was found to be lower than 

that of pure PSF, these membranes could be used as gas barriers. Besides, the CO2/O2 and CO2/N2 

selectivities of PSF/20 alkanolamine-based ILs were found to be slightly higher than those of PSF/10 

alkanolamine-based ILs. And the CO2/O2 and CO2/N2 selectivities of most PES/imidazolium-based IL 

composite membranes were enhanced as compared with pure PES: PES/IL membranes could be 

applied in gas separation field. Furthermore, if the IL loading could be increased with appropriate 

compatibilizers such as PEG, the gas selectivity performance may reach the desired level. Finally, in 

general, gas permeability can be enhanced with higher temperature and pressure. Therefore, the 

excellent thermal stability and mechanical properties of PSF and PES composite membranes could 

make them useful for gas separation at high temperature and pressure. 

Last but not least, PES/10[Vim][Tf2N] membrane gave the best gas separation performance, but 

incorporating 20 wt% IL gave worse results. Therefore, investigating the elaboration of PES composite 

membranes with lower [Vim][Tf2N] loadings than 10 wt% would be of great interest.  
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Annex 1 Reagents 

Polysulfone (Mn ~ 22 000 g/mol), polyether sulfone (Mn ~ 58 000 g/mol), polyvinyl alcohol 

Mowiol® 8–88 (Mw ~ 67 000 g/mol, degree of hydrolysis: 86.7–88.7 mol%), diiodomethane (>99%, 

stab), bis(trifluoromethane)sulfonimide lithium salt (99.95%) and 2,2’-(ethylenedioxy)bis(ethylamine) 

(98%) were supplied by Sigma-Aldrich (France). N-vinyl imidazole (99%), 1-methylimidazole (99%), 

N-methyl-2-pyrrolidinone (99.5%), diethyl ether (anhydrous, 99.5%), chloroform (>98%) and 2-

hydroxyethylenediamine (99%) were provided by Fisher Scientific (France). Trifluoromethanesulfonic 

acid (>98%) and bis(trifluoromethanesulfonyl)imide (>99.0%) were bought from TCI (Belgium). 

Glycerol (>99%), dimethylformamide (>99%) and tetrahydrofuran (>99%) were obtained from VWR 

(France). Ultrapure water (R = 18.2 MΩ·cm) was made by a Milli-Q system (Siemens, France). All 

chemicals were used as received. 

CO2 (>99.99%), N2 (>99.99%) and O2 (>99.99%) were purchased from Linde (France) and used 

as received. 

The abbreviation, chemical structure and CAS number of chemicals are shown in Table A1-1. 
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Table A1-1 Short name, chemical structure and CAS number of chemicals 

Chemical Abbreviation Chemical structure CAS 

Polymers 

polyether sulfone PES 
 

SU306311 

polysulfone PSF 
 

25135-51-7 

polyvinyl alcohol PVA 
 

9002-89-5 

Raw chemicals of ionic liquid synthesis 

1-methylimidazole Meim 
 

616-47-7 

2,2’-(ethylenedioxy)bis(ethylamine) DOBA 
 

929-59-9 

2-hydroxyethylenediamine HDA 
 

111-41-1 

bis(trifluoromethane)sulfonimide 

lithium salt 
Li[Tf2N] 

 

90076-65-6 

bis(trifluoromethanesulfonyl)imide H[Tf2N] 

 

82113-65-3 

N-vinyl imidazole Vim 

 

1072-63-5 

trifluoromethanesulfonic acid H[TFSO3] 

 

1493-13-6 

Solvents 

chloroform CHCl3 

 

 

 

67-66-3 
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dichloromethane CH2Cl2 

 

75-09-2 

diethyl ether DE 
 

60-29-7 

diiodomethane CH2I2 

 

75-11-6 

dimethylformamide DMF 
 

68-12-2 

glycerol GC 

 

56-81-5 

N-methyl-2-pyrrolidinone NMP 

 

872-50-4 

tetrahydrofuran THF 
 

109-99-9 
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Annex 2 Characterizations 

 Fourier transform infrared (FT-IR) spectroscopy 

The spectra were obtained from 600 to 4000 cm-1 using 64 scans and a resolution of 4 cm-1 by a 

Spectrum Two spectrometer from PerkinElmer, equipped with an attenuated total reflection system 

with diamond (MKII Golden Gate from Specac), at 25°C. 

 Nuclear magnetic resonance (1H NMR) spectroscopy 

The ILs chemical structures were determined by 1H NMR (300 MHz Bruker spectrometer) at 

room temperature in DMSO-d6 (99.8% D) or D2O (99.9% D). Around 10 mg of ILs were dissolved in 

~1.7 mL of deuterated solvent.  

 Thermogravimetric analysis (TGA) 

The thermal stability of ILs and membranes was investigated on a Q500 from TA Instruments, 

using a nitrogen atmosphere with a flow rate of 40 mL/min and 5.0-10.0 mg of sample, either in 

dynamic mode (temperature ranging from 30℃ to 600℃ at a heating rate of 10℃/min) or in isothermal 

mode (at 150℃ for 800 min). 

 Differential scanning calorimetry (DSC) 

The thermal properties of ILs and membranes were studied on a Q2000 from TA Instruments. A 

sample of around 5 mg was heated from -90 (or -30) to 220℃ at a heating rate of 10℃/min under N2 

atmosphere in closed hermetic aluminum pan, performing heating-cooling-heating cycle. The glass 

transition (Tg) and melting (Tm) temperatures were determined from the second heating at the mid-

point and the maximum of the peak, respectively. 

 Contact angle measurements 

The static contact angle measurements (using water, diiodomethane and glycerol) of membranes 

were carried out using a goniometer Digidrop from GBX, with 3 μL droplets and 3 s photo time at 

room temperature (25℃) in air. The results were obtained from the average of ten drops and surface 

energy and its components were calculated with Windrop + + Carrousel software by Owens - Wendt 

method. 

