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Abstract 

Membranes based on intrinsically conducting polymers (ICPs) have been employed in 

various membrane processes such as gas separation, pervaporation, nanofiltration and 

electrodialysis. The change in the membrane morphology, hydrophilicity, and ion exchange 

behaviour based on the oxidation state and doping levels of ICP have been used to enhance 

permeability and selectivity. In this thesis, a highly permeable membrane with high selectivity 

was developed by depositing polyaniline (PANI) on the pore walls of a microporous base 

membrane without blocking the pores. The layering of positively charged polyaniline 

originates electrolyte polarisation in the pores and permselectivity is achieved by the 

electrostatic screening of permeating ions through the membrane.  

Polyaniline (PANI) was deposited on mixed-cellulose ester (ME) microporous membranes by 

using various in situ chemical oxidative polymerization techniques. These include solution-

phase polymerization, vapour-phase polymerization and diaphragmatic polymerization in a 

two-compartment cell. The composite membranes were characterized by scanning electron 

microscopy (SEM), gravimetric PANI content measurement, Fourier-transform infrared 

(FTIR-ATR) spectroscopy and x-ray photoelectron spectroscopy (XPS). The solution-phase 

and vapour-phase polymerizations yielded PANI layering on the surface of the base 

membrane whereas PANI was deposited on the pore walls of the membrane by using the two-

compartment cell technique. FTIR and XPS results showed PANI deposition in its emeraldine 

salt state and Cl
-
 doping was polymerization time dependent. XPS quantified the extent of 

PANI layering at the surface that was polymerization time dependent. The solution-phase 

polymerization yielded an incomplete surface layering as compared to the vapour-phase 

polymerization. Surface and trans-membrane electrical conductivities were measured by 

using four-point micro probe and two- point probe techniques, respectively. These 

conductivities showed dependence on PANI deposition site and extent in the membranes. 

Electrochemical characterization of the composite membranes was conducted by using 

electrochemical impedance spectroscopy (EIS) and transport numbers measurements. EIS 

data were analysed by using equivalent circuit modelling technique. The results showed the 

dependence of charge transport resistance of the membranes on PANI deposition site, extent 

and doping levels. In-pore PANI deposition in the membranes showed several orders of 

magnitude lower levels of resistance and higher capacitance due to the polarisation of pore 

electrolyte. In addition, the low values of diffusional resistance and high capacitance indicate 
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anion-coupled charge transport in the membrane through PANI polaron/bipolaron 

transitions. The composite membranes with PANI layering only at the surface or undoped 

PANI showed higher diffusional resistance and low capacitance due to slow electronic/ionic 

diffusion inside the bulk membrane. 

Transport numbers of counter-ions in the composite membranes showed high anion 

selectivity at low pH (in HCl) as compared to the membranes at high pH (~12). The transport 

numbers showed the weak dependence on PANI deposition site and levels. 
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Chapter One 

Introduction 

1.1 Membrane Separation Processes and their Limitations 

Separation processes such as distillation, gas separation, liquid-liquid extraction and leaching 

are the integral part of a process industry where these processes are employed for raw 

material and product purification. These processes involve phase change and transference of 

various species across different phases and by virtue of their nature, have inherent phase 

equilibrium limitations. In addition, these processes are highly energy intensive due to inter-

phase conversion e.g., generation of vapour phase in distillation. Membrane based separation 

processes are comparatively new in the field of separation and have many advantages such as 

non-equilibrium transference across the phases and involvement of single phase streams in 

most cases with an efficient energy utilization [1].  

Membrane separation processes can be classified based on the retention (rejection) size of the 

particles (or molecules) in the permeation process [2]. The pressure-driven processes are 

classified into, by decreasing retention size, microfiltration (MF), ultrafiltration (UF), 

nanofiltration (NF), reverse osmosis (RO) and pervaporation (PV). Microfiltration 

membranes are used as pre-filters where suspended solids and long-chain biomolecules are 

retained by a sieving action [3]. On the lower extreme, reverse osmosis is used to remove 

dissolved salts from the water whereas short-chain solvent molecules can be separated in 

pervaporation process. The governing mechanism in these membranes is shifted from size-

exclusion in MF, UF and NF to a solution-diffusion process in RO and PV. Size-exclusion 

phenomenon is based on the sieving effects of the membranes whereas in the solution-

diffusion mechanism, separation is achieved by the difference in the solvating tendency of the 

permeating species in the membrane structure and diffusion rate in the bulk membrane. On 

the other hand, charged membranes are employed in the processes where separation is 

achieved by the interaction of permeating species (i.e. electrolyte) with the fixed charges of 

an ion exchange membrane. Depending on the polarity of the embedded ionic charges in the 

membrane structure, counter-ions are permeated through the ion exchange membrane 

whereas electrostatic repulsive force excludes co-ions.  Ion exchange based processes include 

electrodialysis, dialysis and membrane electrolysis. An electric current is applied across the 
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stack of alternatively arranged cation- and anion exchange membranes in electrodialysis 

whereas the concentration gradient across an ion exchange membrane acts as the driving 

force in dialysis. Electrolysis is used in the production of salts and alkalis by an 

electrochemical decomposition reaction such as in chlor-alkali process.  

Permeation flux and selectivity (i.e. preferred permeation of one species over others in a feed 

mixture) are the major concerns in any membrane based separation process along with the 

initial fixed capital investment and process economy. The permeation and selectivity are 

inversely related to each other and usually a trade off is sought to make the process 

economical [4].  To recover the dissolved salts and molecules from solutions or to separate a 

mixture of charged or neutral solvent molecules, homogeneous (dense) membranes (pore size 

< 0.2 nm) are used in NF, RO and PV and in ion exchange membrane based processes [3]. 

Because of the non-porous and insulating nature of these membranes, either a pressure as 

high as > 80 bar or high electrical potential (in the case of electrodialysis) has to be employed 

to get an economical selectivity and permeation rate. In addition, the increased cost of a 

membrane to withstand high pressures and other capital costs make these processes highly 

expensive. The development of an asymmetric membrane where a thin dense layer at the 

surface of a thick microporous support serves as a barrier film lowers the operating pressure 

by maintaining the high permeation rate. In these membranes, the microporous support 

contributes to the structural strength of the membrane and the dense surface layer yields 

selectivity. However, to achieve a thin dense layer is still a technical challenge for membrane 

scientists. Further, this technique cannot be adopted in ion exchange membranes processes 

due to significantly lower selectivity of the process [3, 4].  

1.2 Application of ICPs in Membrane Separation 

Intrinsically conducting polymers (ICPs) are used in membrane separation processes mainly 

due to their high electrical conductivity, the electrochemical activity and switchability 

between various oxidation and doping states [5]. Pristine ICP or ICP-modified composite 

membranes are used in various membrane separation processes such as gas separation, 

pervaporation and electrochemical-based separation processes [6, 7]. These include films and 

membranes of pristine PANI and PANI blends with other polymers (e.g. polyimide), 

polypyrrole and substituted poly(N-methyl)pyrrole, and poly(3-methyl thiophene) 

specifically for gas separation and pervaporation processes. ICPs assume various oxidation 

and doping states and each of the oxidation states has a characteristic morphology due to the 
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absorption or desorption of doping anions. Generally, ICPs have a compact film structure in 

their lower oxidation state (i.e. reduced state) whereas more ‗loose‘ structures are assigned to 

the higher oxidation states. This variation in ICP morphology has been used in size-exclusion 

based gas separation and nanofiltration applications. Pervaporation is based on the solution-

diffusion type interaction of permeating species with membrane skeleton. The 

electrochemical activity of ICPs enhances the solvent-polymer interaction in pervaporation 

that results in a significant increase in the selectivity. In ion exchange membrane processes, 

either ion exchange properties of an oxidized/doped ICP or steric hindrance of undoped ICP 

influences the selectivity and permeation rate of the base membrane. Because of the 

switchability of ICP in various oxidation states, dynamically controllable permeation 

membranes are started to be developed where permselectivity (i.e. permeation of an ion 

relative to other ions of similar polarity) was changed in situ by the application of electrical 

potential [8-10]. In addition, ICPs have also been utilized in non-membrane applications 

where barrier properties of ICPs play significant role. These applications include ICP 

coatings for corrosion resistance, chemical, electrochemical and biological sensors, modified 

electrodes e.g., in fuel cell to enhance the catalytic activity, and responsive packaging         

[11, 12].  

Pristine ICP or ICP composite membranes are synthesized by using various techniques and 

processes including the processes that are used in conventional membrane synthesis. These 

techniques include solution blending and subsequent film casting, electrochemical and 

chemical oxidative polymerization to form a free-standing or electrode-deposited film and in 

situ polymerization on  various base membranes [6].  

ICPs have many issues that limit their synthesis and application in various fields. These 

include low solubility in the common solvents and poor mechanical properties. ICPs in their 

doped oxidized form are insoluble and infusible so processing of ICPs in a free-standing film 

form is very difficult. Usually ICPs in their undoped form are soluble in various strong 

solvents from which films can be cast. For example, emeraldine polyaniline (PANI) is 

soluble in N-methylpyrrolidone (NMP) and films have been cast by either phase inversion or 

thermal evaporation processes from PANI solutions. As-cast films are brittle in nature with 

low elongation-to-break values. To overcome the mechanical limitations of pristine ICPs 

films, blends and composites of ICPs with the conventional polymers have been developed 

by using various synthesis techniques. These techniques either disperse ICP in the bulk of the 

other polymer or deposit it at the surface of the template. 
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In this thesis, Polyaniline (PANI) has been used as the ICP component of the composite 

membranes due to its high electrical conductivity (up to ~10
2
 S.cm

-1
) , doping/undoping 

cycling by pH change in addition to the redox switchability, good environmental and solution 

stability and aqueous based clean synthesis chemistry [6, 13-15]. Membrane separation 

processes are based on the interaction of permeating species with the membrane skeleton and 

for PANI membranes, it depends on the oxidation and doping states of PANI in the 

composite membranes. Furthermore, the interaction is physical, chemical and/or 

electrochemical in nature and depends on the free volume, hydrophilicity, ion exchange 

behaviour, high H
+
 conductivity and solubility (swelling) of PANI in a particular gas (i.e., 

CO2) in gas separation, pervaporation and ion exchange applications. However, the dense 

nature of pristine or PANI composite films reduces the permeation rate in membrane 

separation processes. To achieve high permeation fluxes, ultrathin PANI films have been 

deposited on microporous support to form asymmetric membranes which yield high 

permeability and selectivity in pressure-driven processes such as gas separation and 

pervaporation [16]. Casting of a defect-free ultrathin PANI film and attachment to the support 

membrane is a highly challenging process with poor reproducibility. On the other hand, 

electrochemical polymerization yields defect-free coherent film at the surface of the 

electrode. The insulating nature of the most support membranes limits the application of 

electrochemical polymerization at industrial scale along with the poor economy of the 

process [6, 13]. 

Microporous membranes are used in pressure-driven filtration of microorganisms and other 

micro-sized particles based on size-exclusion principle. To develop highly permeable novel 

membranes, the pore surface of microporous membranes may be functionalized by depositing 

the functional materials where the permeation of the electrolyte takes place under the 

influence of induced electrostatic and steric interactions. By this pore functionalization, 

micro-sized pores affect the permeation of ions flowing through the membrane. The pore 

functionalization reduces the filtration pressure as compared to that in ultrafiltration and 

nanofiltration processes with acceptable levels of selectivity and permeability. Various 

materials such as metal and carbon nanotubules, polymeric dendrites and polyaminoacids 

have been deposited inside the pores of microporous base membranes [4, 17-25]. These pore-

deposited membranes are different from the electrolyte-pore-filled membranes used as the 

separators in rechargeable batteries [26, 27]. In the latter case, pores of the base membrane 

are completely filled with an electrolyte (e.g., gel phase) that acts as ion exchange medium 
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for the mobile ions (e.g. Li
+
 ions). Contrary to this, in the former case, either a metal was 

layered on the pore walls of the base membrane or polymer chains were anchored at the pore 

surface via single point covalent bonding. This pore functionalization increased the 

hydrodynamic resistance to the flow of the electrolyte. Gold was deposited as nanotubules 

inside the pores of microporous polycarbonate membrane by electroless plating process [24]. 

Switchable cation- or anion exchange behaviour has been studied depending on the polarity 

of the externally induced charge on the membrane by the application of an electrical 

potential. Carbon nanotubules were deposited in microporous alumina filter by chemical 

vapour deposition method yielding carbon nanotubules running throughout the membrane 

cross section [25]. These tubules were surface-functionalized with carboxylic acid moieties 

that were hydrolysed depending on pH of the surrounding environment. Due to the anionic 

charge of the carboxylate ions, these membranes behaved as cation-exchange membranes and 

solvent (water) passed through in the direction of cations diffusion in electrodialysis. This 

process is called electroosmotic flow and has been studied as a function of the pH of the 

electrolyte solution. Responsive membranes were developed by immobilizing 

polyaminoacids in the pores of microporous cellulose membranes [4, 17, 18]. The base 

membrane had lamellar porous structure (Figure 1.1) and polyaminoacids were immobilized 

inside the pores of these membranes. During the permeation studies, the acid chains were 

dissociated into protons and long-chain anions at high pH that resulted in the development of 

electrostatic charge and change in the morphology of the polymer chains inside the pores. 

Permselectivity was achieved due the electrostatic interaction and steric hindrance of the 

ionized polymeric chains in the pores. 

 

Figure 1.1:  Base microporous cellulose membrane for polyaminoacids immobilization [17]. 
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Microporous base membranes were also modified with ICPs to get the selectivity between 

different ions at the maximum permeation rate. The ICP was coated on the base microporous 

support by using various polymerization techniques such as electrochemical and in situ 

chemical polymerization. Polycarbonate microporous membrane was made electrically 

conductive by sputter-coating gold on the membrane surface and then PANI was coated on 

the base membrane by electrochemical polymerization of aniline [10]. The reduction of pore 

size from 1000 nm to 0.1-0.2 nm indicated compact PANI layering at the membrane surface. 

Electrically controlled permeation studies of electrolytes were conducted by applying direct 

redox potentials to the membrane that changed the layer morphology upon the oxidation-

reduction transition of PANI. Polypyrrole (PPY) and PANI were deposited on the base 

microporous polyethylene (PE) membrane by in situ chemical polymerization of the 

monomers [19, 20, 28]. PPY was coated by vapour phase polymerization where PE 

membrane was, initially, soaked in an oxidant (FeCl3) solution and then polymerized with the 

gaseous pyrrole. PANI was deposited by in situ solution phase polymerization by dipping PE 

membrane in a polymerizing solution of aniline chloride (monomer) and the oxidant 

(ammonium persulphate). In another study [19], PE membrane was treated, initially, with 

ethanol to convert it into a hydrophilic film and, subsequently, PANI was deposited by the 

solution-phase polymerization. The dependence of electronic conductivity on the membrane 

orientation (surface versus trans-membrane) showed PPY and PANI deposition mainly at the 

surface with comparatively six to seven orders of magnitude lower trans-membrane 

conductivity values (e.g., 0.8 S.cm
-1

 at surface versus 1.1x10
-6

 S.cm
-1

 trans-membrane 

conductivity). Electrolytic conductivity studies revealed that improving the hydrophilicity of 

otherwise hydrophobic PE membranes, increased aqueous electrolyte flow through the 

membranes. It was concluded that incomplete PANI deposition within the pores of base PE 

membrane, for the case of initial treatment with ethanol, increased the diffusion coefficients 

of HCl and NaOH in the composite membranes. Apparently, it can be explained in terms of 

the swelling of films and improvement in hydrophilicity by ethanol treatment. All these 

composite membranes have a common structure of ICP layering at the surface of the base 

microporous membrane [20, 28]. 

PANI has different film morphologies and ion exchange behaviour depending on its 

oxidation state and the dopant anion (Please see Figure 2.4 on Page 16). Leucoemeraldine has 

more compact film morphology as compared to emeraldine salt. Emeraldine in doped form 

gives rise to an anion exchange character due to the positive charge on its molecular chains 
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but if doped with a long-chain (immobilized) dopant, PANI behaves as a cation-exchanger. If 

PANI can be layered on the pore walls of a microporous membrane without complete pore 

blockage, permeation of electrolyte through the membrane can be controlled by the 

electrostatic interaction with pore walls. This interaction includes an ion exchange reaction 

between PANI chains and permeating ions and the development of a kinetic boundary layer 

in the pores. The electrostatic charge state of PANI within the pores can be changed by 

doping/undoping of the PANI layers at low and high pH, respectively. In addition to these 

electrostatic charge based permselectivity control, electroosmotic flow can be affected by the 

change in the morphology of the deposited PANI layer in the pores depending on the 

oxidation/reduction state and/ or doping/undoping levels. The challenge to develop an 

effective porous composite membrane is twofold: depositing ICP on the insulating base 

membrane to yield electrochemically active composite membrane and controlling the 

deposition on the pore walls to allow a maximum permeation rate at the reasonably good 

selectivity.  

1.3 Research Objectives and Strategy 

The main objective of this thesis is to develop PANI composite membranes for 

electrochemical based separation processes such as electrodialysis, diffusion dialysis and 

electro-kinetic based separations. The development involves the synthesis and 

characterization of the membranes along with the elaboration of electronic and ionic transport 

characteristics of the membranes. In diffusion dialysis, charge-based separation is achieved 

under the concentration gradient across the ion exchange membrane whereas electrical 

potential gradient is applied in electrodialysis. In electro-kinetic based separations, an 

electrolyte solution flows under an applied electrical potential across a porous charged 

membrane and the separation is achieved depending upon the electrostatic interaction in the 

pores of the membrane. In order to get a better permselectivity along with a high permeation 

rate, PANI deposition inside the pores of base membrane has been targeted in this research. 

The effects of PANI deposition site and intercalation levels on the conduction mechanism of 

the composite membranes have been elaborated in order to assess the real advantage of in-

pore PANI deposition.  Furthermore, because membrane/electrolyte interface plays an 

important role in electrochemical separation processes, quantification of PANI deposition 

levels at the surface and its oxidation/doping states was conducted by using x-ray 

photoelectron spectroscopy (XPS).  
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This work involves the experimentation and discussion on the following aspects of the 

synthesis and chemical and electrochemical characterizations of PANI composite 

membranes.  

1. Effects of the various chemical polymerization techniques on PANI deposition site, 

extent, oxidation state and doping levels on the base microporous membrane. 

2. Quantification of PANI deposition extent, oxidation state and doping levels at the 

membrane surface by using XPS. 

3. Characterization of the electronic and ionic transport properties of the composite 

membranes using various electrochemical techniques such as electrochemical 

impedance spectroscopy and membrane potentials as a function of the morphology of 

the composite membranes and PANI doping state. 

1.4 Thesis Structure  

The thesis discusses synthesis, characterization and testing of PANI composite membranes. 

Chapter Two includes the characteristic properties of ICPs and their application in various 

fields based on these properties. Their unique redox chemistry and electrical conduction 

mechanism have also been elaborated in this chapter. In the last section of the chapter, the 

literature on PANI based membranes has been extensively reviewed with the focus on the 

synthesis techniques and resultant membrane performance.   

Chapter Three discusses the experimental techniques used for the synthesis and 

characterization of PANI composite membranes in the present study. A detailed experimental 

account on membrane synthesis is given with a basic introduction of the employed 

characterization techniques. The details of the characterization techniques such as x-ray 

photoelectron spectroscopy and electrochemical impedance spectroscopy are included in the 

subsequent relevant chapters. 

Chapter Four includes results and discussion on the effect of chemical polymerization 

techniques on PANI deposition in the base membrane. It includes a detailed discussion on the 

composite membrane morphology as studied by scanning electron microscopy (SEM) and its 

influence on the various properties of the resultant membranes. Characterization of PANI 

composite membranes by FTIR-ATR, XPS and electrical conductivity measurement have 

been discussed in detail. 
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Chapter Five covers the evaluation of the electrochemical performance of the developed 

composite membranes. The modelling of the electronic and ionic transport processes of the 

membranes by using electrochemical impedance spectroscopy (EIS) have been presented. In 

addition, membrane potential studies have been included. 

Chapter Six includes the conclusions of the thesis and potential applications of the developed 

membranes. 
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Chapter Two  

Intrinsically Conducting Polymers (ICPs) and ICP based 

Membranes 

 

2.1 Intrinsically Conducting Polymers (ICPs): Properties and 

Applications 

Intrinsically conducting polymers (ICPs) are a class of organic polymers with conjugated 

molecular chain structure which imparts special properties to the material such as high level 

of electrical conductivity which is comparable to metals and semiconductors in some cases. 

In the late 1970s, Shirakawa, MacDiarmid and Heeger reported the metal-like electrical 

conductivity of  polyacetylene (PAc) [29, 30], and since then, the field of ICPs including the 

syntheses, characterization, application and device fabrication has grown tremendously with 

the advent of many new ICPs and modified ICPs structures. The basic building block of the 

structure of some commonly studied ICPs are shown in Figure 2.1 and the common levels of 

electrical conductivity are shown in Figure 2.2 [31, 32].  

 

        

    Polyacetylene    Polypyrrole            Polyaniline           Polythiophene 

Figure 2.1 :. Molecular structures of common ICPs. 
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Figure 2.2: Electrical conductivity levels of  various ICPs [33]. 

