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Souhrn 

Mnoho vŊdeckĨch pracoviġŠ se vŊnuje vĨvoji polymern²ch membr§n pro separace plynŢ. 

Nicm®nŊ v komerļn² praxi bylo zat²m pouģito jenom nŊkolik typŢ polymerŢ. Aby membr§nov§ 

separace plynŢ mohla soutŊģit s klasickĨmi metodami, je zŚejm§ popt§vka po novĨch 

materi§lech s lepġ²mi separaļn²mi vlastnostmi. C²lem t®to pr§ce byla pŚ²prava membr§n z 

novĨch polymern²ch materi§lŢ. Ke studiu byl zvolen polyanilin (PANI), mnohostranný 

polymer, jenģ mŢģe podstatnŊ mŊnit svoje strukturn² vlastnosti rŢznĨmi modifikaļn²mi 

postupy. Samotný PANI vykazuje vysokou O2/N2 selektivitu, a proto by mohl být zajímavý 

pro rŢzn® aplikace jako napŚ²klad obohacov§n² vzduchu kysl²kem nebo naopak pŚ²prava inertn² 

dus²kov® atmosf®ry. Membr§ny z vĨchoz²ho PANI jsou ale kŚehk® a n§chyln® k prasklin§m. 

PANI byl proto m²ch§n s polybenzimidazolem (PBI), coģ je tepelnŊ odolnĨ a filmotvornĨ 

polymer. Ze smŊsn®ho materi§lu PANI/PBI tak bylo moģn® pŚipravit tenk® a stabiln² polymen² 

f·lie. Tyto byly d§le modifikov§ny nŊkolikerĨm zpŢsobem: protonov§ny kyselinou, tepelnŊ 

upraveny, pŚ²davkem titan§tovĨch nanotrubic (TiNT). Tak byly pŚipraveny n§sleduj²c² 

materi§ly: 1) smŊsi neprotonovanĨ PANI/PBI, 2) smŊsi protonovanĨ PANI/PBI 3) tepelnŊ 

zpracovan® smŊsi protonovan®ho i neprotonovan®ho PANI/PBI, 4) neprotonovanĨ PANI/PBI-

TiNT membr§ny se sm²ġenou matric². 

 Morfologie, mechanick® a fyzik§lnŊ-chemick® vlastnosti vġech pŚipravenĨch materi§lŢ byly 

studovány. Propustnost membrán pro plyny H2, O2, N2, CH4, a CO2 byla stanovena 

manometrickou metodou pomocí integrálního permeametru a sorpce tŊchto plynŢ v 

membránách byla stanovena gravimetricky. Vliv koncentrace PANI v PBI matrici, vliv 

protonace, tepeln®ho zpracov§n² a koncentrace TiNT na separaļn² vlastnosti membr§n pro 

plyny byly systematicky sledovány. 

 Výsledky získané v této práci ukázaly na vztah struktura membrány-výkon membrány. 

Modifikace membr§n PANI vede ke zlepġen² jejich separaļn²ch vlastnost². VĨsledky z²skan® 

bŊhem t®to studie poskytly z§kladn² pochopen² vztahu struktury a vĨkonu, a odhalily, ģe 

sloģen² a modifikaļn² postup maj² velkĨ vĨznam pro vlastnosti membr§nov® separace. Ke 

zlepġen² separaļn² ¼ļinnosti dostateļn® pro prŢmyslov® aplikace bude vġak potŚebnĨ n§slednĨ 

vĨzkum, zamŊŚenĨ na optimalizaci podm²nek pŚ²pravy membr§n a ¼pravu membr§nov® 

struktury.  
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Summary 

The implementation of polymer membranes in gas separation applications has been 

investigated to a great extent. Nevertheless, only a few types of polymers are used in 

commercial applications, disclosing the need for new materials with superior membrane 

performance to make membrane processes a more competitive technology over the 

conventional ones. Based on this context, this work focuses on the development of new 

polymeric membranes. Polyaniline (PANI), a multifaceted polymer that can change its 

structural properties upon various modification procedures, was chosen as membrane material. 

PANI membranes possess attractive O2/N2 selectivities, wherefore it is an interesting candidate 

for the use in gas separation applications, such as generation of oxygen-enriched air or inert 

gas generation. However, membranes made from neat PANI are suffering from brittleness and 

thus create leak paths through the membrane. Therefore PANI was blended with 

polybenzimidazole (PBI), a temperature stable polymer with good film-forming properties 

facilitating the preparation of thin, stable polymer films. Furthermore, several techniques were 

investigated including acid-doping, thermal treatment, and addition of titanate nanotubes 

(TiNTs) to enhance the separation properties.  

The materials that have been prepared are: 1) undoped PANI/PBI blend membranes,  

2) doped PANI/PBI blend membranes, 3) thermally treated undoped and doped PANI/PBI 

blend membranes, and 4) undoped PANI/PBI-TiNT mixed matrix membranes (MMMs). 

 Each material was characterized for its morphological, mechanical, and physico-chemical 

properties. Furthermore, gas permeation and sorption measurements were carried out on a 

time-lag permeation apparatus and a gravimetric sorption balance for the gases H2, O2, N2, 

CH4, and CO2 in order to investigate the gas separation behavior and to find out which 

membrane material possesses enhanced gas transport properties. The effect of the amount of 

PANI inside the PBI matrix, acid-doping, thermal treatment, and TiNT content was 

systematically investigated in relation to the gas permeation performance of the membranes. 

Furthermore, the membrane performance of each material was estimated with existing models 

as a means of interpretation of the experimental data and in order to figure out which membrane 

properties are good for a required membrane process. 

 The results acquired during this study provided a fundamental understanding of the 

structure-property relationship and revealed that the composition and the modification 

procedure is of great importance for the membrane separation properties. Further research to 

optimize the membrane preparation conditions and to modify the membrane structure is needed 

to improve the separation performance for industrial applications. 
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1 Introduction  

1.1 Motivation  of the work 

In the recent years, membrane science and technology grew in popularity and became an 

integral part of gas separation technology [1]. Compared to the other well-established gas 

separation technologies such as absorption, adsorption, cryogenics, membrane gas separation 

offers a number of advantages such as ease of operation, small foot-prints, simple design, 

modular construction, ease of process scale-up, low investment and operating costs [2,3]. 

Hence, it is widely applied in various fields such as food technology, petrochemistry, 

pharmaceutical industry, and biotechnology [4,5].  

 Even though membrane gas separation encompasses several significant advantages, the 

interest in membrane gas separation has come up just in the early 1980ôs with the development 

of high-flux asymmetric membranes for hydrogen separation by Permea [6]. Since then, 

remarkable progress has been made in the development of membrane separation processes. As 

a result, membrane technology has been proven to be economically viable and competes 

nowadays with the conventional existing ones [1]. Todayôs market is estimated to be $1.0 - 

1.5 billion/year [7] and it is anticipated that the market will grow in the upcoming years [6,8].  

 For the development of a new membrane process following aspects should be considered 

[9,10]: 

¶ Material selection: The inherent material properties determine the membrane 

performance and hence the economics of the membrane process. A suitable material 

should possess a high productivity-efficiency and should be capable of altering its 

membrane morphology. 

¶ Membrane fabrication and structure: The membrane structure is concerned with 

the membrane fabrication method and consequently also the gas transport. Depending 

on the morphology, which is determined by the fabrication process, the gas transport 

can be considerably different. 

¶ Module and system design: The technical set-up is very important as it has a huge 

impact on the plant manufacturing costs and the plant productivity. A properly 

designed membrane module should be compact and should be configured with an 

excellent separation surface area-to-volume ratio for large-scale applications. 

The combination of the above-mentioned factors is decisive in the successful implementation 

of a membrane gas separation process as Figure 1-1 discloses. 
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Figure 1-1. Main aspects of a successful implementation of membrane gas separation application [9,11] 

As mentioned before and shown in Figure 1-1, a crucial aspect for launching a new separation 

process is the choice of material that meets the present and future performance requirements. 