 Scanning electron microscopy (SEM) 

The membrane surfaces were coated with a thin gold layer by smart coater (DII-29030SCTR) in 

2 min. The membrane morphology (surface and cross-section) was observed on a scanning electron 

microscope (JEOL) with an EDX apparatus under a voltage of 5 kV and using JCM-7000 software. 

The distribution of fluorine (elemental mapping) was analyzed by the same machine under a voltage 

of 15 kV. 
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 Mechanical properties 

The mechanical properties (Young's modulus, tensile strength, strain at break) of pure and 

composite membranes were tested on a ZwickRoell Z010 test machine (Software TestXpert II-V3.5) 

with a stretching rate of 2 mm/min at room temperature (25°C) according to ISO 527-2:2014-04 

standard. The distance between the grips was 21 mm. On each sample, 5 tests were conducted and the 

obtained values were averaged. 

 Gas permeation measurements 

The pure gas (CO2, N2 and O2) permeation experiments were carried out with 4 bar feed gas 

pressure (absolute pressure) under 25℃ based on time-lag method using home-made device (Figure 

A2-1). Firstly, a membrane sample was sealed between upstream and downstream compartments of 

the permeation module. Secondly, the high vacuum purge step was carried out during 15 hours. Thirdly, 

the stream of diffusing gas with an absolute pressure of 4 bar was injected into the upstream 

compartment. Due to the driving force resulting of the pressure difference between the upstream (4 

bars) and downstream (⁓ 0 bar) compartments, the gas molecules diffuse through the membrane and 

the pressure increases in the downstream compartment. The pressure value was continuously measured 

over time with a pressure sensor (Druck, Effa AW-10-TA, Germany), until it reached a stationary state. 

For each membrane composition at least three measurements were performed for each gas and the 

averaged value is present. 

 

Figure A2-1 Set-up for gas permeation 
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Annex 3 1H NMR analysis 

 

Figure A3-11H NMR spectrum of N-vinylimidazole (Vim) 

 

Figure A3-2 1H NMR spectrum of bis(trifluoromethanesulfonyl)imide (Tf2N) 
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Annex 4 DSC thermograms 

 

Figure A4-1 DSC curves of PSF, PSF/[Meim][TFSO3] and PSF/[Vim][TFSO3] membranes 

 

Figure A4-2 DSC curves of PSF, PSF/[Meim][Tf2N] and PSF/[Vim][Tf2N] membranes 
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Figure A4-3 DSC curves of PSF, PSF/Li(DOBA)[Tf2N] and PSF/Li(HDA)[Tf2N] membranes 

 

Figure A4-4 DSC curves of PES, PES/[Meim][TFSO3] and PES/[Vim][TFSO3] membranes 
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Figure A4-5 DSC curves of PES, PES/[Meim][Tf2N] and PES/[Vim][Tf2N] membranes 

 

Figure A4-6 DSC curves of PES, PES/Li(DOBA)[Tf2N] and PES/Li(HDA)[Tf2N] membranes 



 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Innοvative cοmpοsite pοlymer materials for CO2 separation 

Currently, the emission of CO2, which is the primary contributor to global warming, is increasing 

at an alarming rate. Consequently, there is a growing global need for cutting-edge technologies that 

can effectively separate and capture CO2. In the present work, a series of PSF/IL and PES/IL composite 

membranes for CO2 separation were investigated. Six ILs ([Meim][TFSO3], [Vim][TFSO3], 

[Meim][Tf2N], [Vim][Tf2N], Li(DOBA)[Tf2N] and Li(HDA)[Tf2N]) were synthesized successfully 

and characterized by FT-IR, 1H NMR, TGA and DSC. Composite membranes with different IL 

loadings were fabricated by solution casting method and exhaustively studied by FT-IR, TGA, DSC, 

SEM, F-mapping, surface energy, tensile tests, and gas permeation (CO2, N2 and O2). Under 25°C and 

4 bar, PES/10[Vim][Tf2N] membrane showed a CO2 permeability of 1.92 Barrer with improved 

CO2/N2 and CO2/O2 selectivities of 20.4 and 6.1, respectively. 

Keywords: polysulfone (PSF), polyethersulfone (PES), ionic liquid (IL), composite membrane, CO2 

separation 

 

 

 

 

Actuellement, les émissions de CO2, principal responsable du réchauffement climatique, 

augmentent à un rythme alarmant. Par conséquent, il existe un besoin mondial croissant de 

technologies de pointe capablent de séparer et de capturer efficacement le CO2. Dans ce travail, une 

série de membranes composites PSF/IL et PES/IL pour la séparation du CO2 ont été étudiées. Six IL 

([Meim][TFSO3], [Vim][TFSO3], [Meim][Tf2N], [Vim][Tf2N], Li(DOBA)[Tf2N] et Li(HDA)[Tf2N]) 

ont été synthétisés avec succès et caractérisés par FT-IR, 1H RMN, TGA et DSC. Des membranes 

composites avec différentes quantités d'IL ont été fabriquées par évaporation de solvent puis étudiées 

par FT-IR, TGA, DSC, MEB, cartographie du F, énergie de surface, essais de traction et perméation 

aux gaz (CO2, N2 et O2). A 25°C et 4 bar, la membrane PES/10[Vim][Tf2N] présente une perméabilité 

au CO2 de 1,92 Barrer avec des sélectivités CO2/N2 et CO2/O2 améliorées de 20,4 et 6,1, 

respectivement. 

Mots-clés : polysulfone (PSF), polyéthersulfone (PES), liquide ionique (IL), membrane composite, 

séparation du CO2 

 