ICPs show a wide spectrum of electrical conductivities which range from insulating to highly 

conducting depending on the oxidation and doping state of the ICP, in addition to its base 

chemical structure. ICPs are oxidized by oxidation-reduction reactions, chemically and 

electrochemically by the treatment with a redox agent and application of an electrical 

potential, respectively. Oxidation of ICPs generally increases the electrical conductivity level 

where an anion is incorporated to balance the positive charge of the oxidized chain. This 

process is called doping and affects the electrical conductivity in a similar manner to the 

doping in semiconductors. The doping/undoping cycle of polypyrrole is shown in Figure 2.3. 

In this particular case, polypyrrole is excited to its oxidation potential in an electrolyte 

containing doping anions (A
-
). An electron is removed from the polymer chain with the 

simultaneous incorporation of negatively charged doping anion (A
-
) which results in a drastic 

change in the properties. The oxidation and doping state of an ICP can be adjusted either by 

changing the doping level during their syntheses or in a chemical or electrochemical doping 

process involving an already polymerized ICP. 

 

Figure 2.3: Doping/undoping process of polypyrrole [15]. 

In addition to the high electrical conductivity, ICPs have gained special attention due to their 

other useful properties associated with -electron conjugation such as electromagnetic 
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shielding, barrier properties in coatings, electro-catalysis etc. These properties depend on the 

oxidation and doping states of ICPs and can be tailored by either chemical or electrochemical 

oxidation. The particular application of an ICP depends on the specific level of the property 

of interest or the combination of the various useful properties as shown in Table 1.1[15]. 

 

Table 2.1: Property change and potential applications of ICPs [15] 

ICP Property Typical change Application 

Electrical Conductivity 10
-7

-10
3
 S.cm

-1 
Electronic circuits, Electrostatic 

and EMI shielding, Sensors 

Swelling ~ 10% Artificial muscles and actuators 

Electrochromatic 300-nm shift in absorbance Displays, Smart windows 

Ion permeability 0-10
-8 

mol cm
-2

 s
-1 

Membranes, Responsive 

packaging 

 

Intrinsically conducting polymers are synthesized by using various techniques such as 

electrochemical and chemical oxidative polymerization, enzyme catalysed polymerization 

and photochemical initiated polymerization. Among the employed techniques, 

electrochemical and chemical oxidative polymerization are the most common because of the 

better control and reproducibility in the chemistry of the ICP [15, 34]. In electrochemical 

polymerization, ICP is synthesized under an anodic (positive) potential that oxidizes the 

monomer on the electrode surface. The deposition is conducted either by the application of a 

cyclic voltage where deposition extent is controlled by the number of cycles or under 

potentiostatic/galvanostatic mode in which applied voltage/current density controls the 

deposition extent (i.e., film thickness on electrode). In the chemical oxidative polymerization, 

monomer is oxidized in the presence of an oxidant (e.g., ammonium persulphate or FeCl3). 

In spite of their useful properties and tremendous application potential, ICPs have issues such 

as intractability, poor mechanical properties (e.g., brittleness) and poor environmental 

stability. ICP composites with conventional polymers have been developed to overcome these 

problems [35]. ICPs are insoluble in their conducting doped state but in most of the cases 
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these show some solubility in strong solvents (e.g., N-Methylpyrrolidone (NMP)) in undoped 

state. Due to this solubility, ICP are blended with other conventional polymers to form 

conducting composites. In addition to solution blending, other techniques such as in situ 

polymerization of monomer in the stabilized dispersions of base polymer (e.g. latexes), 

polymerization in the solid polymer matrix and melt processing (e.g., extrusion) have been 

widely investigated in ICP composites technology [36]. An improvement in mechanical and 

environmental properties is achieved in ICP composites but with the decreasing electrical 

conductivity. Due to the processing limitations of ICPs, implantation or deposition of ICPs on 

the solid structures has been more focused where activity of the ICPs can be maintained 

along with the benefits of the basic inert matrix/structure. 

Intrinsically conducting polymers have a tremendous application potential due to their high 

electrical conductivities, tuneable ionic conductivity and electrochemical activity coupled 

with their low materials cost, ease of processing in aqueous and organic solutions and low 

specific weight. The applications of ICPs can be classified into the areas where either 

electronic conductivity or its redox-ability is utilized. In the first class of the applications, an 

ICP does not change its oxidation state such as in electrostatic and electromagnetic shielding, 

components of a printed circuit board (PCB) etc.  In the second, the redox switchability of 

ICPs is used such as in electrochromic displays, sensors, membranes, drug release systems, 

corrosion inhibition and electromechanical actuators [12]. In the following section, some 

representative applications from the both groups are discussed to illustrate the functional 

utilization of ICPs, including conductivity dependent applications and beyond. 

Electrostatic dissipation and electronics. As the progress has been made in the fabrication 

of small-sized electronic components and devices such as microchips, the danger of the 

damage caused by the sudden build up of an electrostatic charge at the surface during storage 

and transportation has also become significant. ICPs deposition on the packaging films yields 

surface resistivity values in the range 10
3
-10

9
 ohm.cm

-2
 that can discharge the surface charge 

very quickly and protect the electronic component. Various types of ICPs such as polyaniline 

and polythiophene have been used by processing them in the film form with self or secondary 

doping processes [11, 37]. Another similar application based on the conductivity of ICPs and 

their processability is electromagnetic interference (EMI) shielding in which ICPs either 

absorb or transmit electromagnetic rays without reflecting then significantly [38]. In 

microelectronic systems, ICPs have found applications mainly due to their ease in processing 
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such as lithographic patterning and coating in the holes in PCBs which are drilled to host 

various circuit components [39]. 

Sensors. The application of intrinsically conducting polymers in sensors technology is based 

on the electroactivity in the switching process of an ICP between different oxidation states. 

Other factors such as the high level of electronic conductivity to transmit the sensed signal 

and biocompatibility widen the application spectrum. The application ranges from detecting 

and measuring anions, metal cations, chemicals (e.g. ammonia) and biological species such as 

proteins etc. [40-42]. The target component changes either conductivity or capacitance of ICP 

that can be calibrated to quantify the detected species [43, 44]. In addition to these chemical 

or biological sensors, physical sensors such as strain gauges have also been developed where 

the change in electronic conductivity by the change in dimensions has been employed [15].  

Charge Storage. During the oxidation of ICPs, the backbone chains acquire positive charge 

and anions are incorporated to balance the charge as shown below. 

P  +  zA
-
  +  xS →  P

z+
A

-
z(S)x  +  ze

- 

Where P, A
-
, S and e

-
 denote neutral ICP chain, anion, solvent and electron, respectively and 

z and x denote the stoichiometric coefficients. This process is highly reversible with very fast 

reaction rates [12]. These charging-discharging characteristics are used in the charge storage 

applications such as rechargeable batteries and super-capacitors. In rechargeable batteries, 

ICP is used as a cathode with Li electrode as a working anode. Recently such batteries have 

been developed where anode, cathode and electrolytes all are assembled using intrinsically 

conducting polymers [15, 45, 46]. A considerably higher charge density can be achieved as 

compared to other rechargeable batteries in the commercial use such as Nickel-cadmium cell 

etc. 

Super-capacitors are charge storage devices that have capacitance as high as 30 F.cm
-3

 and 

these can discharge in a very short period in the applications such as starting pulse for electric 

cars etc. Redox capacitance of ICPs has been exploited to acquire such high charge storage 

density [12, 34, 35].  

Corrosion inhibition. The corrosion of active metals such as steel, aluminium and copper is 

controlled either by coating a thin layer of ICP on the metal surface or incorporating ICP 

particles (~20 m) in conventional anti-corrosion paints [47]. A thin protective coating of 
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ICP is achieved either by electrochemical deposition or by in situ chemical polymerization by 

dip coat method. The exact nature of ICP corrosion inhibition process is not fully clear yet 

and various mechanisms have been proposed such as ICP working as a sacrificial layer, 

formation of protective oxide layer during oxidation state change and shifting of the 

oxidation potential of the metal on the higher (passive) side. 

Drug release systems. Redox switching of ICPs involves movement of anions and solvent 

molecules in or out of the film. Using drug molecules as either anions or solvent makes it 

possible to release (or capture) the drugs by the electrochemical switching of ICPs. 

Controlled release applications of therapeutic drugs etc. have been investigated by many 

researchers by either soaking ICP films or encapsulating target molecules within the ICP film 

[34, 48, 49]. 

2.2 Polyaniline (PANI)-A Promising ICP 

Polyaniline has been the most widely used ICP due to its high electrical conductivity, 

environmental stability and low materials and synthesis costs. Furthermore, the aqueous-

phase aniline polymerization does not pose the problems such as high solvent cost and 

disposal [13, 15]. PANI has unique chemistry by virtue of its pH dependent 

protonation/deprotonation in addition to the common electrochemical oxidation-reduction 

switchability. Based on the above mentioned factors, PANI was chosen as the ICP 

component of the composite membranes in the present study. 

2.2.1 Redox Switchability 

Polyaniline has three unique oxidation states (leucoemeraldine, emeraldine and 

pernigraniline). In addition, the nitrogen in PANI molecular chain can be doped by treating 

with acids and a nitrogen base salt is formed. This acid doping is different from the 

protonation of other ICPs where radical cation is formed with the positive charge on ICP 

repeat unit [50]. As a result, PANI can exist in six unique oxidation and doping states with 

characteristic properties associated with each of these states. The redox and doping 

transformation of PANI are shown in Figure 2.4. 
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Figure 2.4: Transformation of PANI into various states by oxidation/reduction and doping/undoping 

processes [15]. 

 

Polyaniline is synthesized as half-oxidized emeraldine salt by electrochemical and chemical 

polymerization processes. PANI shows electrochromatic properties so each state can be 

distinguished by its characteristic colour. Emeraldine salt (doped) PANI is highly conductive 

with dark green colour. Emeraldine salt can be readily undoped to emeraldine base (bluish-

purple) by dipping in a high pH solution (e.g., NaOH solution). Once undoped, PANI cannot 

be further switched, electrochemically, due to the loss of electroactivity at pH > 3.  

Emeraldine salt is converted either chemically (by adding strong oxidation or reducing 

agents) or electrochemically to either the fully reduced leucoemeraldine form or fully 

oxidized pernigraniline form. The fully oxidized or reduced forms can also be doped or 

undoped depending on the solution pH. Leucoemeraldine has yellowish-green whereas 

pernigraniline has violet colour and both forms are highly insulating. The electrochemical 

switchability of PANI is shown in Figure 2.5 where a cyclic voltammogram of PANI layer on 

a porous alumina electrode in 0.5 M H2SO4 is shown. 
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Figure 2.5: Cyclic voltammogram of polyaniline film. The regions I, II and III represent 

leucoemeraldine, emeraldine and pernigraniline states of PANI film, respectively [8]. 

The oxidation states of PANI are marked as regions in the diagram whereas the peaks show 

state transformation points. The broader regions between the oxidation-reduction peaks 

signify an increase in the doping level in a single oxidation state. The transformation 

potentials are, 0.45 V (vs. Ag/AgCl) for leucoemeraldine to emeraldine, and 0.9 V for 

emeraldine to pernigraniline. Beyond the oxidation peak of the highest oxidation state, further 

increase in the potential introduces additional peak for the redox transformation of the 

degradation products of PANI (i.e. benzoquinone → hydroquinone). In addition to the change 

in electrical conductivity and electrochromism, the solvent incorporation associated with the 

ingress of doping anions results in film swelling. The span of electrochemical window shown 

in Figure 2.5 depends on many factors such as the nature of electrode material and nature of 

doping anion. Contrary to polypyrrole and polythiophene, involvement of nitrogen 

heteroatom in the repeat units of PANI results in the significant changes in the morphology of 

the film. 

2.2.2 Mechanism of Electronic Conduction 

The mechanism of electronic conduction is unique in PANI due to p-type doping as well as 

protonation of the chain nitrogen. Although the high level of electronic conductivity in 

emeraldine salt is well known phenomenon, still there are on-going debates on the molecular 

mechanisms involved in the charge transport in the PANI films and membranes [51].  

Electronic conductivity of PANI depends on its oxidation state (i.e. imine/amine ratio) and 

doping level. Protonation at low pH and simultaneous anion doping in emeraldine salt 

generates a bipolaron structure which is thermodynamically stable, as shown in the following 

figure [15]. 
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Figure 2.6: Bipolaron structure of polyaniline [15]. 

However, the defects in the local molecular chains and increased strain geometry of the 

polymer chains destabilize the structure and convert it into a resonance structure of a 

delocalized polaron PANI (Figure 2.7).  

 

Figure 2.7:  Resonance structure of delocalized polaron in PANI [15].  

The oxidizing dopant (A
-
) originates free radical and spinless positive charge on PANI 

backbone that are in equilibrium with each other through the local resonance. On further 

oxidation, the free radical is removed and the structure is converted into bipolaron again. 

Although bipolaron structure exists in PANI, but it is believed that polarons are responsible 

for the electronic charge transport in the bulk polymer. In addition to the polaron-bipolaron 

transitions in conjugated structure, inter-chain hopping is also involved in the charge 

transport mechanism [51].  

The protonation and oxidation of PANI nitrogen make polymer chains highly sensitive and 

responsive to external stimuli as compared to other ICPs, for example polypyrrole, where 

positive charge is distributed on the whole repeat unit. The morphology of PANI film 

changes from the highly compact in leucoemeraldine to the open-pore in pernigraniline. This 

leads to a better control in the membrane applications where permeation can be changed.  
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2.3 An Overview of Membrane Separation Processes 

Membrane separation processes can be classified based on the driving force for the separation 

and also classified with respect to the size of the species/molecules that are being separated 

[1]. The driving force based classification includes pressure driven membrane processes, 

charge based membrane separation and tuneable separation based on functional membranes.  

2.3.1 Pressure-driven Membrane Separation 

Membrane based processes in which separation is achieved by applying pressure on the feed 

side (or vacuum on the permeate side) are further subdivided into filtration and solution-

diffusion based processes such as pervaporation etc. [2]. Microfiltration, ultrafiltration and 

nanofiltration are included in the first type where size-exclusion is the governing mechanism. 

Microfiltration processes are used for filtering the colloids and suspensions such as pre-

filtration step in the water treatment ultrafiltration process or for the retention of proteins 

from the biochemical and biological solutions. The typical particulate (or macromolecule) 

retention size ranges from 50 nm to 5 m [3]. Ultrafiltration membranes are used to retain 

solids, bacteria and microorganisms with the smaller size range (5 to 50 nm) as compared to 

the microfiltration. In the both processes, membranes with open-pore structure are used 

which allow solvent to pass through the membrane along with soluble solids. Nanofiltration 

membranes have non-porous dense surface layer on a microporous support and these are 

termed as asymmetric membranes. These membranes have pore size range of 1 to 10 nm and 

are used to separate the small organic molecules and multivalent ions from the solutions. 

Presently nanofiltration membranes are also employed in organic solvent separation.  

Contrary to these size-exclusion based filtration processes, reverse osmosis (RO), gas 

separation and pervaporation are based on the dissolution of feed in the membrane phase at 

the surface (i.e. membrane swelling) and then diffusion through the bulk with desorption on 

the permeate side. The separation arises from the difference in the solution affinity at the 

surface coupled with the difference in the diffusion rates of various feed components in the 

bulk. These solution-diffusion based pressure-driven processes are used to separate the 

species at molecular level. Reverse osmosis is commonly used in desalination process where 

salts from the sea water are removed to produce drinking water. Another important 

application of RO process is in renal dialysis. Gas separation is used to separate various 

gaseous mixtures such as hydrogen recovery from reformer gas or oxygen separation from 
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nitrogen from air. Pervaporation is used to separate azeotropes that are otherwise very 

difficult and expensive to be purified by the conventional separation processes due to the 

close boiling points of the components. In pervaporation, slightly positive pressure is applied 

on the feed side while species are desorbed by the vaporizing at the permeate side under high 

vacuum. Difference in the vapour pressure of a component at the feed and permeate side is 

the driving force in this process. The classification and applications of membrane based 

processes are shown in Figure 2.8. 

 

Figure 2.8: Classification of membrane based separation processes [3]. 

Various types of membranes with a variety of materials have been used in pressure-driven 

processes. Symmetric and asymmetric membrane structures are used in which properties do 

not vary throughout the cross section of the membrane in the first type whereas a skin 

(surface layer), porous or non-porous, is produced on the microporous support, in the second 

type, which differs in the properties from the support material [52]. Symmetric membranes 

are mostly used in the microfiltration applications whereas asymmetric membranes are used 

in other pressure-driven membrane processes. Thin but dense layers are desirable in the 

processes dealing with the low molecular weight separations such as nanofiltration, RO, gas 

separation and pervaporation in order to decrease the operating pressure for a reasonable 
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permeation flux. A wide variety of materials such as ceramics (e.g.-alumina, titania), 

polymers (cellulose, polyamide, polypropylene), and glasses are used. Among these, the 

polymers are most common membrane materials due to their low materials and 

manufacturing costs and better mechanical properties. Various fabrication techniques such as 

sintering in the ceramics and phase inversion for the polymeric membranes have been used 

on commercial scale. Membranes are assembled in various configurations (modules) to 

achieve the compactness such as shell and tube and spiral-wound membrane modules. 

2.3.2 Charge based Membrane Separation  

Interaction of charged molecules with the fixed charges of the dense membrane is the basis of 

ion exchange membrane processes. Fixed charge groups such as sulfonic acid (cation- 

exchange) and quaternary ammonium salts (anion exchange) are incorporated in the inert 

membrane matrix such as perflourinated olefins to synthesize the homogeneous ion exchange 

membranes. Depending on the polarity of the fixed charges, the oppositely charged cations or 

anions from the solution are exchanged through the membranes (counter-ions) whereas       

co-ions of similar polarity are blocked. Ion exchange membranes are utilized in the various 

processes which can be classified into following three categories [53]. 

1. Electrodialysis, Donnan dialysis  

2. Membrane electrolysis 

3. Fuel cells 

In the first type, separation is achieved by the application of either electrical potential 

difference (in electrodialysis) or concentration difference (dialysis) as driving force. The 

typical applications include desalination of seawater and milk whey by electrodialysis. 

Membrane electrolysis involves water hydrolysis in membrane phase such as the production 

of acids or sodium hydroxide in chlor-alkali processes. Fuel cells utilize selective transport of 

charged species across an ion exchange membrane to produce electrical energy by the 

reactions at the electrodes.  
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2.4 Polyaniline based Membranes 

Sairam et al. [6] discussed various synthesis techniques of PANI composite membranes and 

classified these membranes depending on their applications in various membrane separation 

processes such as gas separation, pervaporation and electrodialysis. In the following text, 

PANI based membranes have been classified according to various synthesis techniques that 

yield specific membrane morphologies suitable for a particular separation process. An 

extensive literature review has been included to highlight the various synthesis techniques for 

PANI membranes and their effects on the membrane morphology that ultimately affects the 

application properties. Figure 2.9 illustrates the various components of the literature review 

and their relevance with the present research. In section 2.4.4, the inferences drawn from the 

literature review are summarized along with the directions for the present research. 

 

 

Figure 2.9: Pictorial representation of the inferences of the literature review and its relation 

with the thesis. 

PANI applications in Membrane 
Separations:

•Based on electrochemical activity.
•Gas separation-morphological 
changes upon doping/dedoping.
•Pervaporation-hydrophilicty of 
doped PANI.
•Ion-exchange: Electrostatic 
interaction with charged species.

PANI membrane synthesis and the 
morphology:

•Pristine films from solution casting or 
electrochemical polymerization-poor 
mechanical performances.
•Solution blending with other polymers 
and subsequent film casting-PANI as 
dispersed phase.
•In situ PANI deposition on base 
homogenous and porous membranes.

PANI-ion exchange membranes:
•PANI deposition and 

permselectivity depend on the 
polymerization techniques.

•Issue: Selectivity enhancement by 
electrostatic blockage.

Porous membranes by immobilizing 
functional materials in the pores of 

the template: Selectivity at high 
permeation rate.

Present research: 
•Control of PANI deposition at different 
sites and extent in the base membrane.
•Permselectivity of in-pore deposited 

membranes. 
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2.4.1 Pristine PANI Membranes 

Pristine PANI membranes have been mainly used as dense membranes in gas separation and 

nanofiltration processes. In a typical synthesis process, undoped films are cast from a PANI 

solution and then aged at high temperature (~120 
o
C). These membranes are doped, undoped 

and then redoped in low and high pH solutions to achieve the final doping level. The changes 

in membrane morphology from ICP doping and gas-polaron interaction in the membrane 

phase are used for the separation of gaseous mixture in a gas separation process. Diffusivity 

and solubility have been evaluated which give permeability of the gases as follows [54]: 

P=D x S               (2.1) 

where P is permeation rate (
cmHgscm

cmcm

..

.

2

3

), D is diffusion coefficient (
s

cm2

) and S is  

solubility coefficient (
cmHgcm

cm

.3

3

). 