Various types of membranes used for gas separation exist, including inorganic, polymeric, and 

organic-inorganic membranes [9,12]. Thus far, the majority of applications use polymer 

membranes due to cost-effectiveness [12ï15], feasibility of membrane module fabrication 

[13,14], and ease of preparation [12,14]. However, studies on polymer membranes revealed 

that various polymeric materials possess an inherent constraint between permeability and ideal 

selectivity, which is described via the upper bound relationship discovered by Robeson. The 

so-called óupper bound trade-off curveô was obtained empirically by the comparison of 

membrane separation data of various polymeric materials in the so-called Robeson plot  

(Figure 1-2) [16] and serves nowadays as a benchmark for the material development [17]. 

Usually, polymer membranes are located on or below this upper bound [18]. However, 

membranes with separation data above the Robeson upper bound are of a great practical 

interest. 
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Figure 1-2. Robeson upper bound diagram for O2/N2 separation [16,19] 

Since the separation performance of neat polymer membranes is usually restricted, membrane 

scientists are looking for new membrane materials with both high ideal selectivities and high 

permeabilities [10,20]. Hence, the recent work focuses on the preparation of new polymeric 

membrane materials. An attractive polymer may be polyaniline (PANI). PANI excels at its 

environmental stability, simple synthesis, outstanding thermal properties, and structural 

features [21,22]. Interest in PANI as a membrane material has been developed through the 

initial investigation by Anderson et al. [23] Andersonôs group was the first that showed that 

PANI membranes have better O2/N2 selectivities than most of other polymer membranes at that 

time. Moreover, they showed, that the membrane properties of PANI can be easily modified 

via acid doping due to the structural features of PANI which is favorable for the preparation of 

new materials. However, its restricted solubility in any solvent makes the preparation of a 

stable membrane difficult  [24]. Hence, blending of PANI with polybenzimidazole (PBI) was 

explored for creating membranes with good mechanical strength as PBI has a similar structure 

to PANI, wherefore they might be compatible.  

 Based on this context, the present work was directed towards the preparation of PANI-based 

membranes and enhancement of its membrane separation properties by applying various 

modification methods.   
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1.2 Scope and objectives of the work 

This Ph.D. thesis focuses on the feasibility of PANI-based membranes for gas separation 

applications. The majority of the work has been devoted to the systematical modification of 

the PANI-based membrane structure by various methods (acid-doping, thermal treatment, and 

addition of nanoparticles) and to the investigation of the impact of the different structures on 

the gas separation performance. Apart from that, theoretical results of permeation models have 

been compared with experimental data in order to gain a deeper fundamental understanding of 

the structure-property relationship. 

Following objectives were set in the presented research: 

¶ Objective 1: Fabrication of defect-free, stable, thin PANI-based flat-sheet membranes.  

¶ Objective 2: Tailoring the properties of the PANI-based flat sheet membranes by 

various modification procedures, e.g. acid-doping, thermal treatment, and addition of 

nanoparticles. 

¶ Objective 3: Analyzing the morphological and physico-chemical properties of the 

prepared membranes. 

¶ Objective 4: Studying the membrane sorption and permeation properties of H2, O2, 

N2, CH4, and CO2. 

¶ Objective 5: Establishing a relationship between the membrane composition and their 

sorption and transport properties. 

¶ Objective 6: Investigating the structure-property relationships by applying existing 

mathematical models.  
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2 Membrane Gas Separation 

2.1 Introduction to m embranes and membrane processes 

A membrane is a selective barrier between two phases which is able to separate gas or liquid 

mixtures in the presence of a driving force such as concentration, pressure, or electric potential 

difference [4]. The mixture to be separated (feed) is brought in contact with the membrane 

surface and creates thereby two new streams: the permeate and the retentate. The permeate 

contains a higher concentration of the favorably permeating component and the retentate the 

retained component [4,25]. Figure 2-1 shows the principle of mass transport across a 

membrane. 

 

Figure 2-1. Mass transport across a membrane [26]   

The separation of gaseous and liquid mixtures is one of the central problems of the industry. 

Up to now, purification processes in the industry have been predominantly carried out by 

conventional processes such as distillation, rectification, extraction, condensation, 

crystallization, adsorption, and absorption, but membrane processes are gaining importance 

[26]. Outstanding examples of membranes applied in practice are blood purification, water 

treatment, material recovery, potable water production, and gas separation [27]. Table 2-1 

presents an overview of various membrane processes.   
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Table 2-1. Membrane processes and its characteristics including competitive processes [28,29] 

Membrane 

process 

Drivin g 

force 

Phases Permeating 

particle/molecule size 

Type of 

membrane 

Field of application Competitive 

process 

Microfiltration ȹ p 

(0.5 - 2 bar) 

liquid/liquid 10 ɛm - 1 ɛm porous Separation of particles from solutions 

(bacteria, cells) 

Sedimentation, 

Centrifugation 

Ultrafiltration ȹ p 

(1 - 10 bar) 

liquid/liquid 1 nm - 100 nm microporous Separation of dissolved 

macromolecules from solvent 

(proteins) 

Centriguation 

Nanofiltration ȹ p 

(10 - 70 bar) 

liquid/liquid 0.5 - 5 nm microporous Separation of dissolved substances of 

average molecular weight from solvent 

(dyes, sugar) 

Evaporation, 

Distillation 

Reverse 

osmosis 

ȹ p 

(10 - 100 

bar) 

liquid/liquid < 1 nm nonporous Separation of the solvent from 

solutions with lower molecular weight 

substances (removal of water from salt 

or sugar solutions) 

Evaporation, 

Distillation, 

Dialysis 

Dialysis ȹ c liquid/liquid < 1 nm nonporous or 

microporous 

Separation of low-molecular 

substances from macromolecular 

solutions and suspensions (blood 

purification) 

Reverse Osmosis 

Electrodialysis ȹ E liquid/liquid < 1 nm nonporous or 

microporous 

Separation of salts and acids from 

solutions of low-molecular/neutral 

substances 

Precipitation, 

Crystallization 

Pervaporation ȹ c liquid/gas < 1 nm nonporous Separation of low-molecular solvent 

mixtures (drainage of organic solvents) 

Distillation 

Gas 

permeation 

ȹ pi 

(1 - 100 bar) 

gas/gas < 1 nm nonporous Separation of gases or vapors from 

gases (air separation, waste air 

purification) 

Condensation, 

Absorption, 

Adsorption 

ȹ p ï pressure difference; ȹ c ï concentration difference; ȹ E ï electrical potential difference 
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There is a broad range of membrane separation processes which are widely used in industrial 

applications. In principle, every membrane separation process uses a membrane for performing 

a particular separation. Furthermore, the function of the membrane is the same: selective barrier 

between two phases. Besides, all membrane processes have the following objectives in 

common [4]: 

¶ Concentration Ą Removal of solvent to enrich the concentration of the desired 

component  

¶ Purification Ą Removal of undesired impurities of gas or liquid mixture  

¶ Fractionation Ą Separation of a mixture into at least two components 

In recent times, the use of membranes in gas separation is gaining importance, wherefore this 

study is focused on gas separation membranes. Therefore, this separation technique will be 

discussed in greater details in the next chapters. For a more detailed description about the other 

membrane processes, mentioned in Table 2-1, please refer to the literature [4,27,30]. 

2.2 History of membrane gas separation 

The ability of a membrane to separate gas mixtures can be traced to the eighteenth century 

[30,31]. However, membrane gas separation has become a major industrial application just in 

the past decades [9,32].  