Chang et al. [54, 55] have demonstrated the ability of solution-cast PANI films doped with 

HCl for the separation of various gases such as H2, CO2, O2, N2 and CH4. Bare and ring-

substituted PANI such as methoxy- and ethoxy-polyaniline films were cast by using undoped 

PANI solutions. Diffusion coefficients and permeation rates were evaluated by gas 

permeation experiments in which feed was introduced under vacuum on the up-stream side of 

the membrane and permeate was collected at higher vacuum on the down-stream side. These 

PANI membranes showed high but temperature dependent values of the diffusion coefficient 

(~ 10
10

 
s

cm2

) and permeation rate (~10
11

cmHgscm

cmcm

..

.

2

3

 ). The diffusion coefficients have been 

correlated with the size of permeating gas molecules whereas the solubility coefficients 

showed dependence on the critical temperature (i.e. boiling point) of the gases.  

The effects of insulator-conductor transition of PANI films on gas solubility and diffusivity 

have been studied [56]. The variations in permeabilities have been correlated to the degree of 

doping of a free-standing PANI membrane.  Andreson et al. [57] correlated an increased 

selectivity of the various gas pairs such as He/N2, N2/H2, O2/N2 to the morphological changes 

associated with the doping of PANI membranes. PANI membranes were doped at various 

levels by changing acid concentration and it was elaborated that a precise control on the 

selectivity could be achieved. 
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Kang et al. [58, 59] have studied O2 transport in a free-standing PANI membrane which was 

cast from the PANI solution in NMP. As-cast films were cycled between fully doped and 

undoped states in order to realize a maximum morphology change. Undoped membranes 

were redoped again by using various concentrations of HCl.  The high O2 permeability was 

attributed to O2-polaron interaction in PANI membrane. However, a decline in O2 

permeability on increasing acid concentration (higher doping level) was explained in terms of 

decrease in free volume of PANI chains. This free volume was measured on excessive doping 

by using x-ray diffraction (d-spacing).  

Conklin et al. [60] have elaborated the effects of doping with anhydrous (gaseous) dopants on 

the gas separation properties of PANI membranes. These membranes were doped with 

gaseous halides using HCl, HBr, HI and HF and then undoped by gaseous ammonia. The 

higher content of the residual halide dopant was found as compared to halide levels from 

doping and undoping processes conducted in aqueous phase. Low permeability values were 

recorded due to the decrease in free volume in the membrane phase by the presence of doping 

anion. 

To elucidate the effects of doping state of PANI on the solubility of various gases and their 

permeation rates, solubility isotherms of various gases of  doped, undoped and redoped PANI 

have been constructed [61]. The linear isotherm for N2 sorption was modelled with Henry‘s 

law whereas O2, CO2 and CH4 showed complex absorption behaviour attributed to the 

presence of molecular spacing within polymer chains due to a non-equilibrium chain 

conformation. 

Wang et al. [62] have investigated the temperature dependence of the permeability and 

selectivity of H2, N2, O2 and CH4 through emeraldine base PANI films which were cast from 

20 % PANI-NMP solution. The activation energies of the permeation and solubility have 

been estimated. It was concluded that the permeability of all the gases increased whereas the 

selectivity decreased by increasing the temperature. 

Pervaporation process is used mainly to separate liquids that form azeotropes and cannot be 

separated by a simple distillation. To separate these liquid mixtures, an additional separating 

component is added in azeotropic distillation that makes the process more energy intensive 

due to the additional removal of the separating component from the products. The high 

selectivity of PANI membranes can be used to separate the components of an azeotropic 

mixture, economically. 
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Ball et al. [63-65] studied the pervaporation of ethanol-water and carboxylic acid (e.g., acetic 

acid, propionic acid)-water binary solutions using PANI membranes. Permeation studies were 

conducted by using various PANI doping levels at different temperatures. Dense and defect-

free PANI membranes were prepared using a solution casting technique from PANI-NMP 

solution. In acetic acid-water pervaporation, a high selectivity but with a low flux has been 

observed using doped PANI film [64]. This was attributed to the large water diffusivity in 

hydrophilic doped PANI films. Undoped PANI membranes showed the high permeation flux 

but with low separation factors. Temperature increases flux by orders of magnitude in 

undoped PANI membranes. Permeabilities and diffusion coefficients of water, alcohols and 

carboxylic acids were evaluated using doped and undoped PANI membranes in pervaporation 

process [65]. Undoped PANI yielded lower fluxes with smaller diffusion coefficients as 

compared to HCl doped PANI membranes. A high selectivity was observed in the latter case 

where fully doped PANI showed a negligible permeation of the longer molecule alcohols 

(propanol) and carboxylic acids. In these experiments, the issue of dopant (Cl
-
) washout was 

observed which resulted in a declining pervaporation flux over time. The higher water 

diffusivity was observed in ethanol-water pervaporation using undoped PANI membrane 

(selectivity > 1000), however with a low permeation flux [63]. Doping improved the flux at 

the cost of selectivity where dopant loss was also observed. Dopant immobilization by the 

incorporation of a long-chain dopant such as polyacrylic acid and polyamic acid showed 

sustained permeation rates as compared to HCl. In another study on carboxylic acid-water 

separation by pervaporation, the higher selectivity based on water diffusion was recorded in 

doped PANI as compared to the diffusion in undoped PANI films. This high water diffusion 

was attributed to the higher hydrophilicity of doped PANI. In addition to doping/undoping, 

the effects of molecular chain length of carboxylic acid on the permeation rate were studied. 

In these membranes, the doped PANI almost completely blocked the permeation of longer 

molecular chain acid (acetic acid, propionic acid) as compared to the short-chain formic acid. 

Furthermore, changing PANI membrane structure from a symmetric dense membrane to an 

asymmetric membrane with the same thickness has shown a significant increase in the 

permeation flux.  

Kaner et al. [66] demonstrated the ability of chiral PANI membranes for gas separation, 

pervaporation and enantiomers separation. For gas separation and pervaporation processes, 

the effects of doping and undoping on the permeation of N2 and O2 and separation of 

carboxylic acid-water mixtures have been elaborated. In gas separation, removal of dopant 
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anion increased the free volume between molecular chains, which resulted in increased 

permeation rates. Long-chain carboxylic acids showed smaller permeabilities as compared to 

short-chain acid such as formic acid. Chiral PANI films were synthesized by blending either 

(S+) or (R-) camphorsulfonic acid (CSA) with undoped PANI in NMP and subsequent 

casting on a glass plate. Circular dichromism studies showed that both (S+) and R(-) films 

had chiral activity and these were the exact mirror image of each other. The undoped form of 

CSA-PANI films were used in chiral recognition experiments using L-phenylaniline 

absorption on PANI films.  

Cross-linked asymmetric PANI membranes were employed in the nanofiltration of various 

organic solvents such as ethyl acetate, acetonitrile and acetone [67, 68]. In these studies, the 

excellent stability of the cross-linked PANI membranes has been utilized in strong solvent 

environment and high temperature conditions. Asymmetric PANI membranes have been 

prepared by phase inversion by dissolving emeraldine base in a mixed solvent system 

comprising NMP and 4-methyl pepridine. Treatment with alkaline solution yielded selective 

nanofiltration channels in the membranes. In order to enhance the structural integrity, the 

membranes were cross-likened either by the thermal cross-linking of the nitrogen sites of acid 

doped PANI or by the chemical cross-linking with the help of chemical cross-linkers, ‘-

dichloro-p-xylene and glutaraldehyde (Figure 2.10). Nanofiltration performance of these 

membranes was studied using molecular weight cut-off (MWCO) method in which styrene 

oligomers of different molecular weights were filtered by using a dead-end filtration set-up. 

The membranes showed MWCO values in the range of 150-250 g/mol, demonstrating these 

as successful nanofiltration membranes. These membranes were doped by treating with 

various organic acids such as maleic, phthalic and camphorsulfonic acid. Subsequent 

leaching of the acid moieties by the treatment with an alkali yielded nano-scale channels for 

the filtration. The filtration experiments were conducted at higher temperatures to take the 

advantage of the higher permeation flux at elevated temperatures (70 
o
C for chemically cross-

linked and 150 
o
C for thermally cross-linked membranes). Excellent chemical and high 

temperature stability with sharp rejection in a narrow molecular weight range suggest that 

these membranes are suitable for organic solvent nanofiltration (OSN) applications. 
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Figure 2.10: SEM images of PANI membranes (a) untreated PANI and (b) cross-linked PANI 

membranes [67]. 

In addition to the application of PANI in conventional membrane separation processes, the 

direct use of its electronic conductivity and electroactivity in the processes such as H
+
 and  

ionic conduction for trans-membrane redox reactions and fuel cell applications have been 

demonstrated. 

Electrochemical impedance spectroscopy (EIS) technique has been used to study the ion 

transport across PANI membranes. In EIS, a dynamic (sinusoidal) electrical input (potential 

or current) displaces the system from its electrochemical equilibrium position and the 

resultant output signal gives rise the conduction mechanism in the membrane. In these 

studies, membranes separated various electrolyte solutions in a two-compartment cell and 

input signal was applied using a set of working-counter electrode whereas a pair of reference 

electrodes (e.g. Ag/AgCl) recorded output. Deslouis et al. [69, 70] have modelled the 

transport of chloride ion and polaron by Nernst-Planck type model where different co-ions 

(cations for doped PANI) affected the transport parameters. Also the effects of pH on EIS 

behaviour of PANI have been elaborated with doping as most influential factor [70]. Ion 

exchange behaviour (anion exchange in acid doped PANI) has been studied by measuring the 

transport numbers of various acids with different anions (HCl, H2SO4) [71]. The 

exchangeability of pristine PANI membranes approach to that of an ideal ion exchange 

membrane that excludes the co-ions completely). 

Wen and Kocherginsky have studied H
+
 and anion transport across pristine PANI membranes 

and its dependence on the doping level of the membrane. Aniline was polymerized by the 

chemical oxidative method and PANI membranes were cast from a PANI-NMP solution 

(Figure 2.11). The trans-membrane potential was recorded in a two-compartment cell where 

the membrane separated ―donor‘ HCl solution in one compartment from the acceptor KCl 
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buffer in the second compartment. Undoped PANI membrane was permeable to H
+
 but it 

completely restricted anion transport. Both anion and H
+ 

 diffused through the membrane in 

the doped state [72].  

  

Figure 2.11: AFM images of (a) undoped and (b) doped PANI membranes [7]. 

In another study, H
+
 transport across the membrane was studied by using a two-compartment 

cell where H
+
 flux reached its study-state value after a long time (400 min) and this time lag 

was dependent on H
+
 ions concentration on the donor side [73]. It was also observed that H

+
 

transport did not follow the Fick‘s (first) law of steady state diffusion. A multistep 

mechanism for coupled H
+
/anion has been postulated that explained H

+
 transport in the PANI 

membrane in terms of accompanied morphological and doping level changes with the 

progression of H
+
 transport (Figure 2.12). 

 

Figure 2.12:  Mechanism of H
+
 transport coupled with the anion through undoped PANI 

membrane. Φ1 and Φ2 represent Donnan potentials at the interface [73].  
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During the transport through the membrane, H
+
 interacts with imine nitrogen by the proton- 

doping reaction and as the result PANI molecular chains become highly anion selective. 

Protons are blocked in the membrane and anions move through the doped PANI layers with 

the progress of coupled H
+
 doping and anion transport. The difference of ionic mobility 

promotes charge separation in the membrane and Donnan potential is established at the 

solution/membrane interfaces due the selective anion transport. Anion movement through 

PANI membrane occurs under both concentration gradient and Donnan potential thus 

deviating from the linear Fickian diffusion behaviour. 

Kocherginsky and Wang proposed a redox reaction mechanism across PANI membrane 

without direct contact of oxidizing and reducing species [74-77]. In these experiments, 

solution cast PANI membranes have been used which were doped either by HCl or by 

camphorsulfonic acid (CSA). The membranes separated FeCl3 + HCl solution in one 

compartment of a two-compartment cell and ascorbic acid (HA) + HCl solution in another 

compartment. Due to the electronic conductivity of doped PANI, Fe
3+

 was reduced to Fe
2+

 by 

the transference of electrons from ascorbic acid that was oxidized by the following reaction. 

H2A → 2H
+
 + A +2e

- 

It was proposed that the electron transference across the membrane occurs in three steps: 

electrons reduce imine PANI sites to amine at the solution/membrane interface on the 

ascorbic acid side, electron transport through the membranes balanced by the counter-

transport of coupled H
+
/anion and then electron transference to Fe

3+
 solution from membrane 

interface. The mechanism is depicted in Figure 2.13. 
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Figure 2.13: Coupled counter transport of electron and anion, and co-transport of electron 

and proton through PANI membrane [76]. 

 

Doping of PANI membrane with immobilized dopant (CSA) showed the higher electron 

transport rates at neutral solution pH as compared to HCl doped PANI films. 

Treptow et al. [78] studied proton conductivity of doped PANI membranes for the potential 

application in polymer-electrolyte-membrane-fuel cell (PEMFC) to fulfil the requirement of 

high proton conductivity across the proton exchange membrane. Solution cast PANI 

membranes with inorganic acid doping were employed as proton exchange membrane. 

Various membrane transport processes were identified by using EIS for the estimation of 

various electrochemical parameters. These PANI membranes showed proton conductivity 

half in the magnitude as compared to a commercial ion exchange membrane (Nafion
®
). The 

leach-out of a low molecular weight anion was attributed to the decline in membrane 

performance. 

Highly electrically conductive PANI has p-phenylenediamine polymer chain structure which 

is targeted during synthesis mainly due to the high environmental stability of the isomer. 

Linear chain m-PANI has been synthesized from the polymerization of m-phnylenediamine 

and films have been cast by using tetrahydrofurane (THF) as a solvent [79]. These H3PO4 

doped films have been studied for their proton conduction in PEMFC fuel cell application. 

The high H
+
 conductivity at elevated temperature and low humidity conditions was observed. 
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The most of the commercial membranes such as Nafion
®

 lose their protonic conductivity in 

these harsh conditions. 

Mirmohseni et al. [80] showed adaptive permeation control by a solution cast PANI film that 

separated an acid solution from pure water in a two-compartment cell. High proton transport 

rates were observed through doped PANI membranes. Application of a negative (i.e. 

reducing) potential (with reference to Ag/AgCl reference electrode) to the membrane reduced 

emeraldine PANI to leucoemeraldine that blocked H
+

 transport completely.  

In another study, Mirmohseni and Saeedi have demonstrated the dynamically controllable 

permeation of various anions through PANI membranes by the application of an external 

electrical potential [81]. The membranes showed high selectivity in the dialysis process for 

various acid pairs such as H2SO4/H3PO4 and HNO3/H2SO4. Electrodialysis studies showed 

high permeation flux with a low selectivity between various acids. Application of a positive 

potential to the membrane in electro-dynamic mode drastically increased the selectivity.  

The typical applications of pure PANI membranes are based on the dense nature and the 

electrochemical activity of the films. Gas separation by using PANI membranes is based on 

the steric hindrance of the PANI molecular chains that can be controlled by altering the 

doping state of the membrane. In the pervaporation of azeotropic mixtures, the hydrophilicity 

of doped PANI and the steric hindrance caused by the doping anion to the long-chain organic 

acids were used.  In the non conventional applications, the high proton conduction of doped 

PANI arising from its inherent charge transport properties was used for trans-membrane 

redox reaction. 

The application of pristine PANI in membrane applications has issues and limitations. The 

poor mechanical properties specifically the brittleness has been emerged as the challenge for 

PANI applications in the high-pressure processes. Secondly, because doped PANI is 

intractable in most of the solvents, the free-standing films are cast from undoped PANI 

solutions. The reproducibility of the post-casting doping of PANI has remained always a 

question as the doping levels depend strongly on many factors. In fact, only the doping-

undoping and redoping cycle showed the maximum levels of anion incorporation. The loss of 

the doping anion during high-pressure gas separation and high-vacuum pervaporation 

processes is another technical challenge. The dopant loss reduces the performance of the 

membrane by reducing the active membrane component. However, the selective leach-out of 

the dopant was used to develop nano-channel membranes for organic solvent separation. To 
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improve the mechanical properties and avoiding the dopant leach-out, PANI blends with 

other polymers were developed which are discussed in the following sections. 

2.4.2 Membranes based on PANI Blends 

PANI blends with conventional polymers have been developed to achieve the better 

mechanical and environmental stability in various applications where electrical and 

electroactive properties of PANI were used as an active component. In membrane 

technology, PANI blends have been developed and used for gas separation, pervaporation 

and ion exchange applications. Various synthesis methods have been used including solution 

blending and subsequent membrane casting, fibre-spinning, melt blending and film forming 

and dispersion of PANI particles and nanofibres in host polymer matrices. 

PANI-polyacrylic acid (PAAc) composite membranes were synthesized by dissolving PANI 

and  PAAc in NMP and then casting and drying under vacuum at 120
o
C [82].  In these 

composite membranes, PAAc behaved as a long-chain dopant attached with doped PANI 

chains. Pervaporation of water-isopropanol mixtures was trialled by using the membranes of 

varying PAAc concentration. The increase in PAAc content enhanced the permeating flux 

and water selectivity due to the strong water interaction with doped PANI chains. Beyond   

30 wt % level of PAAc in PANI where PANI was at its maximum doping level, the flux 

started decreasing. Increasing iso-propanol concentration in the feed decreased the flux while 

maintaining the concentration of water > 85 % in permeate. X-ray diffraction studies revealed 

PANI interaction with PAAC chains in the composite membranes. 

As discussed in the previous section, pristine PANI membranes in their doped state show 

very high selectivity (>1000 [65] versus typical values in the range of 1-12 for cellulose 

membranes [11]) for the separation of ethanol/water mixture in pervaporation. A declining 

membrane performance over time due to the leach-out of short-chain dopant from the 

membrane has been a serious issue in these applications. Ball et al. [63] developed PANI 

blends with polyamic and polyacrylic acids to prevent the loss of doping anion under high 

vacuum in pervaporation. The composite membranes were cast from 10 wt% solution of 

polyamic and polyacrylic acids, separately, in NMP and subsequently cured at an elevated 

temperature (110 
o
C) for 1 hour. High level of electrical conductivity of the composite 

membranes indicated the partial doping of PANI attributed to PANI interaction with 

polymeric dopant. These composite membranes showed a lower permeability and selectivity 
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in the pervaporation of 50% ethanol- 50% water mixture than that of an undoped pristine 

PANI but higher than that of an HCl doped PANI membrane. The hydrophilicity of partly 

doped PANI increased the permeability whereas an increase in the void fraction of the 

polymeric chains decreased the selectivity by allowing methanol to permeate through the 

membranes along with water. Polyacrylic acid modified membranes showed higher 

permeability but with a lower permselectivity than polyamic modified PANI membranes due 

to the superior dopability of polyacrylic acid. Membrane performance remained consistent 

over extended times during pervaporation that confirmed the immobilization of the long-

chain dopant contrary to the loss of a small-chain dopant. 

PANI-polyvinyl acetate (PVA) composite membranes were developed by in situ 

polymerizing aniline in 3 wt% PVA–water solution [83]. As the result of dispersion 

polymerization, PANI was distributed as nanoparticles in the PVA solution that was cast on a 

glass sheet and subsequently dried. These films were cross-linked by dipping them in 

glutaraldehyde solution for 10 hours. PVA-PANI nanocomposite membranes were employed 

in the pervaporation of water-isopropanol mixtures ranging in water concentration from 10-

50 wt %. The highest selectivity was achieved with 10 wt% water feed but at a lower 

permeation flux than that of an unmodified PVA membrane. The higher selectivity was 

attributed to the change in PANI particulate morphology on doping which changed inter-

chain distance of PVA cross-linked network. 

Ultrafiltration membranes comprising polysulfone-PANI nanofibres were prepared by mixing 

PANI nanofibres (43 nm diameter) with polysulfone in different ratios and then film casting 

by phase inversion in a non-solvent [84]. PANI nanofibres migrated to the membrane surface 

that resulted in the conversion of hydrophobic polysulfone surface into the hydrophilic one, 

gradually, by increasing the PANI nanofibres mass percentage. An improvement in the water 

flux and membrane fouling was observed. 

Hollow fibres of polyimide and polyimide-polyaniline were developed and studied for gas 

separation permeabilities and permselectivity by using various pure gases and gas pairs [85]. 

These hollow fibres were spun from a dope prepared by dissolving either polyimide or 

polyaniline and polyimide in NMP solvent. Fibres are extruded through spinneret die at 50 
o
C 

and coagulated in water bath. Polyimide-PANI hollow fibres showed enhanced permeabilities 

for He, N2, O2, CH4 and H2 due to the increase in free volume caused by the presence of 

short-chain PANI molecules in polyimide mass. The permselectivity of CH4/CO2 increased 
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significantly in the composite hollow fibre membrane as compared to bare polyimide fibres 

however it decreased for other gas pairs. 

In another study, polyimide-PANI sheet membranes were prepared by the solution casting 

method [86]. After casting on a glass plate, these membranes were heat-treated at elevated 

temperatures with the formation of polyimide via imidization reaction (Figure 2.14). PANI in 

the composite membrane was doped with HCl, subsequently. A strong interaction between 

positively charged imine nitrogen in PANI and imide oxygen was suggested. This resulted in 

the higher permeabilities and separation factors for H2, N2,, O2, CH4 and CO2 using 50/50 

polyimide/PANI blend as compared to undoped PANI composite membranes. Pervaporation 

studies revealed higher permeation flux for water/acetic acid mixture with almost complete 

absorption of acid in the membranes. It was attributed to the additional PANI doping with 

polyamic acid in already HCl doped chains. 

 

Temperature 

 

 

Figure 2.14: A simple reaction scheme representing conversion of polyamic acid into 

polyimide. 

Permeation of sodium dodecylsulfate (SDS) through cellulose acetate (CA)/PANI blend 

membranes prepared by solution casting technique was studied [87]. Homogeneous 

CA/PANI films were cast by dissolving both components in tetrahydrofuran (THF) whereas 

formic acid was added to PANI, which resulted in PANI suspension in the solvent. 

Composite membranes were subsequently cast from this suspension. Permeation of water and 

sodium dodecylsulfate revealed the significant influence of free volume on the diffusion 

constants through the membranes. SDS permeation was affected by the micelle formation in 

the feed that occurred above a critical feed concentration. In addition, SDS interaction with 

the CA surface was observed. A strong interaction between CA and PANI was observed 

which influenced the diffusivity of SDS through the membranes. 

PANI blends with other polymers have also been employed in ion exchange membrane 

processes. The exchangeability of the composite was based on either the ion exchange 
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properties of doped PANI or improvement in the properties of a conventional ion exchanger 

by PANI incorporation. High impact polystyrene (HIPS) and PANI composites were 

developed by blending and subsequently palletizing in a single screw extruder [88, 89]. Prior 

to the melt blending, PANI was doped by using various long-chain dopants such as 

dodecylbenzenesulfonic acid (DBSA), p-toluenesulfonic acid (pTSA) and camphorsulfonic 

acid (CSA). Composite membranes were synthesized by pressure moulding at 160 
o
C. Due to 

the immobilization of long-chain dopants, these PANI composite membranes behaved as 

cation-exchange membranes. The transport number of Zn
2+

 and corresponding monovalent 

and divalent anions were determined by using a three-compartment electrodialysis cell and 

these were compared with the transport numbers acquired by using a commercial cation-

exchange Nafion
®
 membrane. The cation transport numbers were comparable to that in 

Nafion
®
 membrane in the case of PANI-CSA and PANI-pTSA whereas much lower transport 

numbers were recorded in PANI-DBSA blend. The size of the doping and permeating anions 

played an important role in the transport across the membranes. PANI-polyurethane 

composite membranes were prepared by solution casting method where PANI was doped 

with pTSA and CSA at different concentration [90-92]. Ion exchange performance was 

observed to be comparable with that of Nafion® membranes. Improved Zn
2+

 transport was 

observed by increasing the concentration of SO3
- 
ions at high doping levels. In another study 

[93], electrodialysis performance of PANI-HIPS membranes prepared by two different 

methods was compared. These methods include mechanical mixing of PANI and HIPS in an 

extruder and subsequent heat-pressing to the films, and blending and film casting from a 

solution. Two different doping acids, TSA and CSA were used. Sodium and chloride ion 

transport through the membranes showed the influence of the preparation method and nature 

of doping acid on the electrodialysis performance of these cation-exchange membranes.  

Sulfonated polyether-ether ketone (SPEEK) was blended with PANI to improve high 

temperature performance and lowering the methanol transport of SPPEK when employed as a 

proton-exchange membrane in direct methanol fuel cell (DMFC) [94]. At elevated 

temperatures, swelling and degradation of SPEEK warrants its maximum performance in 

DMFC. After incorporating PANI in SPEEK by solution casting method, high temperature 

stability and performance have been improved due to the interaction between PANI nitrogen 

with SPEEK sulfonate group. High proton conductivity was achieved by operating DMFC at 

a higher temperature. Similarly, hydrogen bonding between PANI nitrogen and SO3
-
 group of 

solution blended sulfonated polyether-ether ketone ketone (SPEEKK) improved the proton 
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conductivity by suppressing the methanol cross-over in DMFC [95]. An improvement in the 

blend compatibility (i.e. homogeneity of the phases) by the incorporation of PANI resulted in 

the compact morphology of the membrane, which hampered the methanol permeation. 

Pei et al. developed PANI composite membranes by incorporating PANI nanoparticles in the 

host matrix of a proton-exchange membrane made up of three-component polymer blend 

(TCPB) [96]. PANI particles were synthesized by using two different techniques that yielded 

nanoparticles with different shape and oxidation states. Emeraldine PANI particles at 2 wt% 

loading in the base matrix showed maximum proton-exchangeability. 

Polymer gel electrolyte comprising poly(vinylidene fluoride-co-hexafluoropropylene) and 

lithium perchlorate (LiClO4) salt was modified by incorporating undoped PANI nanofibres in 

the membrane bulk by solution blending and subsequent film casting [97]. Undoped PANI 

nanofibres being electrical insulator did not contribute towards the ion exchange process but 

these increased the free volume of the dense polyelectrolyte film and facilitated ions transport 

through the composite membrane. Beyond a certain critical concentration, these PANI 

nanofibres formed insulating clusters and blocked the ion transport that had been facilitated 

by the strong ion exchange property of the base polyelectrolyte. 

Blending of PANI with conventional polymers (either solution or melt blending) yielded 

membranes with improved mechanical properties due to the contribution of the properties 

from the blending constituents. In some cases, the cross linking of the base matrix polymer 

even yielded the composite membranes to be employed in more severe conditions. In 

addition, the blending with polyamic and polyacrylic acids could solve the problem of short-

chain dopant leach-out in pervaporation applications. In fact, PANI dispersion in the base 

matrix affects the permeation properties not only due to the steric hindrance and change in 

the morphology on doping/undoping but its electrochemical activity also affects 

permselectivity. For example, hydrophilicity of doped PANI increased the permeation 

characteristics of water containing pervaporation feeds and the doping anion size changed 

counter-ion permeation in electrodialysis. However, the complete doping of embedded PANI 

particles in the host polymer matrix could not be achieved by conventional solution blending 

technique due to the limitation of doped PANI solubility. Secondly, the morphology of the 

composite membrane depends on the casting conditions and desirable morphologies cannot 

be easily achieved. For instance, the casting of an asymmetric membrane with a thin PANI 

film alone at the surface of the base porous membrane is very difficult to achieve. Due to 
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these limitations, in situ polymerization on template membranes has been trialled to get the 

advantages of full electrochemical activity of PANI, mechanical and environmental stability 

of the template and desirable morphology by selecting an appropriate template. 

2.4.3 Composite Membranes based on in situ PANI Deposition 

In the previous studies, PANI has been deposited on pre-fabricated membranes by in situ 

polymerization either to affect the ion transport properties of base membranes or as a thin 

barrier layer at the surface for size-based separations. Conventional ion exchange membranes 

such as Nafion
(R)

 have been modified by in situ PANI deposition where PANI was deposited 

either as surface layer or inside the bulk of the homogenous membranes depending on the 

employed deposition technique. PANI deposition site and extent, and its oxidation and 

doping states affect ion transport through the base ion exchange membrane. PANI has also 

been deposited at the surface of base microporous membranes and synthesized composite 

membranes were investigated either for the gas separation or for ion diffusion properties. 

Both electrochemical and chemical oxidative polymerizations have been employed to deposit 

PANI on various types of substrate. Electrochemical polymerization has many limitations as 

compared to the chemical polymerization such as insulating nature of base membrane, and 

size limitations of the working electrodes etc. However, a more uniform PANI surface 

layering with controllable thickness can be achieved by this technique. 

In non-electrochemical separation processes of PANI composite membranes by in situ PANI 

deposition, barrier properties of thin PANI layer are used whereas the base membrane serves 

as a support only by contributing towards the mechanical integrity of the composite 

membranes. In such membranes, high permeation flux can be achieved by integrating a 

reasonably thin PANI layer on the support microporous membrane. In situ PANI film 

deposition on solution cast base polyvinyltrimethylsilane (PVTMS) was obtained by using 

the borderline polymerization technique [98]. PVTMS film of 50 m thickness was cast on 

cellophane support and then air dried. PANI was deposited from a reaction mixture of aniline 

and ammonium persulfate in HCl solution by a rotating flask that was almost touching the 

surface of PVTS film. SEM images of PVTMS-PANI membranes showed homogenous 

PANI film of 0.5-1 m thickness at the surface. Gas permeabilities were evaluated for CO2, 

N2, O2, CH4, and He where selectivities were measured for CO2/CH4, He/N2, He/CH4, and 

O2/N2 pairs. Higher permeation fluxes for individual gases were achieved by using the 

composite membranes as compared to the pristine PANI membranes. The selectivity in a 
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particular gas pair depends on the doping state of PANI whereas doping/undoping cycling 

and nature of the doping acid showed negligible effects. In a similar study, a dense PANI film 

was prepared by the chemical oxidative polymerization and polystyrene solution was cast on 

an already formed PANI film. Evaporation of solvent (benzene) from polystyrene solution 

yielded a coherent and uniform film of polystyrene on PANI [99] . Permeabilities and 

selectivities of H2, N2 and O2 as the function of PANI protonation and size of doping anion 

were investigated. An increase in protonation level decreased permeability and the 

subsequent degree of deprotonation increased the permeability coefficients without changing 

the selectivity of the gases. In a similar manner, PVDF was cast on an already polymerized 

and cured (at 125 
o
C for 4 hours) PANI film [100, 101]. Submicron PANI films (~ 0.8 m) 

could be produced that adhered well to the base microporous support. PANI films showed 

selectivity comparable to the values already quoted in the literature and the permeability 

increased linearly by decreasing the film thickness. PANI-PVDF asymmetric membranes 

were prepared in a two-step method as mentioned above [16]. PVDF film was cast on the 

PANI films of different thickness approaching to submicron level (~ 0.4 m). About five 

orders of magnitude higher permeabilities for various gases were observed by using ultrathin 

PANI layer on PVDF support membranes as compared to the permeabilities from undoped 

pristine PANI films. This high permeation rate was attributed to the high free volume in the 

first type of membranes due to highly ordered PANI layers (crystalline structure). The 

development the ordered structures can be attributed to the orientation effects in the film 

casting. Lee et al. [102] developed PANI-nylon composite membranes by attaching an 

already polymerized PANI film on microporous nylon filter by using solvent welding 

technique where both polymers were swelled by a common (NMP) solvent. Separation 

characteristics in terms of the selectivity for O2/N2 mixture were evaluated as the function of 

doping/undoping cycles and redoping time. High values of selectivity were observed for 

redoped membranes for two hours due to the d-space (free volume) values in the range of 

kinetic diameters of O2 and N2.  To improve the antifouling property and water permeation 

rate through polysulfone membrane, PANI nanofibres were  deposited at the membrane 

surface by filtering the already synthesized nanofibres through ultrafiltration polysulfone 

membrane [103]. Hydrophilicity of doped PANI increased the water permeability while 

maintaining the rejection performance of the base polysulfone membrane. 

Thin PANI films for gas separation and pervaporation studies were developed by interfacial 

polymerization method [104]. Surface of a microporous alumina membrane (Anopore
®
) was 
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turned to hydrophobic by treating with substituted silanes (e.g. hexadecyltrichlorosilane) and 

then these membranes were held between the two compartments of a polymerization cell. 

One compartment contained oxidant solution whereas monomer vapours were generated in 

the second compartment that diffused through the membrane yielding a thin surface PANI 

film. Pervaporation data on methanol-methylterbutylether system showed preferred methanol 

diffusion due to the greater interaction with PANI modified membranes.  

Microporous ceramic discs were modified with polyaniline to study the acid diffusion rates 

through composite membranes [105]. Polyaniline was intercalated inside the pores of the 

ceramic disc by using a two-compartment cell where PANI was formed in bulk membrane by 

the counter-diffusion of aniline and oxidant (APS) through the membrane. These composite 

membranes were used to study the acid diffusion rates by measuring the time constant (time 

required to attain 63.8 % of the steady state value) in a two-compartment diffusion cell. It 

was observed that PANI intercalation obstructed the acid diffusion whereas doped PANI 

promoted the proton diffusion over the undoped PANI inside the ceramic discs. 

Protein immobilization and the stability of the activity over time on PANI-polypropylene 

membranes were elaborated [106]. Commercial polypropylene membranes were modified 

with PANI by in situ chemical polymerization by dipping the base membrane in a 

polymerizing solution of monomer and oxidant that resulted in a PANI film on the base 

membrane surface. 

Cation-exchange membranes were modified by depositing PANI either on both faces or on a 

single face of the base membrane [107]. In the double-sided coating, aniline chloride 

(monomer) was exchanged with sulfonate groups of the membrane and then polymerized 

with ammonium persulfate. Single-face coating was achieved by polymerizing aniline, 

selectively, on a single side of the membrane. Transport behaviour of various cations (Na
+
, 

Ca
2+

, Mg
2+

 ) have been studied using the two-compartment cell under electrodialysis 

conditions (under constant current density). From these experiments, diffusion coefficients 

and permselectivity were calculated. Cations were excluded from the membrane by the 

electrostatic repulsion offered by the positive charge on doped emeraldine PANI chains. The 

difference in the repulsive forces on monovalent (Na
+
) and bivalent (e.g. Ca

2+
) cations gave 

rise to the permselectivity in PANI modified cation-exchange membrane. Higher oxidation 

state of PANI (pernigraniline) remained ineffective regarding permselectivity because of its 
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neutral molecular chains that did not participate in the ion exchange process of the 

membrane. 

Sulfonated polystyrene and Nafion
®
 cation-exchange membranes were modified with PANI 

by in situ chemical oxidative deposition to alter the permselectivity of the membranes [108-

110]. Base membranes were modified by using two-compartment cell technique in which 

two-step method as mentioned above yielded single-face PANI deposition whereas the lower 

oxidant (ammonium persulfate) concentration deposited PANI within the bulk membrane. 

The deposited PANI layer decreased ion exchange capacity of the base membrane due to the 

negative charge neutralization by cationic PANI molecular chains. Chemical state of PANI at 

the surface was characterized by XPS and it was shown that polymerization for more than 

one hour degraded the surface PANI to benzoquinone, a hydrolysis product of PANI. The 

PANI surface layer blocked the passage of the bivalent cations through the composite 

membrane whereas an enhanced proton diffusion was observed due to the presence of doped 

PANI layer. For prolonged in-bulk polymerization, PANI formed an insulating cluster 

blocking the transport of both monovalent (protons) and bivalent cations. 

PANI was deposited on perflourinated sulfocationic membranes by the two-compartment cell 

technique and the effects of  PANI intercalation on the permselectivity and electro-osmotic 

water flow were elaborated [111]. Protonic conductivities were measured by EIS whereas 

permselectivity was evaluated by measuring the transport numbers of various cations with 

common anions in a two-compartment cell. Electro-osmotic water flow occurs under the 

concentration gradient of a salt solution in the compartments of a diffusion cell when ion 

concentration changed due to electrodialysis process. In these membranes, both protonic 

conductivity and the electro-osmotic flow depended on polymerization time in the two-

compartment cell. At a five-hour aniline polymerization, higher proton conductivity and a 

low water flow have been observed as compared to the thirty-hour polymerization due to 

pernigraniline formation. PANI intercalation did not affect the cation transport number in the 

composite membranes. 

Cation- and anion exchange membranes were modified with PANI which was deposited on 

the single face of an ion exchange membrane to study the exchange or blocking behaviour of 

PANI layer [112]. Base membranes were modified by in situ chemical polymerization of 

aniline in a two-compartment cell where, for cation-exchange membrane, first anilinium ions 

were exchanged with H
+
 ions of the membranes and then surface adsorbed anilinium was 
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polymerized by reacting with oxidant (ammonium persulfate). For anion exchange 

membranes, the reverse sequence was used. Different permselectivities for different cations 

and anions have been observed in cation- and anion exchange modified membranes 

respectively, mainly depending on the electrostatic interaction of PANI chains with the 

permeating ions and blocking behaviour of PANI due to electrostatic repulsion. 

Perflourinated sulfonate cation-exchange membranes were modified by PANI using either a 

two-compartment cell or solution-dip polymerization technique [113-117]. These studies 

discuss the various aspects of the modification of the base ion exchange membrane and the 

transport mechanisms in bare and PANI modified membranes. The reaction rate of aniline 

polymerization depended on the oxidant concentration (FeCl3 in this case) and on the degree 

of saturation of anilinium ions. Ion transport studies of bare membranes have been conducted 

in its acidic (H
+
) and neutral form (Na

+
). It was observed that proton hopping and ion 

diffusion phenomena played important roles in the transport processes. PANI deposition in 

the bulk membrane enhanced the proton transport due to the presence of emeraldine PANI 

but hindered the ionic diffusion transport.  

Cation-exchange membrane that are used as polymer electrolyte membranes in fuel cells have 

been modified with PANI for various reasons which include enhancing the high temperature 

membrane stability, improvement in proton conduction at low humidity conditions, blocking 

the transport of uncharged species and lowering the electro-osmotic flow [95, 118]. Usually a 

thin layer at the surface of the base ion exchange membrane serves the purpose that can be 

achieved by in situ chemical oxidative polymerization of aniline. A good example is the 

Direct Methanol Fuel Cell (DMFC) where an enhanced proton conductivity is required with 

the lowest possible methanol transport under concentration gradient or electro-osmotic flow 

conditions [119]. PANI being highly conductive for protons in its emeraldine doped state has 

been employed and the studies on the performance of PANI modified ion exchange 

membranes have been conducted. 

PEEK (polyether-ether ketone) was sulfonated by dissolving in sulfuric acid and 

subsequently membranes were cast by using SPEEK solution (10 w/v %) in DMF                   

(dimethylformamide) [118]. PANI was deposited on a single face of the membrane in the 

two-compartment cell by using FeCl3 as an oxidant. Composite membranes have been 

characterized for their proton conduction by evaluating the transport number of H
+
 by 

measuring the membrane potential in a two-compartment permeation cell. Methanol 
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permeation was also measured from a 15% v/v % methanol-water solution. The proton 

conductivities and methanol diffusion decreased in these composite membranes due to the 

layering of doped PANI at the surface as compared to the bare SPEEK or Nafion
®

 

membranes. This blocking ability increased by increasing the PANI film density at the longer 

polymerization times. 

Effects of PANI oxidation state on proton conduction and methanol permeation were studied 

when commercial Nafion
®
 were modified with PANI by using a two-step solution dip 

method of in situ aniline polymerization [120]. Either surface deposited PANI in emeraldine 

salt form was reduced to the lower oxidation state by exposing to phenyl hydrazine solution 

or a fully oxidized PANI (pernigraniline) was achieved by early terminating the 

polymerization reaction. In the chemical oxidative polymerization, pernigraniline is formed 

initially which is subsequently reduced to emeraldine form. It was observed that layering of 

emeraldine salt increased proton conductivity of the base membrane and decreased the 

methanol permeation as compared to the other oxidation forms of PANI. FTIR 

characterization showed an interaction between the PANI chains and sulfonic acid groups of 

the base membrane that altered the morphology of the base membrane affecting the transport 

properties. 

Power output from membrane electrode assemblies for DMFC using bare Nafion
®
 and 

Nafion-PANI membranes were compared where latter type of membranes was achieved by in 

situ chemical polymerization [121]. Composite membranes showed higher power densities as 

compared to the bare membranes at normal operating temperatures and high methanol 

concentrations. It was observed that PANI deposition reduced methanol cross over in the fuel 

cell resulting in higher efficiency. Yang et al. [122] observed high proton conductivity of 

Nafion-PANI composite membranes at low humidity conditions where normally bare Nafion 

almost loses all of its proton conductivity. PANI was deposited on base membrane by in situ 

chemical oxidative technique in its emeraldine state. The unique proton conduction 

mechanism of protonated amine was responsible for the high conductivity at the low 

humidity conditions. 

Nafion
®

-polyaniline-silica composite membranes were prepared by depositing PANI on the 

surface of silica particles embedded in Nafion
®

 membranes by in situ chemical deposition 

[119]. PANI enhanced the stability of the base membrane as Nafion modified membranes 

retained their crystalline nature at higher methanol concentration in the feed to achieve high 
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power output. Undoped PANI reduced the methanol permeation at the cost of lower proton 

conduction.  

PVDF microporous membrane (pore size: 0.22 m) were modified with PANI and its various 

derivatives such as poly (n-ethylaniline), poly (n-methylaniline) and poly (o-anisidine) by 

solution dip method in which base membrane were dipped in a polymerizing solution of 

aniline [123] . Hydrophilicity and water up-take of the PVDF membranes were increased by 

the PANI deposition. Cation-exchange properties of PANI and its derivatives doped with 

long-chain naphthelensulfonic acid were used in Donnan dialysis in water treatment process. 

High cation rejection was observed with Ca
2+

 recovery approached to up to 30 %. 

Polyaniline was coated by in situ chemical polymerization on the cellulose acetate films 

blended with different plasticizers [124, 125]. Various effects of the plasticization with 

triphenyl phosphate such as change in morphology and increase in the electronic conductivity 

were studied. PANI composite membranes were used in AuI2 absorption by using the ion 

exchange properties of surface coated PANI film. 

Blinova et al. [126] elaborated the mechanism of PANI deposition on microporous cellulosic 

tubing (regenerated cellulose) by in situ oxidative chemical deposition. The tubing was filled 

with monomer and it was dipped in a beaker carrying ammonium persulfate (oxidant). PANI 

was deposited on the monomer facing side of the tubing that showed oxidant diffusion to the 

monomer side only, without aniline transport to the other side. Once PANI film was formed, 

initially, subsequent polymerization took place by coupled electron-proton transport across 

the conducting PANI layer without a direct contact of monomer and oxidant. A trans-

membrane redox reaction facilitated by PANI layer without direct contact of reacting species 

was proposed. 