 The foundations were laid by Mitchell, Graham, and Von Wroblewski with their first 

scientific observation of gas permeation through non-porous polymeric films [32,33]. This was 

followed by Fickôs studies on gas transport through nitrocellulose membranes in 1855 resulting 

in the óFirst Fickôs Lawô [31], a quantitative description of gas diffusion through barriers 

[31,34]. In 1866, Graham proposed the gas permeation mechanism which is the origin of the 

nowadays used ósolution-diffusionô mechanism [32,34,35]. Later, Bechhold introduced a 

method for the preparation of microporous membranes with graded pore-size structure [30,34]. 

However, the technical breakthrough in membrane gas separation was the invention of the 

Loeb-Sourirajan process for the formation of the asymmetric membrane in the 1960s 

[17,30,31,34]. In the 1980s, the Loeb-Sourirajan procedure was adapted to gas separation and 

the first commercial gas separation membrane (Prism®), an asymmetric polysulfone hollow-

fiber membrane for the separation and recovery of hydrogen from ammonia purge gas was 

developed [6,30,36]. Within few years several other companies introduced different materials 

for specific separation purposes, e.g. Ube Industries launched polyimide hollow-fiber 

membranes for H2/hydrocarbon separation [37]; GMS, Separex, and Cyanara introduced 

cellulose acetate membranes for the removal of CO2 from natural gas [6]; Generon, Praxair, 

and Medal implemented membranes for the separation of oxygen or nitrogen from air [6]. From 

then on, the progress in membrane science and technology was accelerated in virtually every 

aspect of membranes [6,9,38]. Since 1990 reliable and economical competitive gas separation 

plants are being built [10,30,39]. Figure 2-2 displays the development in membrane gas 

separation [6].  
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Figure 2-2. History of membrane gas separation [6]  

Nowadays gas separation membranes can be found in various applications including hydrogen 

recovery, oxygen and nitrogen enrichment, acid gas treatment, natural gas and air dehydration 

[3,29]. Nevertheless, there is still a need for newly developed large-scale gas separation 

membrane systems, for gas separation in particular for condensable gases like hydrocarbons 

from methane or propylene from propane [6].  

2.3 Membrane classification 

Membranes are mainly classified according to the following aspects [40,41]:  

¶ Origin (synthetic, biological) 

¶ Material (inorganic, organic) 

¶ Structure (porous, non-porous)  

A further differentiation is related to the membrane fabrication process (phase inversion, 

solvent-evaporation), to the underlying transport mechanism (molecular sieve membranes, 

solution-diffusion membranes) or to the final use (reverse osmosis, ultrafiltration, etc.) [40]. 

2.4 Types of membranes for gas separation  

There are various types of membranes. The most common ones are shown schematically in 

Table 2-2 [4,30]. The present work is only devoted to dense, synthetic membranes. 
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Table 2-2. Overview of different membrane types 

Type of membrane [30] Name [30] Characteristics [4,30] Preparation [30] Picture [30] 

Symmetric membrane 

 

Isotropic 

microporous 

membrane 

¶ homogenous microporous 

morphology 

¶ separation layer: (micro)porous 

¶ track-etching 

¶ stretching 

¶ template leaching 

 

Nonporous 

dense 

membrane 

¶ homogenous morphology 

¶ separation layer: dense 

¶ solution casting 

¶ melt-pressing 

 

Asymmetric membrane 

 

Loeb-

Sourirajan 

membrane 

¶ heterogeneous morphology 

¶ dense top layer and porous 

substructure 

¶ separation layer and support 

layer are of the same material 

¶ phase inversion  

Thin-film 

composite 

membrane 

¶ heterogeneous 

¶ dense top layer 

¶ porous substructure 

¶ active layer and support layer 

are from different materials 

¶ interfacial polymerization 

¶ solution-coating 

¶ plasma deposition 
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2.5 Membrane materials 

Several materials can be used for the fabrication of membranes. However, the choice of a 

material depends on the application and the cost-effectiveness. In general, an effective 

separation material should satisfy the following requirements [20]:  

¶ Technical feasibility 

¶ Optimal chemical and thermal stability 

¶ Good mechanical stability 

¶ Excellent gas transport properties  

¶ Inexpensive 

Moreover, membrane materials for gas separation are categorized into organic (e.g. cellulose, 

polymer) or inorganic (e.g, ceramic, glass or a metal) [4]. In the following  

(Table 2-3) the advantages and disadvantages of polymeric and inorganic membranes are 

displayed:  

Table 2-3. Advantages and disadvantages of polymeric and inorganic membranes 

Pros and cons Organic membranes [8,42ï44] Inorganic membranes [4,8,18,28]  

Pros ¶ cost-effective 

¶ easy processable 

¶ good mechanical strength 

¶ robust in handling 

¶ high thermal stability 

¶ chemical inertness 

¶ low aging ability 

¶ long service life 

Cons ¶ possibility of swelling 

¶ decomposition in organic 

solvents 

¶ low resistance against high 

temperatures or aggressive 

chemical environments 

¶ brittleness 

¶ high capital costs 

¶ difficult module construction 

In most of the large-scale processes, polymeric membranes are predominantly used. 

Nevertheless, inorganic membranes gained more attention in recent years, especially in those 

applications in which polymer membranes cannot be applied. Meanwhile, there are also 

membranes that combine the properties of the polymeric and inorganic membranes 

advantageously.  

 In the following section, just polymeric membranes will be discussed with the main focus 

on the materials related to this work, specifically PANI and its derivatives.  
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2.5.1 Polyaniline 

a) Polyaniline structure 

Polyaniline (PANI) was discovered in the 19th century [45ï47] and arouse considerable 

attention among scientists due to the following key properties [22,45,48,49]: 

¶ Easy and cheap to synthesize 

¶ Intrinsic conductivity 

¶ Good thermal and environmental stability  

¶ Interesting redox and ion-exchange properties  

¶ Excellent electronic and optical properties  

¶ Existence of various morphologies 

In general, PANI is a redox-active polymer [50] which exists in various forms that differ in the 

degree of oxidation and protonation [45,51,52]:  

¶ Leucoemeraldine 

¶ Emeraldine  

¶ Pernigraniline 

The general structure of PANI is shown in Figure 2-3, whereupon m describes the reduced and 

(1-m) the oxidized repeating units [53ï55]: 

m
n

1-m
 

Figure 2-3. General structure of PANI [53ï55] 

¶ When m = 1, PANI is in its completely reduced state known as leucoemeraldine. 

¶ When m = 0, PANI is in its completely oxidized state known as pernigraniline 

¶ When m = 0.5, PANI is in its middle state known as emeraldine 

Technically, the most interesting form of PANI is the emeraldine form [45,52,56,57] as it 

exhibits unique conductive properties. It was found, that the emeraldine form of PANI can be 

converted from an insulator state to a conductive one via doping. The non-conductive form of 

PANI emeraldine is known as PANI emeraldine base (PANI-EB) and the conductive form as 

PANI emeraldine salt (PANI-ES). This conversion is reversible meaning that PANI-ES can be 

changed to PANI-EB by exposure to an alkaline [58]. 

 In addition, PANI emeraldine can be converted into the oxidized form pernigraniline by 

strong oxidants or into the reduced form leucoemeraldine by strong reduction agents [45]. 

However, these forms are non-conductive even in the protonated form [59,60]. Furthermore, 

each transition is accompanied by a color change [45,52,61]. Figure 2-4 shows the different 

redox states of PANI in its base and salt form. 
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Figure 2-4. Redox states of PANI [62]  

The present work exploited the distinctive features and properties of PANI emeraldine. In the 

following, it is only concentrated on PANI emeraldine. 

b) Electrical conductivity of PANI 

The reason why PANI shows electrical conductivity is founded in its structure [63,64]. PANI 

is a conjugated polymer which is composed of single and double bonds in an alternating manner 

[56,64], that allows the electric flow [65]. However, the electrical conductivity results from the 

occurrence of charge carriers [52,64] (solitons, polarons, and bipolarons [50,56]). By its 

movement along the polymer chain, electrical conductivity occurs [52,65]. The charge carriers 

can be induced via different ways as to mention: a) redox doping or b) doping with aqueous 

protonic acid [55,66]. In case of redox doping the polymer is exposed either to an oxidant  

(p-doping) or reductant (n-doping) [67] resulting in partial removal (oxidation) or addition 

(reduction) of electrons to the polymer chain [55], whereupon the number of electrons changes 

[68]. In case of doping with aqueous protonic acid, such as HCl, no changes in the number of 

electrons take place [54,55,68]. 

 In general, the theory behind the charge transport mechanism in conductive polymers is 

complex. However, it is beyond the scope of this thesis to provide a detailed description and 

overview of this topic. For additional information please refer to the literature [50,52,65]. 
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c) PANI preparation 

PANI is usually prepared either by chemical polymerization or by electrochemical 

polymerization [45,55]. 

¶ Chemical polymerization 

The oxidative polymerization is carried out either with aniline dissolved in acidic medium [69] 

or with anilinium salts (e.g. aniline hydrochloride or aniline sulphate) dissolved in aqueous 

medium [70] which is subsequently oxidized by the addition of an oxidant [69,70]  

(e.g. ammonium peroxydisulfate, iron(III) chloride, cerium(IV) sulfate, potassium iodate, 

potassium dichromate, periodic acid, sodium chlorite, manganese(IV) oxide, copper 

perchlorate, as well as vanadic acid) [45]. The obtained polymer is PANI emeraldine salt 

(PANI-ES) in its protonated state which can be deprotonated afterward to PANI emeraldine 

base (PANI-EB) [71]. This step is favorable, as PANI-ES is insoluble in any solvent in contrast 

to PANI-EB, wherefore it is easier to process [50,72].  

¶ Electrochemical polymerization 

PANI is obtained galvanostatically at a constant current density or by cyclic voltammetric 

scanning of aniline in either acidic aqueous medium (e.g., sulfuric acid, perchloric acid, nitric 

acid, phosphoric acid, etc.) or in organic solvent (e.g., acetonitrile, dichloromethane, etc.), 

whereupon it is deposited on the surface of the working electrode [45]. This technique is  

well-established for the preparation of polymer films [73]. The obtained film is doped with 

incorporated electrolyte anions, which can be neutralized by reversing the electrochemical 

potential [67].  

Furthermore, it was reported that changes in the polymerization condition result in different 

morphologies of PANI. For instance, the polymerization in strongly acidic media results in 

granules and nanofibers. When the polymerization is conducted in slightly acidic media 

nanotubes are formed. In case of polymerization in alkaline media micro- and nanospheres are 

produced [45,70]. Besides, colloids can be prepared when the oxidation is performed with a 

steric stabilizer [45]. Overall, it has been shown that different morphologies lead to different 

material properties [22,46,74,75]. 

 Thus far, mainly the oxidative polymerization route is chosen for the preparation of PANI 

[50,70] due to the ease of synthesis. Hence, this way was also chosen in the present case for 

the preparation of PANI.  

d) PANI membranes 

The first study on PANI-based membranes for gas separation dates back to the 1990s to the 

work of Anderson et al. [23,76]. In their study, they showed that PANI is a promising 

membrane candidate for O2/N2 separation. Since then, numerous studies on PANI as a 

membrane material were published in which the structure-property relationship of polymers 

were explored. Table 2-4 summarizes the results of a number of subsequent studies. 
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Table 2-4. Technical achievable PANI membrane performance reported by various research groups 

Research 

groups 

Anderson 

[76] 
Rebattet 

[77] 
Chang 

[78] 
Mattes 

[79] 
Orlov 

[80] 
Illing  

[81] 
Wang 

[82] 

Permeability (Barrer)  

H2 --- 3.7 2.51 3.08 --- 1.477 4.38 

O2 0.280 0.13 0.12 0.141 19.2 0.088 0.151 

N2 0.038 0.026 0.017 0.015 2.35 0.009 0.0165 

CO2 1.44 0.75 0.67 0.421 62.9 0.291 0.72 

CH4 --- 0.016 0.05 0.023 2.35 --- 0.0078 

Ideal selectivity 

H2/N2 --- 142 148 205 --- 164 265 

CO2/CH4 --- 46.9 13.4 18.3 26.8 --- 92.3 

H2/CO2 --- 4.93 3.75 7.32 --- 5.08 6.08 

H2/O2 --- 28.5 20.92 21.8 --- 16.8 29.0 

CO2/O2 5.14 5.77 5.58 2.99 3.28 3.31 4.77 

O2/N2 7.32 5.00 7.06 9.40 8.17 9.78 9.15 

CO2/N2 37.7 28.85 39.4 28.1 26.8 32.3 43.6 

As all the examples indicate, PANI membranes possess interesting separation properties, but 

low permeabilities [80,81]. Another major limitation of PANI membranes that restricts their 

use as a membrane material is the poor film-forming abilities [66,81]. Several methods have 

been reported how to overcome this drawback by adopting one of the following techniques: 

¶ Synthesis of substituted PANI [21,73] 

¶ The use of amide solvents [73] 

¶ Synthesis of PANI on support material [80,83]  

¶ Blending of PANI with another polymer [84] 

e) PANI/PBI blend membranes 

As means of improving the film-forming properties of PANI, polymer blending has been 

applied in this thesis. Polymer blending of two or more polymers is a time-efficient and cheap 

method that offers the possibility to combine the favorable properties of two or more polymers 

and results in new materials with enhanced properties which cannot found in the single 

components [3,85]. In general, most polymer blends are limited in its miscibility and 

homogeneity [86], however, homogeneity is preferred in order to obtain membranes with 

uniform membrane performance [87].  

 In the present work, polybenzimidazole (PBI) was used as a blending component. PBI is a 

heterocyclic polymer [88ï90] like PANI which might be beneficial for obtaining homogeneous 

polymer blends. A general structure of PBI is shown in Figure 2-5. 
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n  

Figure 2-5. Chemical structure of PBI [91]  

PBI belongs to the high-performance polymers with excellent thermal, chemical, and 

mechanical stability [88ï90]. It is a rigid polymer [88ï90] with tight polymer chain packing 

induced by strong inter- and intra-molecular hydrogen bonding as well as ˊ-ˊ interactions 

within the polymer chains [92]. This can have a strong effect on the membrane properties of 

PANI-based membranes.  

 Even though there has been a great accomplishment in the membrane formation of PANI, 

they are still not in use in industrial membrane gas separation applications due to low 

permeability [80,81] and difficulties in membrane film formation [66,81]. Hence, in this work 

blend membranes based on PANI and PBI were prepared aiming to develop stable PANI-based 

membranes and to investigate their membrane morphology, physico-chemical and gas 

transport properties. Furthermore, the prepared blend (undoped PANI/PBI blend membrane) 

serves as a starting material on which various modification methods were applied for tailoring 

basic properties such as permeability and ideal selectivity aiming to enhance the membrane 

performance of PANI-based membranes.  

2.5.2 Measures to increase the membrane performance 

a) Acid doping of PANI-based membranes 

The valuable structural properties of PANI provide a great platform for modification and hence 

for obtaining materials with new properties. One way to optimize the material properties of 

PANI-based membranes is the method of doping [50,79].  