PANI deposition on various membrane substrates by in situ electrochemical polymerization 

has limitations of low electrical conductivity of base membrane as it acts as anode in a two- 

or three-electrode electrochemical step. The base membrane has to be made reasonably 

electronically conductive by attaching a conducting material such as metal or carbon on at 

least one side of the membrane. This limits the size and materials of base membrane for 

electrochemical modification. On the other hand, controlled aniline polymerization in the 

form of defect free film can be achieved on the base substrate. 
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Electrochemical polymerization of aniline on polyethylene-propylene copolymer dense 

membranes which had been surface grafted with polyacrylic acid (PAAc) and sulfonated in 

order to make these membranes functional and hydrophilic was conducted as shown by the 

scheme in Figure 2.15 [127]. 

 

Figure 2.15: Mechanism of electrochemical polymerization of aniline on  FEP-g-PAAc-SO3H 

membrane [127]. 

In the experimental set-up, a cation-exchange membrane was placed on a carbon paper 

(anode) which supports a cylinder containing 25 ml aniline solution with a carbon cathode 

immersed in it. Electrochemical deposition started from the anode side of the membrane and 

progressed through the membrane bulk towards cathode side. Potentiostatic conditions were 

maintained so PANI deposition extent depended on polymerization time. Leakage of bivalent 

Zn
2+

 ions under electrodialysis increased by the increase in the polymerization time of aniline 

showing an improvement in permselectivity with deposited PANI on the base membrane.    

Anion exchange membranes were modified with PANI by electrochemical polymerization 

method [128]. Base ion exchange membranes were made conductive by adhering carbon 

paste and electro-polymerization was conducted in a three-electrode cell by cyclic 

voltammetry. Deposited carbon paste was removed by solvent washing before conducting the 

electrochemical permeation experiments on the composite membranes. Coupled proton 

transport with anion (NO3
-
) permeation was observed due to the deposited PANI layer.    

Shimizu et al. compared the ionic conductivities and methanol permeability of Nafion
®
-PANI 

composite membranes prepared either by electrochemical or chemical in situ polymerization 

[129] . It was shown that chemically deposited PANI showed better performance as 

compared to that of electrochemically deposited for the applications in DMFC.                                                      

A thin film of PANI was formed, electrochemically, on microporous alumina which had been 

made conductive by depositing a gold layer on one side of the membrane [8] . The composite 
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membrane was used in electrochemically modulated permselectivity studies where the 

potential of membrane was controlled, in situ, in a three-electrode configuration in a two-

compartment permeation cell. Permeation of neutral phenol and negatively charged 4-

hydroxybezenesulfonate were studied by changing the oxidation state of the PANI film on 

the base membrane. The permeation of both probe molecules was explained in terms of 

membrane morphology and electrostatic interaction of PANI in a particular oxidation state. 

Emeraldine salt state showed the highest permeation levels due to open pore morphology of 

the film and cationic charge on PANI chains. PANI degradation via hydrolysis at high anodic 

potentials was also observed. 

 

2.5 Inferences from the Literature Review and Direction for the Present 

Research 

A quick overview on the early developments (starting from late 1980s) of PANI based 

membranes concludes the following. 

 PANI was used extensively in the membrane research due to its simple (clean) 

chemistry, environmental stability and acid/base dopability. This combination makes 

PANI a unique ICP among the developed ones. 

 Pristine PANI membranes were trialled for more conventional gas separation and 

pervaporation processes by using switchability in morphology, hydrophilicity and 

electrochemical interaction on doping/undoping. Mostly solution casting technique 

was used for the membrane fabrication. High selectivities, particularly in the 

pervaporation due to acid/water interaction with doped PANI was observed but low 

permeabilities remained a big concern.  

 Ion exchange applications of PANI membranes were studied where switchability in 

ion exchangeability was recorded. However, as the major part of the work, ion 

exchange properties were explored in the modified electrode geometry for sensors 

application (not discussed in this thesis). 

Some critical issues associated with pristine PANI membranes restricted their wide spread 

use in various applications. These include insolubility of doped PANI in most of the solvents, 

poor mechanical properties of as-cast films and loss of low molecular weight dopant, 
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especially in pervaporation process. This leads to the blending of other polymers with PANI 

for the free-standing films fabrication. 

PANI blends, at least partially, solved the problems of dopant loss and poor mechanical 

properties but the control on PANI oxidation/doping state remained a challenge. In addition, 

the poor dispersion of PANI in the membrane bulk limited the effectiveness of PANI as an 

active (functional) membrane component. Although the selectivities in gas separation and 

pervaporation were increased but the thick dense membranes yielded low fluxes 

(permeabilities). In the ion exchange applications of PANI blends, polystyrene-PANI 

membranes were formed by melt extrusion and subsequent pressure moulding. These 

membranes were tested as ion exchange membrane in electrodialysis process. However, the 

dependence of cation-exchangeability on the size of long-chain dopant suggested that 

polystyrene just contributed towards the structural integrity. 

In the recent past, modification of various types of template with in situ polymerization of 

aniline has emerged as a promising technique for the synthesis of PANI composites and 

composite membranes. In conventional gas separation type size-exclusion applications, thin 

PANI layers have been deposited on the base, particularly, porous membranes. These 

asymmetric type composite membranes enhanced permeabilities at reasonable selectivity 

levels. However, the fabrication of ultrathin PANI films remained a challenge.  

The various synthesis techniques of pristine PANI and PANI composite membranes have 

been discussed to elucidate the effects of the synthesis conditions on membrane morphology 

and resultant membrane properties. To develop a PANI composite membrane for the 

potential electrochemical applications, PANI-ion exchange composite membranes have been 

specifically focused in this thesis [107-129]. The deposition of PANI either on the surface or 

in the bulk of a conventional ion exchange membrane has been investigated for several 

reasons. These include improving the permselectivity of the conventional ion exchange 

membranes, PANI deposition as a surface layer to restrict the methanol cross over in a fuel 

cell and improving the ion exchangeability of the membranes at high temperature and low 

humidity conditions in the fuel cell. In the most of these studies, homogenous ion exchange 

membranes were modified by depositing PANI by in situ chemical polymerization. To get a 

thin PANI surface layer, a few studies have focused on the electrochemical polymerization 

too. In the modification of homogenous ion exchange membranes, two aspects have been 

focused:  
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1. Exclusion of co-ions due to the presence of a positively charged PANI layer at the 

membrane surface (e.g. blockage of cations in PANI modified cation-exchange 

membranes. The exclusion depends on the valence number of the cation due to the 

variation in the electrostatic force. 

2. Effects of PANI deposition site on the permselectivity. PANI was deposited either as 

the surface layer or inside the membrane bulk by altering the contacting patterns of 

the reactants. It was observed that incorporation of PANI in the membrane bulk 

restricted the permeation of big-sized counter-ions and improved the selectivity. 

3. Effects of PANI oxidation/doping state on the permeation of protons (H
+
) and other 

cations. Doped PANI enhanced the transportation of proton over other cations. 

However, these studies cover only the limited scope probably due to their focus on the 

commercial cation-exchange membranes for electrodialysis and fuel cell applications. Cation-

exchange membranes were used in the most of the cases with only a few studies on anion 

exchange membranes. The base membranes had already very high exchangeability (transport 

numbers ~0.92) and PANI deposition only improved the permselectivity by its steric 

hindrance. In some cases, PANI even reduced the exchangeability of the base membrane by 

reacting with the anion functionalities in the membranes. In addition, the permeabilities did 

not change and these were depended on the current density across the ion exchange 

membranes in electrodialysis cell.  

To address the issue of reduced permeation flux in dense homogenous membranes, synthesis 

of porous PANI composite membranes has been proposed in this thesis. The separation in 

these membranes takes place by the development of an electro-kinetic double layer inside the 

pores. The charge density of this double layer can be increased either by doping the PANI 

layer on the pore walls or by directly applying an electrical potential to the membrane. 

Therefore, contrary to the conventional homogenous ion exchange membranes, charge 

transportation takes place, predominately, through the pore electrolyte though transportation 

in the polymer phase is not completely eliminated. Microporous membranes modified with 

long-chain polyaminoacids showed pore controlled permeation in the pressure driven 

filtration processes.  

As mentioned in Introduction of the thesis, a few earlier studies discussed in-pore PANI 

deposition on the base microporous membranes. These include PANI deposition on the base 



ICP based membranes 
 

  
 

48 

porous polyethylene membranes [19, 20, 28] and in-pore PANI deposition on the ceramic 

microporous filters [105]. However, a critical analysis of the earlier studies suggests that 

PANI was mainly coated on the surface of the base membranes as also evidenced by other 

studies under the similar conditions. PANI was coated inside the pores of the ceramic discs 

by using the two-compartment cell technique. Acid diffusion studies showed irregular PANI 

deposition inside the membranes. None of the above-mentioned studies has systematically 

evaluated the effects of various experimental conditions such as polymerization technique, 

time, concentration and nature of the oxidants on the PANI deposition site, extent and 

oxidation/doping state.  

In this thesis, a systematic study on the control of PANI deposition site in the base membrane 

and intercalation levels using various in situ polymerization techniques and conditions is 

presented. Oxidation state and doping levels were quantified by detailed x-ray photoelectron 

spectroscopy analysis of the composite membranes. Electrochemical performance of the 

membranes was evaluated by studying the charge transport and charge transfer characteristics 

using electrochemical impedance spectroscopy (EIS) and transport number measurements. 

Electronic and ionic transportation properties were correlated with the PANI deposition site 

and extent depending on the in situ chemical polymerization technique.   
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Chapter Three 

Experimental Methods 

 

The focus of this research has been the investigation of the effects of various techniques of 

aniline chemical polymerization on PANI deposition on the base membrane and 

characterization of the electrochemical performance of the resultant composite membranes. 

The experimental methods involve various techniques of in situ chemical oxidative 

polymerization of aniline on microporous base membranes and the characterization 

techniques pertaining to the chemical state determination and electrochemical performance 

evaluation of the composite membranes.  

Description of materials and synthesis methods are included in this chapter along with the 

introduction of the employed chemical and electrochemical characterization techniques. The 

detailed discussion on x-ray photoelectron spectroscopy (XPS) and electrochemical 

impedance spectroscopy (EIS) are included in the following chapters where the 

characterization results are discussed. 

3.1 Synthesis of PANI Composite Membranes 

3.1.1 Materials 

Mixed cellulose ester membranes (Millipore
®
, pore size: 0.22 m, thickness: 150 m) were 

used as the base membranes which have been modified with polyaniline by in situ chemical 

polymerization. Cellulose acetate membranes (Whatman
®
, pore size: 0.45 m, thickness: 115 

m) have been used for support and comparison purpose only. Aniline (Sigma-Aldrich), 

ammonium persulfate (Univar), HCl (Merck), FeCl3.6H2O (Scientific Supplies) were all of 

reagent grade and used as received. Aniline was stored under dark and the long-term 

exposure to the atmosphere has been avoided in order to prevent oligomer formation and 

degradation in the presence of light and air. All solutions were prepared in highly purified 

(18MΩ) water obtained from ELGA (Maxima Ultra) purifier system. 
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3.1.2 PANI Deposition on the base Membrane 

Prior to the investigation of the effects of various parameters such as polymerization time 

involved in the composite membranes synthesis, a series of preliminary experiments were 

performed which served as the basis for the selection of the polymerization techniques and 

tailoring the parameters involved in these techniques. In these preliminary screening types of 

experiments, two types of the base microporous membranes, hydrophobic 

polytetraflouroethylene (PTFE) and hydrophilic mixed cellulose ester (a blend of cellulose 

nitrate and cellulose acetate in 75:25 ratio) were used in the following techniques of the  

chemical polymerization of aniline. 

1. Solution-dip polymerization: In this single-step method, the base membranes were 

dipped in a reacting mixture of aniline and oxidant (either ammonium persulfate or 

FeCl3) of various concentrations and for various times. In the two-step dipping, base 

membrane was treated, first with aniline solution and then dipped in an oxidant 

solution. 

2. Vapour-phase polymerization: Base membrane was first soaked either with 

monomer (aniline) or with oxidant (APS) solution and then held in a closed reagent 

bottle where the vapours of the other reactant were generated by heating the solution 

(at 60-70 
o
C) over a hot plate. The treatment of APS-soaked membrane with aniline 

vapours distorted the base ME membranes so for all subsequent vapour-phase 

polymerizations, base membranes were soaked in aniline and treated with APS 

vapours.  

3. Filtration-through deposition: In-pore PANI deposition was achieved by driving the 

reagents through the membrane pores under pressure (vacuum). Both single- or two-

step polymerization techniques have been used where aniline polymerization mixture 

was pressure-filtered through the membrane in the former technique whereas one of 

the reactants passed through the membrane followed by the other in the latter one. 

In these techniques, various combinations of the experimental conditions were employed and 

PANI deposition site and state (identified by the characteristic colour of various forms of 

PANI) were recorded. The following conclusions were drawn from these preliminary 

experiments. 
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1. Hydrophilic mixed ester membranes showed better adhesion of PANI layer on the 

surface as compared to the hydrophobic PTFE membranes probably due to the 

presence of hydrogen bonding between PANI and ME. It implies that hydrophilic 

functionality of the substrate promotes an on-substrate deposition in competition with 

the homo-polymerization of the monomer in the solution. 

2. Concentration effects were minimal on the PANI deposition site and on the 

uniformity of surface coverage on the base membranes. Furthermore, the extent of the 

surface coverage could be controlled by manipulating aniline polymerization time. 

3. Aniline polymerization using APS as oxidant yielded large quantity of PANI both in 

the solution and on the substrate as compared to FeCl3 based polymerization due to 

the higher reaction rate constant of APS. Furthermore, PANI degradation was 

observed (blackish brown colour that followed dark green emeraldine PANI) in this 

case after about 20 minutes polymerization at the employed concentrations. 

4. Contacting pattern of the reactants in the polymerization had influenced the PANI 

deposition site in the base membranes as evidenced from the filtration-through 

technique which yielded in-bulk deposition with PANI deposition inside the pores 

whereas solution-phase polymerization yielded PANI layer on the membrane surface.  

Based on the observation of the preliminary experimentation, it was decided to employ 

solution (dip)-phase, vapour-phase and diaphragmatic type polymerization using a two-

compartment cell. Because of the important role of the physical processes involved in the 

heterogeneous chemical reaction of PANI deposition on the substrate such as diffusion and 

adsorption, and due to the functionality of mixed cellulose ester membranes, it was 

anticipated that PANI could be deposited on the pore walls of the membranes by using the 

two-compartment cell polymerization. 

For all the employed techniques, except for vapour-phase polymerization, aniline (0.8M), 

ammonium persulfate (0.3M) and FeCl3.6H2O (0.3M) were prepared in 0.4M HCl aqueous 

solution. For the vapour-phase polymerization, APS (0.3M) was dissolved in 3M HCl 

solution. Solution-phase and two-compartment cell polymerizations were conducted at room 

temperature. 

In the solution-phase PANI deposition, base membranes were dipped, for various times, in a 

polymerizing mixture of aniline and oxidant (APS or FeCl3). 



Experimental Methods 
 

  
 

52 

In the vapour-phase deposition, ME membranes were first soaked in an aniline solution and 

then held in a saturated oxidant vapour atmosphere. APS vapours were generated by heating 

the oxidant solution at 60-70 
o
C in a closed vessel. 

In the two-compartment cell technique, the cell was composed of two identical compartments 

each of 150 ml capacity (Figure 3.1). Both compartments were joined together with 

membrane as the separating wall (exposed area= 4.5 cm
2
) by using a sealing O-ring. Aniline 

and oxidant solutions were allowed to counter-diffuse, simultaneously, through the 

membrane. Various combinations of aniline, oxidant and acid (HCl) in both compartments 

were used to alter the PANI deposition site. 

 

 

 

 

 

Figure 3.1: Schematics of aniline polymerization in a two-compartment cell. 

After the polymerization reaction in all the techniques for predetermined times, composite 

membranes were dipped in 1M HCl solution for more than 24 hours to achieve the complete 

protonation and doping of PANI in the membranes. A few PANI particles, grown from the 

homopolymerization in the solution, adhered to the membrane surface. These were 

successfully wiped-off by using a soft blotting paper.  

3.2 Characterization Techniques 

3.2.1 Scanning Electron Microscopy (SEM) 

Morphology of the membranes was studied by capturing the scanning electron micrographs. 

SEM is based on electron microscopy where electrons are impinged on the sample in an 

evacuated chamber and the resultant electrons are analysed to capture the morphology of the 

sample. The morphology of the membranes was captured using either an environmental SEM 

(ESEM, FEI Quanta 200F) or a field emission SEM (Philips XL30S FEG) both equipped 

Aniline solution Oxidant Solution 

Membrane 
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with EDS (energy-dispersive-spectroscopy) detectors. Membrane samples were mounted on 

the sample stud by using a double-sided conductive tape. 

 

3.2.2 PANI Intercalation Levels Measurements 

PANI deposition levels in the base membranes were measured by using the gravimetric 

technique. Membranes were dried in desiccators for more than 7 days and then weighed. The 

PANI intercalation levels were calculated by measuring weight difference between modified 

and bare ME membranes. 

3.2.3 Electronic Conductivity Measurement 

Electrical conductivity of PANI composite membranes was measured by using two- and four-

point measurement techniques. For these measurements, all membranes were dessicator-dried 

for more than three days. Two-point technique was used for surface and trans-membrane 

conductivities. A high impedance multimeter was used to measure the conductivity that with-

draws a negligible current. Contact resistance was reduced by applying silver paste at the 

electrode contact points on the membranes. For surface conductivity, both electrodes were 

placed at the surface whereas for trans-membrane (through) conductivity, these were placed 

across the membrane. The measured electronic resistance was converted to the conductivity 

by using the following relationship. 

       
 

 
 

 

  
                                 (3.1) 

where k is the conductivity (S. cm
-1

 or ohm
-1

.cm
-1

),  is resistivity (ohm. cm), R is resistance 

(ohm), A is the area (width x thickness) and d is the distance between the two measurement 

points.  

Two-point conductivity measurement method has inherent limitations that affect the accuracy 

of the conductivity values. These limitations include contact resistance losses and 

polarization effects due to the same electrode being used as the current source and voltage 

measurement. Although two-point data for ICPs conductivity have been quoted in the 

literature, these have been used only for comparative study in this thesis. To compare the 

conductivity values with the widespread published data on PANI, a standard co-linear four-

point method was used. The set-up consists of four equally spaced microprobe electrodes and 
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a high impedance multimeter is used for the supply of current and voltage measurement. Two 

outer electrodes supply the current whereas the two inner electrodes measure the voltage 

drop. The resistivity is defined as: 

       kt
I

V
...

2


                                    (3.2) 

where  is resistivity, V and I are the measured voltage and supplied current, respectively, t is 

membrane thickness and  k is a correction factor based on the ratio of electrodes spacing to 

the sample diameter. Separate electrodes for current supply and voltage measurement 

eliminate the contact polarization problem encountered in the simpler two-point conductivity 

measurement technique. 

3.2.4 Fourier-transform (FTIR) Infrared Spectroscopy 

FTIR spectroscopy is a vibrational spectroscopy technique where the infrared light is 

absorbed at the characteristic frequencies by the chemical functionalities of the sample 

resulting in the stretch or bending of the chemical bonds in the material [130]. The 

frequencies in FTIR are represented in the units of wave number () which is defined as the 

number of waves per unit length (cm
-1

). Wave number is inversely proportional to the wave 

length i.e. 

       
   

 
                 (3.3) 

where  is wave length in m. 

A sample in the form of solid, liquid or gas is placed in the path of an incident infrared light 

beam and absorption is measured in terms of transmittance which is the ratio of the intensity 

of transmitted rays to the intensity of the incident rays at a particular wave number. FTIR 

results are presented as spectrum with wave number on the x-axis and transmittance on the y-

axis. In some cases, absorbance is plotted on the y-axis instead of transmittance, which is 

defined as: 

                                                                 
 

 
                (3.4) 
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where A is absorbance and T is transmittance. Transmittance shows linear change from 0-

100% whereas absorbance shows logarithmic change from 0-infinity. Most commonly, the 

wave number on x-axis spans in the mid infrared range from 4000-400 cm
-1

. 

For the analysis of solid organic compounds, a small quantity of the compound is dispersed in 

a highly transparent salt (i.e. KBr) and a thin pellet is formed by the hydraulic pressing. This 

pellet is held perpendicular in the path of infrared beam where KBr acts as a transparent 

window material. However, for more thick and opaque films and membranes, attenuated-

total-reflectance (ATR) technique is used. ATR is based on the fact that all the incident light 

is reflected back when it enters from a denser medium of higher refractive index to a lesser 

dense medium of lower refractive index with the incident angle higher than the critical angle. 

In ATR, sample is placed in the close contact with a crystal of zinc selenide, diamond or 

germanium, and infrared light when impinged on the sample, penetrates into sample (up to ~ 

10 m) before reflected back. There is no sample preparation involved in ATR technique, 

which adds to the advantages of the technique. The major disadvantage is that it yields only 

surface and sub-surface information without much bulk penetration. 

For the present work, infrared spectroscopy was conducted by FTIR-ATR (Thermo Nicolet 

8700) using Ge and diamond (for cellulose acetate membranes) crystals as backgrounds. 

Prior to the analysis of the spectra, each spectrum was corrected by fitting an appropriate base 

line and ATR background subtraction by the processing software.  

3.2.5 X-ray Photoelectron Spectroscopy (XPS) 

XPS is a surface characterization technique (penetration ~20 nm depth) which is used for the 

quantification of elements and chemical functionalities present on the surface of the sample 

[131]. XPS is based on photoelectron emission phenomenon where the irradiation of the 

sample with x-rays results in the ejection of electrons (photoelectrons) from the core (inner) 

level of the atom. These photoelectrons are detected by using energy dispersive detector 

where photoelectrons are detected by resolving these according to their kinetic energies and 

number of photoelectron in each kinetic energy range is measured. The kinetic energy of the 

electrons gives information about the parent atom and the number of photoelectron gives the 

abundance of a particular atom in the sample. Kinetic energy (K.E.) of the emitted 

photoelectron is correlated with the energy of the incident x-ray photon by the following 

equation. 
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K.E. = hφ    

Where h is Planck‘s constant (6.62 10
-34 

J. s) and  is the frequency of the x-ray and φ is the 

work function. Binding energy (B.E) represents the difference in energy of ionized and 

neutral atom. 

XPS results are shown as spectra in which abscissa shows B.E (in electron volts, eV) and 

ordinate shows normally photoelectron intensity (counts per second: CPS). Monochromatic 

x-ray is generated depending upon the source; MgK (1253.6 eV) and AlK (1486.6 eV) are 

the most common in XPS. XPS is conducted under high vacuum (< 10
-8

 Torr residual 

pressure) to avoid the interference of photoelectron emission from the ionization of air atoms.  

The amount of the elements is quantified by peaks intensity on a characteristics B.E in XPS 

spectra. In addition to the elemental detection and quantification, XPS also yields information 

about the chemical environment of a particular element where a small shift in B.E 

characterizes the charge state of the atom due to the presence and interaction of surrounding 

heteroatom. Positive charge in the higher oxidation states of an atom shifts B.E energy on 

higher side on eV scale. Chemical shift is used to study the presence of various chemical 

functionalities on the surface.   

For the XPS characterization in the present work, survey level spectra of each membrane 

sample have been recorded in 0-1000 eV range followed by the core level spectra for C, N, O 

Cl, and S elements depending upon the chemistry of the sample.  XPS spectra were obtained 

on an AXIS Ultra DLD (Kratos Analytical Ltd.). Membrane samples were mounted on a 

standard sample holder using double-sided adhesive tape. Survey and core level spectra were 

obtained with Al Kα monochromatic x-ray source (1486.6 eV). The X-ray power supply was 

operated at 15 kV and 10 mA. The residual pressure in the analysis chamber during scans 

was kept below 10
-8

 Torr. XPS spectra of the membranes were analysed using CasaXPS 

software (version 2.3.15). Component peaks were fitted with reference to the binding energy 

of neutral (adventitious) carbon at 284.6 eV. The peak area ratios for various elements were 

corrected by experimentally determined instrumental sensitivity factors in the survey spectra. 

Core level C 1s, N 1s and Cl 2p spectra, after (Shirley) background subtraction, were curve-

resolved using a Gaussian line shape with Lorentzian broadening function. Cl 2p spectra were 

resolved into Cl 2p3/2 and Cl 2p1/2 doublets, which are about 1.6 eV apart. Deconvolution was 

conducted by keeping approximately equal full-width half maxima (FWHM) for all the 
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components. For the illustration purpose, a spectrum of PANI-ME membrane that has been 

resolved into various components without background subtraction is shown in Figure 3.2. 

 

Figure 3.2: XPS core level spectrum of a PANI-ME membrane showing Shirley background 

subtraction. 

3.2.6 Electrochemical Impedance Spectroscopy (EIS) 

(An overview of  EIS is presented here whereas the detail of the methods used are given in 

Chapter Five).  

Electrochemical impedance spectroscopy (EIS) is a useful technique to study the interfacial 

transfer and bulk transport processes of membranes and films in electrochemical cells. A 

sinusoidal input signal of small amplitude is applied to the sample to displace it slightly from 

its electrochemical equilibrium state and the sinusoidal response is measured [132]. In 

potentiostatic EIS, electrical potential perturbation is applied whereas in galvanostatic EIS, 

electrical current is applied. For a given potentiostatic input signal v (V) 

                                (3.6) 

where Vo is  potential amplitude (V),  is angular frequency (radian. s
-1

) i.e. =2f (f: cycle. 

s
-1

). The response is sinusoidal current (i) that is given by 

   tIi o sin
              

(3.7)  
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where Io is the amplitude (A) of current wave i and  is lag/lead angle. For a pure resistance, 

 = 0 and the response current is in-phase whereas for a pure capacitance, =/2 radians (90
o
) 

and response is totally out of phase. The practical systems are mixed-resistance-capacitance 

so varies between 0-90
o
 depending upon the relative contribution of the two elements. The 

leading current (i.e. negative , in the response indicates inductance. Because of the 

existence of both real and imaginary components of the response, instead of an in-phase 

resistance, a complex resistance called impedance is used that is defined as Z(w) = 

    

    
. Impedance is modelled as an element consists of a pure resistance and a pure 

capacitance connected in series so the impedance is given by 

C

j
RZ


 )(               (3.8) 

where R is resistance (ohm) and C is the capacitance (F) which introduces imaginary 

component in the response. Generally, impedance is represented as a combination of real and 

imaginary components.  

aginaryal ZZZ ImRe)(                           (3.9) 

The imaginary component of the impedance in this R-C series element is called capacitor‘s 

reactance,     
 

  
. The electrochemical systems such as electrodes, films and membranes 

can be modelled as the combination of various electrical elements such as resistor, capacitor 

and inductor. Impedance shows real and imaginary components depending upon the number 

of constituent basic elements and their arrangement in the electrochemical model of the 

electrochemical systems. 

EIS results are presented either as Nyquist or Bode diagrams (Figure 3.3). In Nyquist diagram 

imaginary versus real components of impedance are plotted. Bode plot comprises two sub-

plots i.e., impedance amplitude and phase angles () versus frequency. The transference 

processes taking place at the membrane/electrolyte interface and transportation of ions (and 

polarons in the case of PANI) in the membrane bulk are analysed by studying EIS data either 

in Nyquist or in Bode forms, each of which gives advantage over other in some specific 

circumstances. 
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Figure 3.3:  Typical representation of EIS data (a) Nyquist and (b) Bode (b) plot (Note: 

These plots are generated by using ZSimpWin
® 

Software). 

 

EIS of the PANI composite membranes in this research has been conducted by using two 

types of electrochemical configurations: 

1. The electrolyte-soaked membranes are sandwiched between two electrode plates 

(0.636 cm
2
). 

2. PANI composite membranes were interposed between the two compartments of a 

permeation cell with Pt electrodes adhering to the both surfaces of the membranes 

whereas each compartment was filled with electrolyte (0.636 cm
2
). 

Moreover, each membrane was equilibrated both in 1M HCl, (PH < 1), water (pH~6) or 1M 

CaCl2 (pH~12) solution, separately, to investigate the effects of doping state of PANI on the 

charge transport properties of the composite membranes. A number of composite membranes 

synthesized by using various polymerization techniques were employed in EIS studies to 

investigate the effects of various PANI deposition sites on the electrochemical characteristics 

of the membranes. The experimental conditions are summarized in Table 3.1.Please note that 

unmodified ME membranes in HCl, water and CaCl2 were also tested to observe the EIS 

behaviour of the base membrane. 

EIS was conducted in potentiostatic mode by the application of a small-amplitude of 

potential. The input signal was supplied and response was measured by using VersaSTAT3 

Potentiostat (PAR Inc. U.S.A). EIS results have been analysed by fitting the equivalent 
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circuits that consist of various elements each approximate the resistance and capacitance in 

the physical electrochemical systems. ZSimpWin
®
 electrochemical analysis software from 

Princeton Applied Research Inc. (PAR, U.S.A) has been used. The quality of the model 

fitting was assessed by the chi-squared (χ
2
) value. 

 

Table 3.1:  Summary of the EIS experimental conditions 

Polymerization 

technique 

Polymerization time 

(Membrane identification) 
Electrolyte 

Electrochemical cell 

configuration 

Solution-phase 

1. 6 h (ME, Poly, Fe, 6h) 

2. 22 h (ME, Poly, Fe, 22h) 

HCl 

Water 

CaCl2(pH~12) 

1. Soaked membranes 

between two gold discs 

2. 2-Pt wires attached with 

the membrane with 

electrolyte bathing. 

Two-

compartment cell 

1. 2 h (ME, P1, Fe, 2h) 

2. 6 h (ME, P1, Fe, 6h) 

3. 22 h (ME, P1, Fe, 22h) 

HCl 

Water 

CaCl2(pH~12) 

1. Soaked membranes 

between two gold discs 

2. 2-Pt wires attached with 

the membrane with 

electrolyte bathing. 

Vapour-phase 

Soaked in aniline for 2.5 h and 

then polymerized for ~10 min. 

(ME,AN2.5,Vap) 

HCl 

Water 

CaCl2(pH~12) 

1. Soaked membranes 

between two gold discs 

2. 2-Pt wires attached with 

the membrane with 

electrolyte bathing. 

Note. For membranes identification, please see Nomenclature (section 3.3). 

3.2.7 Transport Number Measurements 

Ionic transport through PANI composite membranes were studied by conducting the linear 

polarization experiments in the two-compartment permeation cell where membrane was 

interposed between the two-compartments of a permeation cell. A cell with each 
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compartment capacity of 80 ml was used and the ionic flux passed through a 1.7 cm
2
 

membrane cross section perpendicular to the flow. Linear polarization was performed in two-

electrode configuration where Ag/Ag reversible electrodes were used for electrical potential 

input and current measurement. An electrical potential range -1000 to +1000 mV was 

traversed by using VersaSTAT3 Potentiostat (PAR Inc. U.S.A). Solutions of CaCl2 and HCl 

were used for high and low pH behaviour with different concentrations in both compartments 

of the cell. The concentration was fixed 1M in one compartment whereas it was changed 

from 1 to 0.001 M, logarithmically, in the second compartment. Before each measurement, 

asymmetric potential of Ag/AgCl electrode pair was recorded which remained < 3 mV 

throughout the experiment. 

3.3 Nomenclature 

A descriptive nomenclature has been used for PANI composite membranes in this thesis. This 

includes base membrane (ME: mixed cellulose ester, CA: cellulose acetate), polymerization 

technique (Poly: solution-phase, Vap: vapour-phase, P1: two-compartment cell) and 

polymerization time (h, min or ‗m‘, d (days)). The oxidant is specified by (Fe: FeCl3, APS:  

ammonium persulfate) wherever required. In some places, an aniline-soaking time in the 

vapour-phase polymerization is also specified by AN (h)). An example is given, below, 

elaborating the used nomenclature system. 

 

                                                          

ME, Poly, Fe, 6h 

Mixed ester membrane 

Solution-phase polymerization 

Oxidant 

Polymerization time 
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Chapter Four 

Control of PANI Deposition Site and Extent in the Composite 

Membranes 

4.1 Introduction 

PANI deposition levels and its oxidation and doping states on a substrate are varied 

depending on the chemical nature of the substrate and conditions of in situ polymerization. 

Chemical oxidative polymerization of aniline is conducted, normally, in the presence of 

organic or inorganic acids such as HCl, H2SO4, H3PO4 and p-toluene sulfonic acid (pTSA). 

These acids are mainly incorporated in the reaction mixture to catalyse the oxidative 

polymerization reaction but the acid anion also dopes PANI chains along with the anion 

dopant from other reacting species (i.e. HSO3
-
 from APS). Due to the high oxidation potential 

of the oxidant and low pH of the reaction medium, PANI is formed as emeraldine salt. The 

extent of aniline polymerization in the bulk polymerization depends on the reactants 

concentrations and polymerization time in addition to the nature of the oxidant [15, 50, 133, 

134]. However, in the presence of a substrate, the deposition site and extent also depend on 

the chemical nature of the substrate and the various physical processes involved in the 

heterogeneous chemical reaction in the presence of functional substrate [13, 135-137]. 

A few groups have investigated the effects of various polymerization conditions on the PANI 

deposition site and its oxidation states on commercial ion exchange membranes. The PANI 

intercalation site in the base membrane affects the selectivity of the electrolyte through the 

membrane. Tan et. al. [109, 138] studied the effects of various oxidants on the PANI 

deposition site on base polystyrene-sulfonic acid membranes. The membranes were modified 

by the two-compartment cell polymerization technique where single step (simultaneous 

counter diffusion of monomer and oxidant) and two-step (addition of monomer and oxidant 

solutions in succession) polymerizations have been employed. A thin PANI layer was 

deposited on the oxidant-facing side of the membrane when APS was used as an oxidant 

whereas by using FeCl3, PANI was deposited in the bulk membrane instead of surface 

layering.  The sulfonate groups of polystyrene-sulfonate base membrane hindered the passage 



Control of PANI Deposition site in the Membranes 
 

  
 

63 

of negatively charged S2O8
2-

 species (generated from the decomposition of APS) by Donnan 

exclusion, which resulted in the diffusion of only anilinium ions (C6H5NH3
+
) to the oxidant-

facing side of the two-compartment cell. In the case of FeCl3 as oxidant, both positively 

charged oxidant (Fe
3+

) and anilinium ions counter diffused simultaneously which resulted in 

aniline polymerization in the bulk membrane. Permeation studies of Zinc (Zn
2+

) using these 

composite membranes showed that PANI layer on the surface of the base membrane blocked 

the bivalent cation transport over the proton transport as compared to the unmodified 

membrane.  

In another study,  Blinova et al. [126] elaborated the mechanism of PANI layering on the face 

of a microporous cellulosic dialysis tubing under diaphragmatic (i.e. monomer and oxidant 

counter-diffused across the membrane) polymerization condition. PANI was deposited on the 

monomer-facing side of the tubing as the result of chemical polymerization of aniline 

hydrochloride with ammonium persulfate (APS). A mechanism was proposed according to 

which monomer was polymerized by the simultaneous transference of electrons and protons 

across the deposited PANI layer without directly contacting the reactants. In the earlier 

studies, PANI deposition site was controlled by using the ion exclusion properties of the 

homogenous ion exchange membranes. These studies focused on the effects of different 

oxidants on the PANI deposition site and resultant membrane morphology. A systematic 

investigation of the effects of various in situ chemical polymerization techniques on PANI 

deposition on the base microporous membrane has not been presented so far. The special 

focus of this thesis is to deposit PANI on the pore walls of the base membrane by using the 

two-compartment cell technique. An earlier study showed PANI deposition in the pores of 

the ceramic discs using the same technique, however the effects of various polymerization 

conditions and the permeation of the oxidant and monomer controlled by the diffusional flow 

in the base membrane have not been discussed [105].  

In this thesis, ME microporous membranes were modified with PANI that was deposited on 

the base membranes by using various chemical oxidative polymerization techniques. Each 

polymerization technique and the conditions in a single technique affected the PANI 

deposition site, deposition and doping levels. These parameters influence the permeability 

and selectivity of the composite membrane. The characterization of PANI deposition on ME 

membranes by using scanning electron microscopy (SEM), Fourier-transform infrared 

spectroscopy (FTIR) and x-ray photoelectron spectroscopy (XPS) has been discussed in the 

subsequent sections. XPS has been used to quantify PANI layering extent at the membrane 
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surface that affects the electrochemical performance of the composite membranes. The 

effects of PANI deposition site and extent on the electronic conductivity have been 

elaborated by measuring surface and trans-membrane conductivities. The possible 

mechanism of PANI deposition in the various employed techniques has been discussed in the 

last section of the chapter. 

4.2 SEM Characterization of Composite Membranes 

SEM micrographs of surface and cross section of unmodified mixed cellulose ester (ME) 

membrane are shown as Figures 4.1 (a) and (b), respectively. ME membranes used in this 

study are symmetric porous membranes with tortuous open pore structure. The structure of 

ME membranes can be imagined as a skeleton made of closely knitted cellulosic fibres 

forming micro-sized pores. Solution-phase polymerization of aniline was conducted by using, 

either, ammonium persulfate (APS) or FeCl3 as an oxidant. The coated PANI layer, in the 

case of APS, was of dark green colour, initially, and turned blue afterwards. It turned 

blackish brown on prolonged polymerization (after ~ 20 minutes) due to PANI degradation 

by the over-oxidation at the employed concentrations. No degradation was observed in the 

case of FeCl3 even after 72 hours of polymerization (Figure 4.1 c and d). Vapour-phase 

aniline polymerization yielded a compact, coherent but thin (< 10 m) surface layer on the 

base membrane (Figure 4.1 e and f). During the polymerization in the two-compartment cell, 

PANI deposition initiated on aniline-facing side of the membrane and maintained its 

asymmetric growth in the bulk membrane throughout the polymerization. This particular 

polymerization technique demonstrated PANI deposition on the strands (fibres) of the base 

membrane network without blocking the pores (Figures 4.1 g-j), though the deposited PANI 

layer on membrane face grew with the polymerization time.  The cross sectional views of 

membranes where the cellulose strands coating became intensified with polymerization time 

(Figures 4.1 h and j) also demonstrated the extent of ‗in-pore‘ PANI deposition. 

The solution-phase and vapour-phase polymerizations showed PANI surface layering 

whereas the bulk of the membrane remained unchanged. The two-compartment cell 

polymerization showed in-pore PANI deposition along with the surface layering. The surface 

coverage and in-bulk PANI deposition increased with the polymerization time. Two 

important aspects should be noted in this polymerization technique: the composite 

membranes remained porous even after a prolonged polymerization (> 6 h) and the PANI was 

deposited on the fibres of the membrane skeleton instead of the pore-filled deposition.   
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(a) (b)

(c) ( d) 

PANI Layer 

Distorted PANI layer 
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(e) (f)

(g) (h)

PANI deposition site 

ME strands showing 

negligible PANI coating 
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Figure 4.1:  SEM micrographs of membranes surface and cross section, respectively, (a) & 

(b) bare ME membrane; (c) & (d) ME,Poly,APS,15m; (e) & (f)ME,Vap,APS,15m; (g) & (h) 

ME,P1,Fe,1h; (i) and (j) ME,P1,Fe,22h (The inserts show higher magnification images). 

 

To confirm PANI deposition on the pore walls without blocking the membrane pores, 

cellulose nitrate (CN) filters with large-pore (0.45 m) were modified by using two-

compartment cell polymerization with both oxidants (FeCl3 and APS), separately. The 

difference in PANI morphology with the two different oxidants is evident in SEM 

micrographs of the composite membranes. SEM image with FeCl3 clearly shows PANI 

deposition as a thin layer on the cellulose fibres (Figures 4.2 a & b). PANI was deposited as 

more conventional nodular nanoparticles in the case of APS, stacked vertically on the 

membrane surface (Figures 4.2 c & d). 

 

  

(i) (j)

PANI deposition 

around ME fibre

PANI layer at the 

membrane surface with the 

PANI particulate growth as 

flakes 
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Figure 4.2:  SEM micrographs of composite membranes, (a & b) NC (Nitrocellulose), P1, 

Fe,30min surface and cross section, respectively (c & d) NC,P1,APS,30min , surface and 

cross section, respectively. 

(a) (b)

Thin PANI layer 

on NC fibres

(c) (d)
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4.3 PANI Intercalation Levels in the Composite Membranes 

The intercalation levels of PANI in the base ME membranes were measured by the 

gravimetric technique and these are shown in Table 4.1. 

 

Table 4.1: PANI intercalation levels in the membranes 

Membranes PANI % 

ME,Poly,Fe,6h 5.9 

ME,Poly,Fe,22h 12.6 

ME,P1,Fe,2h 1.9 

ME,P1,Fe,6h 33.9 

ME,P1,Fe,22h 50.1 

ME,AN2.5,Vap 19.5 

 

The values in Table 4.1 show PANI intercalation levels in the membranes as polymerization 

technique dependent. Solution-phase polymerization yielded the lowest values with respect to 

the polymerization times that indicate only surface deposition. Higher values from the two -

compartment cell technique show PANI deposition inside the bulk of the membrane (i.e. in 

the pores) along with the surface deposition. Keeping in view the high porosity of the base 

membrane (~75%) and the maximum PANI deposition level from the solution-phase (12.6 % 

from 22h polymerization), it can be concluded that PANI was deposited inside the pores of 

the membrane from the two-compartment cell polymerization. SEM images show PANI 

deposition on the skeleton fibres and almost complete membrane surface coverage at 

prolonged polymerization (Figures 4.1 i and j). In this case, the high intercalation level may 

also be attributed to the PANI deposition as the growing flakes at the surface. Vapour-phase 

polymerization showed deposition level higher than that from 22h solution phase 

polymerization indicating more compact and dense PANI layering at the surface. However, it 

may also represent the entrapped electrolyte (anilinium ions) inside the pores due to very 

rapid surface layering which resulted from a very fast vapour-liquid phase polymerization 
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reaction. This aspect will be discussed in detail latter in this chapter and the effects on 

electronic and ionic conduction will be discussed in next chapter. 