 The term ódopingô is used to describe the process of protonation of PANI by a dopant, which 

is in the present case an acid [22]. During doping of PANI-EB with a dopant the polymer 

changes to the conductive PANI-ES form [51,93]. In the same time the electric properties 

increase, which can be explained by the formation of polarons via an internal redox reaction 

from bipolarons [93]. Besides, the doping process is accompanied by a color change from blue 

to green [50] and changes in the morphology and physical properties, e.g. electrical 

conductivity, degree and nature of crystallinity, density, rheology [79]. Apart from this, the 

doping process is reversible meaning that PANI-ES can be dedoped yielding in the recovery 

of PANI-EB [58]. Figure 2-6 shows the doping procedure of PANI-EB to PANI-ES: 
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Figure 2-6. Doping process of PANI-EB and structural changes in PANI-ES [93]  

Many research groups investigated the method of doping and the influence on the gas transport 

properties. Earliest study on doping of PANI-based membrane can be traced back to the year 

1990. In this study, Anderson et al. doped PANI membranes with halogenic acids (HF, HCl, 

HBr, and HI) and reported remarkable ideal selectivity values of various gas pairs, e.g. 3590 

for H2/N2, 30 for O2/N2, and 336 for CO2/CH4 [23].  

 The outstanding results of Anderson et al. encouraged others to develop doped PANI-based 

membranes. Kuwabata and his group [94] performed permeability tests with films made from 

PANI as the separation layer and microporous aluminum as a support and found that a higher 

degree of doping leads to higher ideal selectivities. Rebattet et al. [95] studied the doping-

dedoping-redoping mechanism and observed that the repeated doping-undoping-redoping 

treatment causes a decrease in permeability for  larger gases but an increase for smaller gases, 

which in turn result in an overall increase in ideal selectivity. Lee et al. [96] conducted similar 

studies on the influence of the doping-redoping cycling mechanism on PANI membranes. The 

repeated undoping and redoping procedure resulted in an increase in ideal selectivities 

accompanied by a decrease in permeabilities.  

 As all these studies indicate, doping is an interesting and facile way to produce new 

materials with interesting gas transport properties. Hence, in this work PANI-based membranes 
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were doped aiming to adjust its gas transport properties. HCl was used as doping agent as it 

was mainly applied by other researchers [77,78,80,94ï98]. 

b) Carbon membranes 

Another way to improve the membrane performance of PANI-based membranes is the thermal 

treatment procedure for creating carbon membranes. The term óthermal treatmentô (also known 

as pyrolysis [99,100], carbonization [99,100], or thermal annealing [101]) describes the process 

of heating polymeric materials at high temperatures [99]. It was found that the thermal 

treatment of PANI at elevated temperatures transform PANI into a nitrogen-containing carbon-

like material, whereupon it changes its material properties but retains its morphology  

[102ï104]. The main reaction which was observed is the intramolecular crosslinking of PANI 

chains which results in the formation of phenazine-like crosslink structures. Besides, chain 

scission and ring-opening reaction of benzenoid and quinonoid rings may occur leading to the 

formation of oxime and nitrile groups [102,103,105]. Figure 2-7 shows the possible chemical 

changes occurring during the thermal treatment procedure of PANI in the emeraldine oxidation 

state.  

Oxime groups 

(3)

Nitrile groups 

(4)

- H
2
O

Phenazine rings 

(2)

PANI (1)

+ O
2

 

Figure 2-7. New structures upon the thermal treatment of PANI (1): phenazine rings (2), oxime (3) and nitrile (4) 

groups [105] 

The thermal treatment procedure has attracted considerable attention in recent years in the 

membrane preparation as they result in membranes composed of microporous, amorphous 

high-carbon materials with interesting features (compared to their precursor membranes) as to 

mention [99,106,107]: applicability at high temperatures, chemical resistance in corrosive 
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environments, high permeability, and excellent ideal selectivity [108ï111]. Moreover, their 

textural properties enable them to separate gases based on the molecular sieving mechanism, 

which makes these membranes effective for several applications including gas purification, 

dehydration, or natural gas processing [106]. However, the high preparation costs are one of 

the reasons why such membranes are not applied yet in industrial applications [111,112]. 

Another major drawback of such membranes is their poor mechanical stability entailing the 

problem of cracks and defects [99,113,114].  

 As reported in the literature, the way how the thermal treatment is carried out is crucial for 

a successful preparation of thermally treated membranes as well as the final membrane 

properties [99,115]. Hence, following general parameters are necessary to be considered for 

obtaining high performing membranes with desired characteristics [99,106,112]: 

¶ Choice of precursor 

¶ Membrane preparation method 

¶ Pre- or post-treatment procedures 

¶ Pyrolysis condition 

Earliest study on carbon membranes was reported in 1980s by Koresh and Soffer [116]. In their 

study, they investigated the effect of temperature on hollow fiber carbon membranes 

(undisclosed membrane material) and observed changes in the permeabilities and ideal 

selectivities upon thermal treatment. Although their research uncovered the potential of 

thermally treated membranes for separating gases, there was a humble beginning in the 

development of carbon membranes. Since then, many fundamental scientific works followed 

in the 1990s, whereupon the interest in carbon membranes has grown rapidly. 

 Some research groups were focusing on the influence of the precursor material on the gas 

transport properties. For instance, Jung et al. [108] prepared carbon membranes from 

Ultem 1000, Kapton, phenolic resin, polyacrylonitrile, and cellulose acetate and found that the 

permeation through thermally treated Ultem 1000, Kapton, and phenolic resin pursues a 

molecular sieving mechanism, whereas the permeation through thermally treated 

polyacrylonitrile and cellulose acetate pursues a combined mechanism of Knudsen diffusion 

and molecular sieving. The differences were explained based on differences in the pore 

structure formed during the thermal treatment. 

 Furthermore, several studies were done on the influence of the pyrolysis temperature on the 

final gas transport properties as the temperature strongly influences the textural properties. 

Most commonly applied temperatures for the thermal treatment are in the range of 500 °C - 

1000 °C [99,107,114]. Ning et al. [117] prepared carbon membranes from Matrimid at three 

different temperatures: 550 °C, 675 °C, and 800 °C. It was shown that the membrane treated at 

800 °C exhibited higher N2 permeability and higher N2/CH4 selectivity over the precursor 

membrane. Beyond, lower temperatures probed to provide better permeabilities but poorer 

separation performance. Overall, most attractive membrane performance was obtained after 

the thermal treatment at 800 °C as this membrane exceeded the Robeson upper bound in the 
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Robeson diagram. Salinas et al. [101] conducted similar studies on the effect of the thermal 

treatment temperature on the ethylene/ethane separation properties of PIM-1-based 

membranes. The thermal treatment at 800 °C resulted in the highest selectivity and lowest 

permeability whereas the thermal treatment at 400 °C resulted in the lowest selectivity but 

highest permeability. 

 Another important parameter during the preparation of carbon membranes is the thermal 

soaking time which describes the time how long the thermal treatment temperature is kept 

constant at one and the same temperature. It usually is in the range of several hours and is a 

useful variable for the fine-tuning of the carbon membrane properties [114]. Steel and Koros 

[118] fabricated carbon membranes from Matrimid and the polyimide precursor 6FDA/BPDA-

DAM. They found, that the permeability decreased and the ideal selectivity increased with the 

increase in thermal soaking time from 2 h to 8 h. 

 Several studies were focusing on the variable óheating rateô as the heating rate determines 

the evolution of volatile components from the membrane which have a considerable influence 

on the structure of the membrane [99,113]. The range of heating rate is between 1 - 13 °C/min. 

In general, lower heating rates are favorable over higher ones, as higher heating rates might 

cause membrane defects, whereas lower heating rates cause small pores and improved 

crystallinity [99,114]. Kim et al. [119] prepared carbon membranes from Matrimid 5218 coated 

on rounded alumina disks. In their work, they investigated the changes in the gas transport 

properties in connection to the ramping rate of 9.6 °C/min, 2.4 °C/min, and 0.8 °C/min. They 

found that the heating rate of 9.6 °C/min resulted in non-selective, high permeable membranes 

with defects. On the contrary, lower heating rates of 2.4 °C/min or 0.8 °C/min resulted in 

defect-free membranes with similar membrane performance. Centeno et al. [120] prepared 

carbon membranes from phenolic resin at heating rates of 10 °C/min or higher. The membranes 

prepared at 10 °C/min heating rate possess enhanced molecular sieving characteristics, whereas 

the ones prepared at higher heating rates possess lower permeabilities, but improved ideal 

selectivities. It is believed that the higher removal rate of volatile carbon compounds causes a 

partial carbon vapor deposition in previously created pores and hence results in a decrease in 

permeabilities but an increase in ideal selectivities.  