4.4 FTIR-ATR Spectroscopy of Composite Membranes 

FTIR is a powerful technique to study the surface characteristics of a material up to a few 

micrometer depth. Infrared spectra of thee composite membranes were acquired using 

attenuated-total-reflectance (ATR) mode. The raw spectra were corrected for baseline and 

ATR shifts. 

FTIR spectrum of unmodified ME membrane shows dominant cellulose nitrate peaks along 

with minor cellulose acetate bands (Figure 4.3). The wave number of the characteristic bands 

in  mixed cellulose esters are given in Table 4.2 [139].  

 

Figure 4.3:  FTIR-ATR spectrum of unmodified ME membrane. 
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Table 4.2: Infrared peaks for ME membranes 

Wave Number (cm
-1

) Assignment 

1745 C=O stretching 

1655 NO2 stretching (asym.) 

1371 CH3 bending 

1280 NO2 stretching (sym.) 

1070 C-O-C (C-O) 

845 O-NO2 stretching 

 

PANI deposition on the base membrane is evidenced by the appearance of various PANI 

bands at 1585 cm
-1

(quinonoid), 1485 cm
-1

(benzenoid) and 1150 cm
-1

(polaron) in conjunction 

with the growth of peak at 1612 cm
-1

 arising from the benzene ring in PANI backbone chain 

(Figure 4.4) [14, 140, 141]. In addition to the confirmation of PANI deposition on the surface 

of the membrane, the effects of the polymerization techniques on PANI deposition can be 

studied qualitatively by analysing the FTIR spectra of the composite membranes. The extent 

of membrane surface coverage by PANI is indicated by the relative suppression of nitrate 

ester peaks at 1655 cm
-1

 and 1280 cm
-1 

and by the emergence of PANI peaks at the 

characteristic wave numbers given above. Additionally, the oxidation state of deposited 

PANI can be assessed by the relative intensity of quinonoid and benzenoid peaks.  

Solution-phase aniline polymerization for prolonged times (i.e.ME,Poly,Fe,22h) shows very 

weak PANI bands indicating an incomplete surface coverage. However, almost complete 

coverage can be achieved for prolonged polymerization (i.e. for >72) where strong PANI 

peaks have been evidenced. Vapour-phase deposition (ME,Vap,APS,10m) shows PANI 

bands of intermediate strength, indicating a thin and incomplete PANI layer at the surface. 

Composite membranes synthesized by the two-compartment cell show PANI deposition 

extent improving with the polymerization time (comparing ME,P1,Fe,6h with ME, 

P1,Fe,22h). A complete surface coverage with PANI is evidenced from the presence of strong 

peaks in ME,P1,Fe,22h as compared to that in the membranes modified by solution-phase 

polymerization for the same time (ME,Poly,Fe,22h). An symmetric deposition of PANI in 

membrane bulk is also observed by recording less prominent PANI peaks on the oxidant-
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facing side of the membrane (ME,P1,Fe,6h(o)) compared with that from the aniline-facing 

side (ME,P1,Fe,6h). 

Although PANI deposition on ME membranes and the effects of various polymerization 

techniques and conditions have successfully been characterized by using FTIR-ATR 

spectroscopy, some ME characteristics bands might interfere with the PANI bands and hence 

limit the full potential of this technique in this case. Particularly ME bands for NO2 (sym.) at 

1280 cm
-1

 and NO2 (asym.) at 1655 cm
-1

 can interfere with PANI characteristics bands such 

as  electron conjugation at 1305 cm
-1

 and aromatic stretching band around 1612 cm
-1

. To 

study the PANI deposition characteristics more clearly, cellulose acetate microporous 

membranes have also been modified by using the same in situ PANI deposition techniques 

and conditions as used for ME membranes. Investigation of PANI deposition on cellulose 

acetate membranes yields two additional features: it confirms the characteristics effects of  

 

Figure 4.4: FTIR-ATR spectra of PANI-ME composite membranes (a) bare ME membrane 

(b) ME,AN2.5,Vap (c) ME,P1,Fe, 6h(o) (d) ME,P1,Fe,6h (e) ME,P1,Fe,22h and (f) ME, 

Poly,Fe,22h. 
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various polymerization techniques on PANI deposition levels and oxidation/doping states and 

also more clearly elaborates the effects of NO2 group on PANI deposition site and extent as 

discussed in the last section of this chapter. 

The FTIR-ATR spectra of unmodified cellulose acetate (CA) and CA-PANI composite 

membranes, synthesized by using various (but similar to that of PANI-ME membranes) 

polymerization techniques are shown in Figure 4.5.  

The prominent IR bands characterizing various functionalities in cellulose acetate are 

identified at 1735 cm
-1 

(C=O stretching), 1368 cm
-1 

(C-H stretching), 1230 cm
-1

 (C-O 

stretching) and 1065 cm
-1

 (C-O-C stretching) [142]. The characteristic benzenoid (1485 cm-

1) and quinonoid (1575 cm
-1

) bands characterize PANI deposition on the membranes. The 

growth of these PANI bands in comparison with the cellulose acetate bands indicates PANI 

layering extent on the base membrane surface. The peaks at 1306   cm 
-1 

and at 1150 cm
-1 

are 

attributed to  electron conjugation and –NH
+
=, respectively, in doped conducting 

emeraldine [14, 141]. 

Various polymerization techniques showed trends for deposition levels similar to that 

observed in PANI-ME membrane syntheses. Two-compartment cell polymerization showed 

time-dependent surface layering comparable to the vapour-phase and prolonged solution-

phase polymerizations. However, PANI layering at the surface as indicated by the 

suppression of cellulose acetate bands and growth of PANI bands is of lesser extent as 

compared to the layering on ME membranes (comparing with Figure 4.4). This may show the 

effects of pore size and presence of NO2 on PANI deposition. CA membranes has a nominal 

pore size 0.45 m compared to 0.22 m of ME membranes. The larger pores in the former 

case also facilitate the flow of reactants by offering less diffusion resistance as compared to 

ME membrane. The smaller PANI deposition at the surface of CA-PANI membranes may be 

attributed to this fact. Secondly, NO2 groups play important role in anchoring anilinium ions 

at the surface and also in the ion exchange process during the two-compartment cell 

polymerization which might increase the PANI deposition for the comparable time on ME 

base membrane. The mechanisms involved in the various polymerization techniques are 

discussed in the last section of this chapter.   
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Figure 4.5: FTIR-ATR spectra of PANI-cellulose acetate composite membranes (a) bare CA 

membrane (b) CA,AN,Vap (c) CA,poly,Fe,5d (d) CA,P1,Fe,22h (e) CA,P1,Fe,6h and (f) 

CA,P1,Fe,3h. 

4.5 Electrical Conductivity Measurements 

Electrical conductivity of the composite membranes measured by four-point probe technique 

are shown in Figures 4.6 a & b. The conductivity values of cellulose acetate membranes 

modified with PANI have also been included in these figures for comparison purpose. Similar 

levels of electrical conductivity have been recorded when the same polymerization methods 

were used with similar times on CA base membranes. This trend indicates that the composite 

membrane morphology resulted from the specific PANI deposition method is the dominant 

factor which controls the electrical conductivity of the membranes (see ME/CA,P1,Fe,6h, 

ME/CA Poly,Fe,48h, ME/CA APS (Vap) in Figure 4.6 a). Membrane prepared by the two-

compartment cell technique at longer polymerization time (> 6 h) shows higher level of 

conductivity signifying the higher PANI fraction within the membrane bulk and extent of 
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PANI coating on the cellulosic strands of the membrane. Asymmetric PANI deposition is 

evidenced by the electrical conductivity measurement at the opposite faces of the composite 

membranes where the oxidant-facing surface shows significantly lower conductivity values 

as compared to the values from the opposite side (see ME,P1,Fe,1 h and ME,P1,Fe,1h(o) in 

Figure 4.6 a). Solution-phase polymerization shows higher levels of conductivity with APS as 

oxidant and lower values for FeCl3, probably due to the higher extent of PANI deposition at 

the surface through a faster chemical reaction. Vapour-phase polymerization shows 

conductivity values in the range of 10
-2

 -10
-1 

S.cm
-1

 owing to a continuous PANI layer at the 

surface. Conductivity values for the membranes synthesized by the two-compartment cell 

demonstrate strong dependence on the polymerization time that indicates the higher 

deposition extent at the surface. The higher conductivity values showing the uniformity of 

PANI surface layer as compared to that from other two techniques.  

To investigate the effects of in-pore PANI deposition on the electrical properties of the 

composite membranes, trans-membrane conductivities measured from a two-point method 

are also shown (Figure 4.6 b). In the two-point conductivity measurement, electrical charge is 

forced to flow through the thickness of the composite membranes. Although these 

measurements are not as accurate as that from the four-point probe technique, yet these can 

be used for comparison purpose. Four-point technique yields sheet conductance where 

electrical conductivity (specific conductance) is calculated by assuming a uniform 

conductivity value throughout the membrane bulk (cross section). The composite membranes 

synthesized by the two-compartment cell polymerization show two to three orders of 

magnitude higher conductivity values because of the greater deposition of PANI inside the 

membrane bulk. Membranes modified either by the solution-phase or by vapour-phase 

polymerization show almost similar conductivity values due to nearly same PANI deposition 

at the surface and its oxidation and doping state. Time emerges as an important factor within 

a single polymerization technique. Higher conductivity values for longer polymerization 

times, for example in the two-compartment cell, signify greater in-bulk PANI deposition. 

FeCl3  and APS (both in HCl) were used as oxidant in the two-compartment cell and vapour-

phase polymerizations, respectively. FeCl3 was used, mainly, as the oxidant in the solution-

phase polymerization. A few membranes were also modified using APS, initially. For APS + 

HCl case, S2O8
2-

 and Cl
-
 both act as doping anions for PANI. However, the prolonged 

dipping in 1M HCl for more than 24 h (section 3.1.2 ) yielded dominant Cl
-
 doping and the  
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(a) 

 

(b) 

Figure 4.6: Electrical conductivities of PANI-ME membranes (a) Surface conductivities by 

four-point technique (b) Trans-membrane conductivities by two-point method. 
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conductivities only depend on PANI deposition site and levels in the membranes. The 

dependence of PANI formation rate on different oxidant is discussed in section 4.7.2. 
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4.6 Surface Characterization of PANI Composite Membranes  

Under the employed conditions of solution- and vapour-phase polymerizations, PANI 

deposition began at the interface of ME membrane and the reaction mixture. In the two-

compartment cell polymerization, PANI deposition started at the monomer-facing side of the 

base membrane and then progressed through the membrane bulk with comparatively smaller 

deposition on the oxidant-facing side of the membrane. PANI deposition levels and its 

oxidation and doping states were polymerization technique and time dependent in all the 

employed techniques. Hence, the effects of various contacting patterns of the monomer and 

oxidant in aniline polymerization and polymerization time were studied by characterizing 

PANI deposition on the surface of the base membrane. In addition, because these membranes 

are developed for electrochemical based applications, the surface properties play an important 

role in the permeation and selectivity performance of the membranes in these electrochemical 

processes. The ionic charge from electrolyte is transferred to the electronic charge in the 

membrane via a charge transfer reaction at the membrane/electrolyte interface. PANI 

deposition levels and its oxidation and doping states at the surface of PANI-ME composite 

membranes strongly affect the nature and extent of charge transfer processes at the interface.  

In this thesis, X-ray photoelectron spectroscopy (XPS) was used to characterize PANI 

deposition at the surface of the base membrane. Identification of the oxidation state and 

PANI doping levels in pristine PANI and PANI composites [143-146] has been conducted by 

using XPS. Neoh et al. [147] discussed the limitations of XPS investigation on conducting 

polymers. Surface and bulk compositions were determined for PANI powder and films by 

using XPS. The effects of doping anion size and doping/undoping sequence on the doping 

level of PANI have been elaborated. In addition to the studies on pristine PANI powders and 

films, few studies have been conducted on the blends and composites of PANI with other 

polymers, especially in the powder form. These include polyurethane-PANI [148], 

polyimide-PANI [140] and PVC-PANI [149] composites. In these studies, PANI oxidation 

states have been identified and quantified in addition to the detailed XPS characterization of 

the base polymer. Loh et al. [150] characterized acrylic acid functionalized PANI by studying 

the N 1s and C 1s core level spectra of as-formed surfaces. It was shown that plasma assisted 

grafting of acrylic acid has decreased the intrinsic oxidation state of polyaniline significantly 

due to an oxidative degradation of polyaniline at the surface. Modification of PANI by 

sulfonation (―self-doped PANI‖) has been characterized by XPS [151, 152]. XPS core level 
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spectra revealed substitution of –SO3H group in the phenyl ring yielding PANI in its doped 

emeraldine form. Sulfonated PANI showed unchanged protonation level under high vacuum 

in contrast to HCl doped PANI which lost doping anion under vacuum in XPS chamber.  

To correlate the surface composition with the electrodialysis performance of a PANI-ion 

exchange membrane, surface chemical composition was characterized by XPS analysis [110]. 

In this study, PANI was deposited on the surface of a commercial sulfonated cation-exchange 

homogenous membrane by using the two-compartment cell polymerization technique. PANI 

deposition by ~1 h polymerization yielded the composite membrane with maximum cation 

blocking efficiency in electrodialysis. XPS analysis revealed that the polymerization reaction 

longer than 1 h degraded the deposited layer to quinone via PANI hydrolysis reaction that 

reduced the membrane selectivity from its maximum level at 1 h polymerization. In addition, 

PANI oxidation and doping states and its interaction with the matrix of base cation-exchange 

membrane were also discussed.  

4.6.1 XPS Characterization of PANI-ME Composite Membranes 

Mixed cellulose ester membrane contains cellulose nitrate and cellulose acetate as the 

constituting components in 75:25 ratio (Figure 4.7). XPS survey spectra of all the membranes 

showed the presence of C, N, O, Cl, Fe and S atomic species. Sulfur was found in the 

membranes prepared by using APS as oxidant whereas Cl was present as doping anion.  
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Figure 4.7: (a) Cellulose acetate and (b) cellulose nitrate structures (C# 1-6 indicates 

carbons of different functionalities). 
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Survey level spectra of unmodified ME and a PANI-ME membrane are shown in Figure 4.8. 

Unmodified ME membrane shows C/O ratio ~ 1.3 and C/N ratio ~ 5.2 that signify an oxygen 

rich environment in cellulose ester structure. PANI coating on the membrane surface changed 

these ratios to C/O ~7.2 and C/N ~ 16 that show an increase in the carbon content arising 

from the benzene ring of PANI (C/H=1/6). Similarly the increase in C/N is attributed to C/N 

= 6 in PANI as compared to C/N =2 in cellulose nitrate (Figure 4.7).  

 

(a) 

 

(b) 

Figure 4.8:  Survey level spectra of (a) uncoated ME and (b) PANI-ME composite 

membranes. 
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C 1s spectra of uncoated membranes were deconvoluted into five peaks as shown in Figure 

4.9. These peaks are assigned to (referring to Figure 4.7), C-H (C1), C-C-O (C2) or C=N of 

oxime, C-ONO2 (C6), O-C-O (C4) and C=O (C5) with respect to progressively positive shift 

from the lowest binding energy (285.4 eV of C-H) peak [153, 154]. N 1s composite peaks 

were decomposed into 401.3 eV (oxime nitrogen, see discussion in the following text), 405.7 

eV (ONO) and nitrates at ≥ 408 eV (Figure 4.9 b). The quantification results are given in 

Table 4.3 (page 79).  

  

(a)       (b)  

Figure 4.9:  C 1s (a) and N 1s (b) spectra of unmodified ME membrane. 

   

For uncoated membranes, N 1s peak was centred on 408 eV characterizing nitrates in the 

mixed ester membranes. Another envelope appeared around 401 eV indicating the presence 

of organic nitrogen in the membranes. This N 1s envelope was supposed to arise from free 

radical cleavage of cellulose ring under x-ray irradiation (in XPS chamber) and subsequent 

formation of oxime (C=N-OH) functionality [155, 156]. This conversion depends on various 

parameters including x-ray irradiation time in XPS chamber (See appendix-A). The formation 

of oxime linkage was also indicated by the peak at 286.7 eV which might have originated 

from C=N functionality of oxime in addition to the C-C linkage in cellulose ring structure. A 

detailed account on the degradation of ME membranes under x-ray irradiation is given in 

Appendix-A. 
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C 1s core level composite peaks of PANI-ME membranes were deconvoluted into five peaks 

except for vapour phase polymerization that did not show as broad a shoulder as that of other 

composite membranes, indicating fewer high binding energy C 1s species (Figure 4.10, for 

assignment see Table 4.3). Deconvolution of the C 1s yields multiple peaks in the region of 

284-290 eV for which the assignments are quite difficult due to the presence of multiple 

bonds with binding energies in close vicinity. In addition, the degradation of the surface 

PANI layer to hydroquinone and benzoquinone by the hydrolysis reaction makes the 

interpretation quite complex [145, 157]. Keeping in view the structure of mixed cellulose 

esters and extent of PANI layering at the surface, BE assignments for generated peaks are 

given in Table 4.4. Noticeably higher BE tail components may be attributed to the carbon 

bonding with oxygen at the surface.  

N 1s spectra of PANI-ME membranes show two major distinctive envelopes centred at lower 

BE (~399.5 eV) and higher BE (~408 eV). These characterize PANI (or organic nitrogen) 

and nitrate ester (inorganic nitrogen), respectively (Figure 4.11). The first two peaks appeared 

in the N 1s spectra are assigned to imine (-N=) at ~398.4 eV and amine (-NH-) at ~ +1.2 eV 

shift to that of imine peak. Moreover, protonated nitrogen (N
+
) emerges at >400 eV and 

yields multiple peaks depending on the localization or delocalization of the acquired positive 

charge depending on the association distance of doping anion (Cl
-
, in this case) [146]. 

The quantification results obtained from the core level XPS spectra of PANI composite 

membranes are given in Table 4.4. PANI coating from the two-compartment cell with shorter 

polymerization time (ME,P1,Fe,30min) yields significant ONO2 peak along with PANI 

characteristic peaks, indicating incomplete PANI coating on the base ME membrane surface. 

In the case of solution-phase polymerization (ME,Poly,Fe,48h), a small ONO2 peak is 

observed which indicates better surface coverage with PANI layer at the longer polymer time. 

PANI coating in the two-compartment cell for comparatively longer time (ME, P1, Fe,6h) 

and from vapour-phase polymerization show minor nitrate peaks indicating almost complete 

PANI layering on the surface of ME membranes. This complete surface coating can also be 

confirmed by the relative suppression of C-O-NO2 peak (287.2 eV) in the C 1s spectra. The 

relative amount of the three forms of PANI nitrogen i.e., imine (-N=), amine (-NH-) and 

protonated nitrogen (N
+
), depends on the oxidation state and protonation level of the 

deposited PANI. Imine nitrogen is more prone to protonation as compared to amine nitrogen 

(Dissociation constant: pKa = 5.5 for –HN
+
= and 2.5 for –NH2

+
 ) [112]. 
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   (a)      (b) 

 

   (c)      (d)           

Figure 4.10: C 1s spectra (a) ME,Poly,Fe,48h  (b) ME,P1,30min (c) ME,P1,6h and (d) 

ME,Vap,APS,10min. 
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(a)       (b) 

 

(c)      (d) 

      

Figure 4.11:  N 1s spectra  (a) ME,Poly,Fe,48h  (b) ME,P1,30min (c) ME,P1,6h and  (d) 

ME,Vap,APS,10min. 