 Besides, several research groups have studied the influence of pre- and post-treatment 

condition on the separation performance of carbon membranes in order to enhance the 

membrane properties [99]. Fu et al. [121] used the polyimide 6FDA/DETDA:DABA (3:2) for 

the preparation of carbon membranes and investigated the effect of the pre-treatment methods 

of O2 doping and pre-crosslinking on its gas separation performance. It was shown that the 

presence of O2 in the gas atmosphere results in an increase in ideal selectivities accompanied 

by a moderate decrease in permeabilities owing to a reduction in the ultramicropore distance 

present in the membrane structure. On the contrary, pre-crosslinking results in improved 

permeabilities and just slightly decreased ideal selectivities. Wenz and Koros [122] studied the 

effect of post-synthetic amine-doping on carbon membranes hollow fiber membrane made 
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from polyimide 6FDA/BPDA-DAM. The permeation results revealed that the amine doping 

leads to membranes with enhanced ideal selectivities but lower permeabilities.  

 Moreover, the gas atmosphere during the thermal treatment process has a high impact on 

the membrane performance as the gas can release the volatiles during the thermal treatment 

process. Hence, pore blocking due to carbon deposition during thermal treatment can be 

avoided [113,123]. Usually, vacuum or inert atmosphere is applied [124,125]. Sazali et al. 

[123] used Ar and N2 atmosphere for the preparation of carbon membranes from Matrimid. 

The treatment under Ar atmosphere resulted in higher permeable membranes with higher ideal 

selectivities than under N2. It is believed that the Ar gas can sweep away more readily the 

volatile vapors formed and hence avoid blocking pores formed on the carbon membrane during 

the thermal treatment. Similar experiments were performed by Geiszler et al. [126] on 

6FDA/BPDADAM hollow fiber carbon membranes under inert gas (He, Ar, and CO2) and 

vacuum (0.01 - 0.03 mtorr). It was found that the carbon membranes prepared under inert gas 

atmosphere exhibited higher permeabilities, but lower ideal selectivities than the one prepared 

under vacuum. Analytical results revealed that inert gas atmosphere could produce carbon 

membranes with bigger pores than under vacuum, wherefore higher permeabilities, but lower 

ideal selectivities were reached. Despite, no huge difference was found in the membrane 

performance upon changing the inert gas atmosphere. 

 Current developments in carbon membranes focuses on the method of polymer blending. 

Up to now, most studied blending precursor materials are: PPO/PVP [109,127], PEI/PVP 

[113,128], PEG/PEI [125], PI/PEG [125,129], PEI/PI [130], PFNR/PEG [131], and PBI/PI 

[132,133]. 

 As all these studies reveal, thermal treatment is a simple way of preparing advanced 

membrane materials with interesting gas transport properties. Hence, in this work PANI-based 

membranes were thermally treated aiming to improve gas transport properties of PANI/PBI 

blend membranes.  

c) Mixed matrix membranes 

An alternative strategy to alter the separation characteristics of PANI-based membranes is the 

preparation of so-called mixed matrix membranes (MMMs). MMMs are composite materials 

that consist of inorganic nanoparticles embedded in a polymer matrix. They receive continuous 

attention as they combine the beneficial separation properties of the nanoparticles and the 

favorable film-forming properties of polymers [8,18,134,135]. Figure 2-8 shows the scheme of 

a MMM. 

 
Figure 2-8. Scheme of a MMM 
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In the development of MMMs, the choice of a proper material combination is crucial, as the 

use of different polymers and fillers can result in different gas transport properties 

[18,19,136,137]. In general, the following effects can be observed upon the addition of 

nanoparticles:  

¶ Increase in fractional free volume [18,138ï140]: Well-dispersed nanoparticles 

within the polymer matrix might disrupt polymer chain packing and increase the 

fractional free volume which in turn favors the overall transport of the penetrant gas. 

¶ Reduced chain segment mobility [18,19,141,142]: Upon addition of nanoparticles, 

the chain segment mobility might be reduced resulting in improved ideal selectivity. 

¶ Acting like an obstacle [142ï145]: Nanoparticles might act as obstacles inside the 

polymer matrix thus increasing the tortuous pathway of the gas molecule through the 

membrane resulting in enhanced ideal selectivity but decreased permeability. 

¶ Non-ideal interphase [2,8,18,19]: Choosing an incompatible polymer/particle 

combination might lead to poor adhesion between the polymer and the particle and 

hence to the formation of an interface or voids which reduces the ideal selectivity but 

enhances the permeability.  

¶ Type of particles [8,18,145,146]: Porous fillers might act as molecular sieves 

enhancing permeability and ideal selectivity, whereas non-porous particles might act 

as obstacles enhancing the ideal selectivity but reducing the permeability.  

¶ Particle alignment [147ï149]: Aligned inorganic particles can enhance the gas flux 

by creating pathways in the membrane.  

MMMs emerged at the beginning of the 1990s, however, its discovery dates back as early as 

1970 [2,18]. Back then, Paul and Kemp [150] reported a remarkable increase in the diffusion  

time-lag but only minor changes in the steady-state permeation upon the addition of zeolite 5A 

to a polydimethylsiloxane (PDMS) membrane.  

 Since then, numerous works have been published on the preparation of MMMs. Wu et al. 

[151] studied MMMs made of PIM-1 and covalent organic frameworks which possessed 

enhanced CO2/CH4 and CO2/N2 selectivity. Martin-Gil et al. [152] studied Matrimid 5218 

based MMMs that comprised TS-1 and ETS-10 titanosilicates for CO2/CH4 gas separation 

applications. Amedi and Aghajani [153] prepared MMMs from polyurethane membranes 

containing SiO2, ZSM-5, and ZIF-8, respectively, for the separation of CO2 and CH4. Sun et al. 

[154] fabricated MMMs via in-situ polymerization from polyimide and functionalized 

MWCNT and tested them for CO separation. Kubica et al. [155] developed MMMs from 

polysulfone and copper terephthalate and found that the nanoparticles have a positive impact 

on the N2, O2, He, and CO2 permeability. Boroglu et al. [156] investigated the influence of 

RHO type ZIF-12 particles on the gas separation performance of Matrimid membranes and 

found that the addition of Rho ZIF-12 particles has a positive effect on CO2/CH4 and H2/CH4 
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ideal selectivities. More information about the recent progress in the development of MMMs 

can be found elsewhere [7,8,136,157ï159]. 

 A number of studies have been done on the influence of the particle size on the gas transport 

properties of MMMs. Japip et al. [160] fabricated MMMs from 6FDA-Durene and ZIF-71 

particles of various size, e.g. 30, 200, and 600 nm. Best membrane performance was found for 

the MMMs containing ZIF-71 particles with the size 200 nm. Nordin et al. [161] conducted 

similar studies on the influence of ZIF-8 particles (size range: 100 nm - 500 nm) on the 

CO2/CH4 separation performance of a polysulfone matrix. The addition of ZIF-8 with the size 

100 nm resulted in a decrease in CH4 and CO2 permeance, whereas the addition of ZIF-8 with 

the size 300 nm and higher resulted in an increase in CH4 and CO2 permeance. Other studies 

on the gas transport dependence on a particle size were performed by Zhung et al. [162] and 

Tantekin-Ersolmaz [163].  

 Several studies were focusing on the influence of the particle structure on the membrane 

performance. Fernández-Barquín et al. [164] prepared MMMs from poly(1-trimethylsilyl-1-

propyne) with three different zeolite frameworks: CHA, LTA, and Rho (Si/Al ratio - 1, 5, and 

Њ). It was shown, that the MMM with the zeolite of the largest pore size (LTA5 - 4 Å) exhibited 

the highest permeabilities. Cong et al. [165] used brominated poly(2,6-diphenyl-1,4-phenylene 

oxide) (BPPO) and two kinds of carbon nanotubes, namely single-wall carbon nanotubes, and 

multi-wall carbon nanotubes, to form MMMs. The membrane performance of BPPO MMMs 

containing MWCNTs was better than the one containing SWNTs.  

 Furthermore, particle agglomeration can occur in a MMM  leading to an inhomogeneous 

distribution of the nanoparticles inside the polymer matrix, which negatively affects the 

membrane properties. Wu et al. [166] prepared MMMs from polyimide and various contents 

of chrysotile nanotubes (ChNT) and investigated the influence of ChNT dispersion on the gas 

transport properties. It was found that the addition of up to 4.5 vol% of ChNTs resulted in a 

decrease in O2 permeability, whereas a further increase in ChNT content causes an increase in 

O2 permeability. As TEM micrographs revealed, ChNTs form small individual bundles in the 

PI matrix, which gradually increases with the amount of ChNTs. Upon the addition of more 

than 4.5 vol% of ChNTs larger aggregates were observed. It was suggested, that the ChNT 

micro aggregation influences the nanotube dispersion and orientation and hence the 

permeability behavior.  

 Also, the influence of the particle shape on the MMM performance has been investigated. 

Li et al. [167] prepared MMMs with embedded graphene oxide nanosheets and carbon 

nanotubes (CNTs) into matrimid. The presence of CNTs resulted in high permeabilities and 

low selectivities, whereas the addition of graphene oxide sheets leads to a reverse effect. 

 The orientation of the filler has also a great impact on the transport properties of the 

permeating species through the membrane. Kumar et al. [147ï149] prepared MMMs from 

polycarbonate, polystyrene, and polymethylmethacrylate with various types of MWCNTs and 

studied the effect of MWCNTs alignment on the permeability. They found that the alignment 

of MWCNTs enhances the permeability and ideal selectivity.  



 

2. Membrane Gas Separation 
 

- 23 - 

 

Besides, several research groups studied the influence of functionalization of nanoparticles on 

the membrane performance as functionalization can improve the interfacial contact between 

the polymer matrix and the filler and can avoid the formation of non-ideal morphologies such 

as sieve-in-a-cage, rigidified polymer layer. Moghadassi et al. [168] used raw-MWCNTs and 

carboxylic-MWCNTs combined with cellulose acetate for the preparation of MMMs. They 

found that the MMMs with functionalized MWCNTs possess higher permeability than the one 

with non-functionalized MWCNTs. Other studies involving the functionalization of 

nanoparticles were reported by [169,170].  

 As all these studies indicate, factors like orientation of nanoparticles, particle size, particle 

shape, particle agglomeration, interface morphology, polymer matrix have a great impact on 

the MMM qualities. Besides, they show that the development of MMMs seems to be a 

promising way of achieving membranes with outstanding membrane performance. 

Nevertheless, several problems still prevent the wide application of MMMs as to mention:  

1) poor dispersion of the inorganic fillers in the polymer matrix 2) formation of aggregates,  

3) interfacial defects on the interface between the inorganic fillers and the polymer matrix 

[8,157,171].  

 Even though multifarious combinations of polymer and nanoparticles were already studied, 

there is still need for further investigation in order to obtain a new material suitable for 

industrial applications. Hence, in this work MMMs based on PANI and a rather new type of 

non-carbon-based filler, namely titanate nanotubes (TiNTs), were prepared aiming to enhance 

the gas transport properties of PANI-based membranes. TiNTs were chosen, due to their 

interesting structural properties. TiNTs are hollow tubular nanoparticles made of rolled, spiral 

sheets of titanate with an outer diameter of approximately 8 nm and a length in the range of  

100 nm - 1 µm [172]. The high aspect ratio of length-to-diameter [172], as well as the large 

surface area [144,173], and the structural flexibility [144,174,175] make them a suitable 

candidate for gas separation applications. 
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3 Membrane Gas Transport Theory 

3.1 Fundamental transport mechanism in gas separation 

The mechanism of gas transport in membranes is closely related to the membrane structure. 

Whether the membrane is porous or nonporous different separation mechanisms can occur 

[34,176]. Figure 3-1 illustrates the existing types of transport mechanisms. 

 

Figure 3-1. Transport mechanism across membranes [177] 

Gas transport through porous membranes can be described by the viscous flow, Knudsen 

diffusion, surface diffusion, capillary condensation, molecular sieving diffusion, while the gas 

permeation in dense, non-porous membranes can be described by the solution-diffusion model 

[177ï179]. Furthermore, the gas transport through porous membranes is governed by the pore 

dimensions and the mean free path of the penetrant molecules within the pores [178], whereas 

the transport of gases in a dense membrane is governed by the nature of the penetrant and the 

membrane material [180]. Beyond, porous membranes are usually highly permeable and not 

very selective, whereas dense membranes are often very selective but not very permeable [176]. 

 In the following section, the solution-diffusion model will be discussed in detail since it is 

of relevance for the present work. 

3.2 Gas transport through dense membranes 

3.2.1 Solution-diffusion model 

The permeation of a gas through a dense, homogenous polymeric membrane is usually 

described by the solution-diffusion model. According to this model, the permeation of a gas 

molecule across the membrane takes place in three steps [34,38,181,182] as shown in  

Figure 3-2. 
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1) Sorption: Adsorption of the penetrant molecule onto the 

membrane surface and dissolution into the membrane [50,97] 

 

 

2) Diffusion: Movement of the penetrant molecule across the 

membrane [50,97] 

 

 

3) Desorption: Disengagement of the dissolved penetrant 

molecule from the membrane and desorption from the 

membrane surface [50,97] 

Figure 3-2. Solution-diffusion mechanism [26]  

As the term solution-diffusion mechanism implies, the gas transport based on this mechanism 

is controlled by the solubility and diffusivity of the gas in the membrane. Hence, the 

permeability P (more precisely called permeability coefficient) can be expressed as follows 

(3-1) [3,19,181,183]: 

 ╟ ╓Ͻ╢ (3-1) 

where P is the permeability, D the diffusivity, and S the solubility. 

The solubility S (more precisely called solubility coefficient) is a thermodynamic parameter, 

which depends on the interaction of the penetrant with the polymer matrix, the penetrant 

condensability, and the polymer morphology. On the contrary, the diffusivity D (more precisely 

called diffusion coefficient) is a kinetic parameter, which depends on the size of the penetrant, 

the packing of the polymer segments, and the polymer segmental mobility [36,181]. 

Furthermore, differences in permeability are due to differences in diffusivity as well as 

differences in the interactions of the permeants with the membrane material [19]. 

 The ratio of permeabilities leads to the permselectivity or ideal selectivity [181,182]  

(Eq. 3-2) which can be also expressed via the product of the solubility selectivity and diffusivity 

selectivity. It describes the ability of a membrane to separate one component from the others 

[1,3,184].  
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 (3-2) 

where PA and PB is the permeability of the gas component A and B, SA and SB the solubility of 

the gas component A and B, and DA and DB the diffusivity of the gas component A and B. 
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The membraneôs performance depends on several factors, including the properties of the 

studied gas, intrinsic properties of the membrane material, and the operation condition of the 

membrane process [36,185]. The type of polymer has a great impact on the gas transport 

properties. Polymers might be either glassy or rubbery, wherefore the gas transport properties 

might be different due to differences in diffusion and sorption properties [17,30,36,186,187]. 

In the present work, glassy polymers were used for the preparation of the membranes. 

Therefore, the gas transport and sorption models for glassy polymers are just further discussed. 

3.2.2 Permeation through a dense membrane 

The transport of a penetrant across a membrane is termed as ópermeationô [38], whereas the 

permeability is the rate at which the penetrant permeates [10] and characterizes the membrane 

productivity [188]. The permeation of a penetrant through a dense membrane is schematically 

shown in Figure 3-3. 

 

Figure 3-3. Permeation process through a dense membrane [36,189] 

Fundamentally, the permeability of a penetrant is defined as follows (Eq. 3-3) [1,32,36,190]: 

 
╟░

╙░■

Ў▬
 (3-3) 

where Pi is the permeability of the penetrant i, Ji the gas flux of the penetrant i at standard 

temperature and pressure, l the membrane thickness, and ȹp the pressure difference across the 

membrane. 



 

3. Membrane Gas Transport Theory 
 

- 27 - 

 

The flux of a penetrant molecule through a membrane in x-direction under applying a pressure 

gradient [36,191] at steady-state condition [182,192] is given by (Eq. 3-4): 

 
╙░ ╓░

▀╒░
▀●

 (3-4) 

where dCi/dx is the concentration gradient of the penetrant i over the membrane, and Di the 

diffusivity of the penetrant i.  

Equation 3-4 is known as the 1st Fickôs law and is only valid if the diffusivity of the penetrant 

is concentration independent [182,192].  

 Considering now a membrane with the thickness l in x-direction and infinite dimensions in 

yz-plane, which is in contact with a penetrant stream that has the concentrations Ci,f and Ci,p 

(ȹC = Ci,f - Ci,p) at the interfaces x = 0 and x = l, we find after rearranging and integration of 

Eq. 3-4 the following expression (Eq. 3-5) [182,192]: 

 
╙░

╓░╒░ȟ█ ╒░ȟ▬

■
 (3-5) 

where Ci,f and Ci,p are the penetrant concentrations at the feed and permeate side of the 

membrane. 

At negligible permeate pressures [193ï195], the concentration gradient is related to the partial 

pressure via Henryôs law (Eq. 3-6) [182], wherefore the concentration gradient can be replaced 

by the pressure gradient in the case of gas separation. 

 ╒░ ╢░Ͻ▬░ (3-6) 

where Ci is the concentration of the penetrant i, Si the solubility of the penetrant i, and pi the 

partial pressure. 

By combining Eq. 3-5 and Eq. 3-6, we find (Eq. 3-7) [182,192]: 

 ╙░
╓░╢░▬░ȟ█ ▬░ȟ▬

■
 (3-7) 

where pi,f and pi,p are the pressures at the feed and permeate side of the membrane. 

Assuming that the downstream pressure is negligible [193ï195] and Fickian diffusion is the 

rate determining transport step [182,196], a corresponding expression as a function of the 

permeability can then be derived from Eq. 3-7 [182,192] by inserting the expression for the 

solution-diffusion model (Eq. 3-1) [182,192,193]: 

 ╙░
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  (3-8) 
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Overall, following factors influence the permeability [36]: 

¶ Temperature  

¶ Pressure  

¶ Polarity 

¶ Chain mobility 

¶ Crystallinity 

3.2.3 Diffusion through a dense membrane 

The diffusivity is an indication of how fast a penetrant molecule passes through the membrane 

[30,189]. In principle, molecules diffuse through a dense membrane by jumping randomly from 

one transient gap to another [34,36,197,198], while the previous opening which is left behind 

the displaced molecule is closing [197]. In a given polymer, the transient gaps are generated 

by thermal motion of the polymer chains, whereas the molecule can just jump into if the gap is 

sufficiently large for the gas molecule; thus allowing the molecule to pass through the 

membrane [34,197,199]. Figure 3-4 shows a scheme of the diffusion process. 

 

1) Sorption of the penetrant molecule inside the matrix 

 

2) Jump of the penetrant molecule through the transient gap formed 

in the membrane structure 

 

3) Collapsing of the gap and displacement of the penetrant 

molecule 

Figure 3-4. Diffusion through a dense membrane [34,199,200] 

An important factor that is closely related to the gas diffusion is the fractional free volume 

(FFV) of the material, which is defined as the specific volume fraction of a polymer which is 

not occupied by polymer molecules [30,36]. The FFV is usually given by (Eq. 3-9) [30,36]: 

 ἐἐἤ
╥ἡἜ ╥

╥ἡἜ
 (3-9) 

where Vsp is the specific volume of the polymer and V0 the occupied volume. 

The specific volume can be calculated from the reciprocal of the polymer density, whereas the 

occupied volume can be estimated using the following relationship (Eq. 3-10) [36]: 

 ╥ Ȣ╥ἤἬἥ (3-10) 

where VVdW is the van der Waals volume, which can be obtained by the Bondiôs group 

contribution [36]. 
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In general, polymers with well -packed polymer chain segments possess decreased free volume 

and hence lower diffusivities, whereas polymers with decreased packing efficiency possess 

increased free volume and hence higher diffusivities [36]. 

3.2.4 Gas sorption in a dense membrane 

The postulated model describing the gas sorption of a penetrant in a glassy polymer is the dual-

mode sorption model given by (Eq. 3-11) [36,190,201,202]: 

 ╒ ╒Ἆ ╒ἒ ▓ἎϽ▬
╬ἒ╫▬

╫▬
 (3-11) 

where C is the total gas sorption capacity, CD the gas concentration based on Henryôs law 

sorption, CH the gas concentration based on Langmuir sorption, kD the Henryôs law constant, 

côH, the Langmuir sorption capacity, b the Langmuir affinity parameter, and p the pressure. 

According to this model, sorption occurs due to two sorption mechanisms at two different 

sorption sites: a) sorption according to the Henryôs law in the densified equilibrium matrix, and 

b) sorption according to the Langmuir type in the non-equilibrium excess volume or microvoids 

[30,36,138,201]. The sorption according to the Henryôs law is given by the first term of  

Eq. 3-11, whereas the sorption according to the Langmuir type by the second term of Eq. 3-11. 

 A typical sorption isotherm according to the dual-mode sorption theory is shown in  

Figure 3-5. 

 

Figure 3-5. Sorption isotherms [203] 

The sorption of a penetrant can be expressed by the solubility S (sometimes also called sorption 

coefficient in the gas sorption studies), which is a measure of the amount of penetrant sorbed 
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by a membrane in the equilibrium state [4]. It can be calculated from the dual-mode sorption 

model via Eq. 3-12 [190,203,204]: 

 ╢
╒

▬
 (3-12) 

An important factor that is related to the gas sorption, specifically the Langmuir sorption 

capacity, is the unrelaxed, non-equilibrium volume in glassy polymers, which is defined as  

(Eq. 3-13) [36]: 

 ╬╗
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╥Ἧ
ⱬᶻ (3-13) 

where Vg is the specific volume in the glassy state, Vl the specific volume in the hypothetical 

rubbery state, and ɟ* the molar density of the condensed penetrant. 

In Figure 3-6 is represented schematically the unrelaxed, non-equilibrium volume in a glassy 

polymer as a function of the temperature and the change of the polymer from the glassy to the 

rubbery state. 

 

Figure 3-6. Unrelaxed, non-equilibrium, excess volume in glassy polymers [36]  

In general, glassy polymers possess a greater specific volume than an equivalent hypothetical 

rubbery polymer (dashed line) due to the existence of the non-equilibrium excess volume in 

glassy polymers which occurs due to the inability of the polymer chains of the glassy polymers 

to undergo very fast conformational changes below the glass transition temperature (Tg) in 

order to achieve equilibrium [36]. Hence, differences between the sorption and transport 

properties of different polymers are coming from differences in the nature of the polymers 






































































































































































































