 

 

 

 

 

N
 1

s

x 10
2

0

2

4

6

8

10

12

14

C
P

S

410 408 406 404 402 400 398 396 394

Binding Energy (eV)

N
 1

s

x 10
2

0

2

4

6

8

10

C
P

S

410 408 406 404 402 400 398 396 394

Binding Energy (eV)

N
 1

s

x 10
2

0

2

4

6

8

10

12

14

C
P

S

412 410 408 406 404 402 400 398 396 394

Binding Energy (eV)

x 10
2

0

2

4

6

8

10

12

14

16

18

20

C
P

S

410 408 406 404 402 400 398 396 394

Binding Energy (eV)

-N= 

-NH 

N
+ 

ONO 

ONO2 



Control of PANI Deposition site in the Membranes 
 

  
 

85 

Table 4.3:  C 1s and N 1s deconvolution results of relative atomic % of the components in 

ME membrane 

Membrane 

Identity/BE 

assignments 

(eV) 

C 1s N 1s 

285.4 

C-H 

286.7 

C-C-O 

287.7 

C-ONO2 

288.8 

O-C-O 

290.4 

C=O 

401.3 

Organic 

N 

405.7 

NO2 

>408 

(ONO2) 

Relative 

Atomic % 
21 6 44 22 7 4 5 91 

 

 

Table 4.4: C 1s and N 1s deconvolution results of relative atomic % of the components in 

PANI-ME composite membranes 

Membrane Identity 

C 1s N 1s 

284.6 

(C-C) 

285.4 

(C-N) 

286.3 

(C-N+) 

and/or 

C-O 

287.2 

(C-O-

NO2) 

288.6 

(O-C =O) 

398.4 

(-N=) 

399.6 

(-NH-) 

400.5-

402.5 

(N+) 

406-408 

(ONO2) 

References for BE 

assignments 

140,146, 

152 

140,146 150 153 150 144,146-

148 

144,146-

148 

146,148, 

150-152 

155 

ME,Poly,Fe,48h 37 31 17 10 5 16 47 20 17 

ME,P1,Fe,30min 41 24 17 12 6 14 29 22 35 

ME,P1,Fe,6h 39 37 17 5 2 - 57 37 6 

ME,Vap,APS,10min 39 37 19 5 - 6 64 26 4 
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Doping Levels of PANI in the Membranes 

Composite membranes only with almost complete surface layering with PANI are included 

for the evaluation of the doping levels to avoid the interference of oxime nitrogen from the 

base membrane in the membranes that are incompletely covered by the PANI. The doping 

levels of the composite membranes can be estimated from the ratios of anion Cl to protonated 

nitrogen. To estimate anion Cl at the surface, Cl 2p peaks are fitted with a number of spin-

orbit doublets (Cl 2p 1/2 and Cl 2p 3/2, area ratio ~ 1:2). The Cl 2p 3/2 component at ~197.4 eV 

represents anion Cl whereas the peak around 200.1 eV emerges from the covalently bonded 

chlorine (Figure 4.12) [145, 151, 158, 159]. The + 1.5 eV shift in Cl 2p 3/2 from the first 

doublet (197.4 eV) indicates the presence of Cl* species which appears during the charge 

transfer between Cl and protonated PANI nitrogen [159]. Based on the survey level spectra 

and the deconvolution of core level N 1s and Cl 2p spectra of the membranes, the total 

protonated PANI nitrogen and Cl
-
 are quantified and tabulated in Table 4.5. The ratios of the 

doping Cl (i.e. Cl
-
+Cl*) to the total Cl are also mentioned in Table 4.5. The (Cl

-
+Cl*)/N

+
 

values from all the techniques are greater than unity which indicate the excessive chloride 

deposition at the surface in addition to the doping chloride. The solution-phase and the two-

compartment cell polymerization (48 h and 6 h respectively) show almost equal ratios but at 

different N
+ 

contents. This emphasizes the association of anion chlorine only with the doped 

PANI nitrogen. In addition to the anion Cl, covalently bonded Cl has also been detected from 

the deconvolution results. The covalently bonded Cl might have resulted from the 

substitution of Cl with H in benzene ring of PANI probably due to the reaction with HCl 

[158] but the exact origin is not fully clear at the present.   
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 (a)             (b) 

 

           (c) 

Figure 4.12:  Cl 2p core level spectra of (a) ME,P1,6h, (b) ME,Poly,Fe,48h and  (c) 

ME,Vap,APS,10min. 

Table 4.5:  Doping levels of PANI composite membranes 

Membrane 

Identity 

At. % 

[Cl
-
 + Cl

*
]/N

+
 [Cl

-
 + Cl

*
] % 

-N= -NH- -N
+ 

ME,P1,Fe,6h - 57 37 1.8 90 

Me,Poly,Fe,48h 16 47 20 1.9 91 

ME,Vap,APS,10min 6 64 26 1.3 39 
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The Degradation of PANI at the Membrane Surface 

Hydrolytic decomposition of PANI to benzoquinone and hydroquinone is a well established 

phenomenon which can be represented by the following simple chemical reaction equations 

[110, 160].  

 

R-NH=Ph=NH-R + 2H2O → O=Ph=O + (2H
+
) → HO=Ph=OH 

The degradation occurs due to the over-oxidation in the presence of an oxidant and it can be 

studied by deconvoluting O 1s spectra of the membranes. Core level O 1s spectra of 

unmodified ME and PANI-ME composite membranes synthesized by different 

polymerization techniques are shown in Figure 4.13. The deconvolution of O 1s spectrum of 

uncoated ME shows C-O-C/C-ONO2 at 533.9 eV, NO2 at 534.8 eV and higher BE energy 

species at ~535.4 eV [153]. Deposition of PANI on the surface of base membrane shifts the 

composite O 1s envelope to the lower BEs that indicates the disappearance of a 

comparatively higher BE NO2 functionality and appearance of a low BE oxygen-bearing 

functionality. The deconvolution results for uncoated ME and PANI-ME composite 

membranes are given in Table 4.6. 

The disappearance of NO2 peaks in the O 1s spectra of the membranes synthesized by the 

two-compartment cell and vapour-phase polymerizations shows the surface coverage of the 

base ME membrane with PANI. However, the significant percentage of NO2 in the 

membranes synthesized by the solution-phase polymerization (ME,Poly,Fe,48h) is consistent 

with the deconvolution results of N 1s peak (Figure 4.11 and Table 4.4). This indicates 

comparatively incomplete surface coverage with a thin PANI layer. The C-O functionality in 

the composite membranes might have arisen from the conversion of PANI to hydroquinone 

along with the formation of benzoquinone. The latter functionality dominates (C=O at 532.4 

eV [160]) probably due to the prolonged contact with the oxidant and HCl solutions. This 

also explains the high C/O ratio calculated from the survey level spectra of the membranes. 

The C/O ratio increases from ~1 in ME membranes to ~7 for the membranes synthesized by 

solution phase and the two-compartment cell polymerizations. The high C % indicates PANI 

layering at the surface whereas the oxygen species arise mainly from the degradation reaction 

along with that from the cellulose ester functionality. Vapour-phase polymerization shows 

C/O value ~16 which indicates the lesser amount of oxygen at the surface. The peak at 532.4 

eV may also be assigned to the sulphate oxygen from the oxidant (APS) [146]. 
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The peak at 531.6 eV from the vapour-phase and the two-compartment cell polymerization 

may be attributed to -NH3
+
HCO3

-
- group which is formed by the adsorption of CO2 by PANI 

at the surface [109]. 

  

   (a)      (b) 

  

   (c)      (d) 

Figure 4.13:  O 1s core level spectra of (a) ME, bare (b) ME,Poly,Fe,48h, (c)ME,P1,Fe,6h 

and (d) ME,Vap,APS,10min. 

 

 

 

O
 1

sx 10
3

0

2

4

6

8

10

12

14

16

18

C
P

S

538 537 536 535 534 533 532 531 530
Binding Energy (eV)

O
 1

sx 10
2

0

10

20

30

40

50

C
P

S

538 536 534 532 530 528
Binding Energy (eV)

O
 1

sx 10
2

0

5

10

15

20

25

30

35

40

45

50

C
P

S

538 536 534 532 530 528
Binding Energy (eV)

O
 1

sx 10
2

0

2

4

6

8

10

12

14

16

18

C
P
S

538 536 534 532 530 528
Binding Energy (eV)



Control of PANI Deposition site in the Membranes 
 

  
 

90 

Table 4.6:  O 1s deconvolution results of (relative atomic %) of ME and PANI-ME 

membranes 

Membrane 

Identity/BE(eV) 

531.6 

(HCO3
-
) 

532.4 

(C=O) 

533.9  

(C-O) 

534.8 

(NO2) 

535.4 

(H2O) 

ME, unmodified - - 50 42 8 

ME,Poly,Fe,48h - 58 
22 

(533.4 eV) 

20 

(534.3 eV) 
- 

ME,P1,Fe,6h 25 59 16 - - 

ME,Vap,APS,10m 33 53 14 - - 

 

4.7 Control of PANI Deposition under Various Techniques and 

Conditions 

 Aniline has been polymerized in situ in the presence of a substrate (ME membrane) by 

chemical oxidative polymerization. With the involvement of different substrates, the 

deposition does not depend on the chemical reaction only, but the physical processes and the 

chemistry of the substrate play an important role in determining the site and extent of PANI 

deposition. Based on the contacting pattern of reacting species, we adopted three distinctive 

PANI deposition techniques and manipulated the site and extent of PANI deposition.  

4.7.1 PANI Deposition in Solution- and Vapour- phase Polymerizations 

PANI deposition by solution-phase polymerization yielded only a surface layer that was well 

adhered to the base ME membrane. ME membranes swelled appreciably in aqueous aniline 

solution so Ph-NH3
+
 (anilinium) adsorbed on the surface of negatively charged (nitrate ester) 

ME membrane and subsequently polymerized to PANI. Because adsorption is a physical 

phenomenon that depends on the morphology and chemistry of the surface, PANI was 

deposited as a distorted surface layer. The depth of the deposited layer in the membrane cross 

section was not only limited but also it incompletely covered the surface, as shown by the 

SEM, FTIR-ATR and XPS results. FTIR and XPS spectra showed the presence of PANI and 

mixed cellulose ester at the surface with more pronounced PANI peaks at longer 
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polymerization times. As a result, the electrical conductivity increased with polymerization 

time for both FeCl3 and APS as oxidants.  

In vapour-phase polymerization, PANI layer was formed, presumably, by the reaction 

between soaked anilinium species on the membrane and the vaporized products of APS 

decomposition in a highly acidic aqueous solution at 60-70 
o
C. These decomposition products 

might include free radicals, hydrogen peroxide and peroxymonosulfate generated by the 

following reactions, respectively [161]. 

 S2O8
2-

 =   2SO4
.- 

 S2O8
2-

 + H3O
+
                     2HSO4

-
 + H2O2 

 S2O8
2-

 + H3O
+
                      HSO4

-
 + HSO5

-
 

The generation of free radicals was the most probable as it might have lead the propagating 

frontal polymerization as it was observed under the similar polymerization conditions [162, 

163]. The polymerization resulted in a full surface covering compact layer that hindered the 

further penetration of the propagating reaction front in the membrane bulk. It limited aniline 

polymerization only up to the a few micrometers in the bulk.  

4.7.2 Effects of Oxidants 

Aniline has limited solubility in water, i.e. 3.6 g/100 g water at 20 
o
C. It is almost fully 

converted to the corresponding anilinium salt when dissolved in dilute acid solutions. 

Polyaniline is deposited on the substrate membrane by oxidative polymerization of anilinium 

(acidulated aniline) reacting with the oxidizing species (S2O8
2-

 in  case of APS and Fe
3+

 for 

FeCl3) as shown by the following equations [126].  

4Ph-NH3
+
Cl

-
+5(NH4)2S2O8     [-Ph-NH-Ph-NH

+
Cl

-
-Ph-NH-Ph-NH

+
Cl

-
-]  

     +10(NH4)HSO4+2HCl 

4Ph-NH3
+
Cl

-
+ 10FeCl3               [-Ph-NH-Ph-NH

+
Cl

-
-Ph-NH-Ph-NH

+
Cl

-
-] + 10FeCl2+12HCl 

These reactions are characterized by the standard redox potentials of the oxidants (versus 

standard hydrogen electrode potential). 

 S2O8
2-

 +  2e
-
                       2SO4

2-                                            
E

o
 (Vs NHE) = 2.01 V  
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            Fe
3+

 + e
- 
                  Fe

2+    
          E

o
 (Vs NHE) = 0.77 V 

APS is more effective oxidant as compared to FeCl3 so more PANI is formed using APS as 

compared to FeCl3 under similar conditions [15, 138].  PANI formation (and deposition) 

reaction rate can be controlled by choosing among the commonly used oxidants (e.g. APS, 

FeCl3, H2O2). Polymerization with different oxidants may result in different PANI 

morphology as depicted by the SEM pictures (Section 4.2).  

4.7.3 Manipulation of PANI Deposition in the Two-Compartment Cell  

In the chemical oxidative polymerization of aniline under diaphragmatic conditions (using 

two-compartment cell), various physical process are involved besides chemical kinetic step 

that may affect the overall rate of the heterogeneous reaction [109, 126, 138, 164]. Processes 

such as diffusion and migration, are more controlling being the slower in the succession of 

the heterogeneous reaction kinetics. Also, the exclusion of charged species due to a particular 

ion exchange character of the substrate is another controlling factor [138]. Polymerization 

site of aniline on the base membrane can be controlled by manipulating the diffusion and 

migration of the reacting species through the membrane. These manipulations can be 

achieved by carefully choosing the right functional substrate to provide the anchoring sites 

for aniline, reactants concentration, polymerization time and regulating the diffusion rates by 

ion exchange phenomena. Iyoda et al. [164] studied the diaphragmatic polymerization of 

pyrrole on and inside the Nafion
® 

membrane by using both APS and FeCl3 as oxidant and 

they concluded that Donnan exclusion plays controlling role in the determination of 

polypyrrole deposition site. Tan and Belanger also reached at the similar conclusions while 

studying the Nafion
®
 - PANI composite membranes [109, 138]. Blinova et al. [126]

 
showed 

that PANI was formed only at the aniline-facing side of the microporous cellulosic dialysis 

tubing during the diaphragmatic polymerization. FTIR characterization revealed formation of 

N-phenyl-1,4-benzoquinonediimine, an oxidized product of aniline and oxidant reaction, on 

the opposite side (oxidant-facing).  

Mixed cellulose ester membranes, employed in the present research, are weak cation- 

exchange membranes owing to the fixed negative charge of mixed ester groups (Figure 4.7). 

ME base membranes are microporous with tortuous pore morphology. When these 

membranes are employed in the two-compartment cell polymerization, these act as both 

diffusion and ion exchange dialytic membranes. Ion exchange (and ion-exclusion) and 

diffusional flow phenomena control the permeation of various ions across the membranes. 
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Additionally, a kinetically fast and thermodynamically favoured chemical reaction (aniline 

polymerization) takes place being catalyzed strongly by the presence of an inorganic acid 

(HCl) according to well established mechanism of chemical oxidative polymerization of 

aniline [15, 135]. The presence of an acid enhanced the rate of aniline oxidation through the 

mechanism of proton transference which was auto-catalyzed by the already formed PANI in 

the base membrane [135]. The chemical reaction also promoted the diffusional flow due to 

the depletion of monomer (aniline) or oxidant at the reaction site.  

To identify the factors affecting the polymerization site on ME membranes, a simple 

experimental scheme was executed. Initiation of PANI deposition and its asymmetric (or 

symmetric) growth inside the pores of membranes were investigated in the two-compartment 

cell polymerization by changing the oxidant (APS or FeCl3) and adding HCl either in the 

monomer or in the oxidant compartment or in both (Table 4.6). Because microporous 

membranes do not hinder as effectively as a dense membranes does, the reactant species can 

flow freely through the membranes. In addition, due to the weak ion exchange character of 

ME membrane, the strong chemical reaction potential seems to be the determining factor in 

the selection of PANI deposition site (Table 4.7). PANI deposition was initiated and 

dominated on the side of ME membrane contained catalyzing H
+
 ions (by adding HCl, see 

experiments 2-4). These results comply with the study of Tzou and Gregory [135] who 

modelled the chemical polymerization of aniline by a two-rate constant kinetic equation. The 

second rate constant accounts for an already formed PANI or nature of the substrate in 

aqueous solution and has values two to three orders of magnitude greater than the first rate 

constant that comes from the chemical reaction alone. Additionally, an auto-acceleration 

mechanism for aniline polymerization was proposed due to the presence of protonated PANI 

in the reaction mixture. This influencing factor was also confirmed by experiment No. 6 

(Table 4.7) where high HCl concentration (twice as that of aniline compartment) drove the 

reaction to the oxidant side, only.  

For comparatively balanced HCl cases (Experiments 1 and 5) and with slower reaction 

kinetics by using FeCl3, the ion exchange character of ME membrane played its role because 

more Fe
3+

 ions were exchanged and transported through the membrane as compared to the 

relatively slower diffusion of bulky anilinium ions. In the experiment No.1, though, PANI 

deposition started at aniline-facing side of the membrane, the reaction front progressed 

towards the oxidant side through the membrane resulted in an asymmetric deposition. In  
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Table 4.7:  Results of the experiments for PANI deposition site control 

Experiment 

Number 

Monomer 

Compartment 

Oxidant 

Compartment 
Observations

 

1 C6H5 NH2 + HCl FeCl3 + HCl 
PANI deposition started from 

aniline side and resulted in an 

asymmetric deposition. 

2 C6H5 NH2 + HCl FeCl3 
PANI deposition started from 

aniline side and resulted in a 

highly asymmetric deposition. 

3 C6H5 NH2 (NH)2S2O8 + HCl 

PANI deposition started from 

oxidant side. 

4 C6H5 NH2 + HCl (NH)2S2O8 

PANI deposition started from 

aniline side. 

5 C6H5 NH2 + HCl (NH)2S2O8 + HCl 
PANI deposition started from 

both sides and resulted in a 

symmetric deposition. 

6 C6H5 NH2 + HCl 
FeCl3+ (NH)2S2O8 

+ HCl PANI deposition started from 

oxidant side and resulted in 

deposition only at the single 

face (oxidant side). 

 The intensity of black colour in the given sketches indicates the extent of PANI 

deposition.  

 Reactant concentrations: FeCl3.H2O (0.3M); ammonium persulfate (0.3); aniline (0.8) 

and HCl (0.4). The volume of the reagents in the both compartment used was about 110 

ml. 
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experiment No.5, because transportation of negatively charged S2O8
2-

 ions was less favoured 

through the membrane, PANI deposition started at the both faces, simultaneously. For FeCl3 

case, PANI deposition started on the monomer-facing side of the membrane and subsequently 

it grew inside the pores of ME membranes towards the oxidant-facing side. The competitive 

PANI growth of already deposited PANI layer towards monomer-facing side due to the 

proposed trans-membrane proton transference was less favoured as compared to the more 

direct aniline polymerization in the pores on opposite side (Figure 4.14) [126]. This proposed 

mechanism was also confirmed by FTIR spectra which show an asymmetric PANI deposition 

and mixed (PANI and cellulosic) bands were detected on the aniline-facing membrane side as 

the function of time (Figure 4.15). The relative growth of PANI peaks with respect to 

polymerization time confirmed the asymmetric deposition in the membrane bulk. This 

deposition asymmetry was also shown in the electrical conductivity values of these 

membranes (Figures 4.6). All composite membranes, except those modified with the two-

compartment permeation cell, showed order of magnitude lower two-point conductivities as 

compared to that of latter ones. This indicates higher levels of PANI deposition in the bulk of 

base membrane resulted by the pore wall coating of base membrane. 

  

 

 

 

 

 

 

 

Figure 4.14:  Schematic representation of in-pore PANI deposition. 
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Figure 4.15:  FTIR-ATR spectra of PANI composite membranes synthesized from two-

compartment cell polymerization at various polymerization times (a) 30 min (b) 1 h(c) 6 h 

and (d) 22 h. 

4.8 Summary 

PANI deposition on base ME microporous membranes were studied and the effects of 

various chemical polymerization techniques on the PANI deposition site and extent on the 

base membrane have been discussed. SEM was used to observe the PANI deposition site 

whereas FTIR-ATR was used as a standard technique to characterize PANI layering extent 

and its oxidation/doping states on the surface of base membrane. To elucidate the effects of 

PANI deposition site on the electronic conductivity of the composite membranes, membrane 

surface and trans-membrane conductivities were measured. In addition to these qualitative 

characterizations of PANI deposition, PANI layering extent and the chemical state at the 

membrane surface were quantified by using XPS. The degradation of PANI by a hydrolysis 

reaction was also studied by analysing O 1s spectra. The membrane characterization 

presented in this chapter leads to the following significant conclusions regarding the effects 
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of various chemical polymerization techniques and parameters on PANI deposition on base 

ME membranes. 

 PANI was deposited at the surface of the base membrane as an incomplete and non-

uniform layer by the solution- and vapour-phase polymerizations. In contrast, the two-

compartment cell polymerization deposited PANI on the pore walls of the base 

membrane without blocking the pores. Surface coverage with PANI improved with 

polymerization time in the solution- and vapour-phase polymerizations whereas in-

bulk PANI deposition increased in the two-compartment cell polymerization. 

 FTIR-ATR spectra showed mixed ME and PANI bands indicating incomplete surface 

coverage. From all the employed techniques, aniline was deposited as emeraldine salt. 

XPS spectra showed that the surface layering extent and doping levels of PANI 

increased by increasing polymerization time in a single technique. FTIR-ATR and 

XPS characterization revealed significantly increased surface layering extent in the 

two-compartment cell polymerization for the same times as compared to the solution-

phase polymerization. Vapour-phase polymerization deposited comparatively thick 

and uniform surface PANI layer.  

 Asymmetric PANI deposition in the bulk membrane was observed in the two-

compartment cell polymerization with greater PANI deposition extent on the aniline-

facing side of the membrane as compared to the oxidant (FeCl3)-facing side. Ion 

exchange character of the base membrane controlled the initiation and progression of 

in-bulk PANI deposition in the two-compartment cell. 

 PANI deposition site and levels, and oxidation/doping states influenced the electronic 

conductivity levels and orientation of the composite membranes as shown by surface 

and trans-membrane conductivity measurements. The conductivity values were 

dependent on the polymerization techniques and conditions (i.e. time, oxidant etc.) 

within a single technique.  
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Chapter Five 

Electronic and Ionic Transport in the Composite Membranes: 

Effects of PANI Deposition Site, Extent and Doping 

5.1 Electrochemical Characterization of PANI Composite Membranes 

Membrane separation processes based on ion exchange membranes such as dialysis and 

electrodialysis depend on the electrochemical interactions of the permeating ions with the 

functional moieties of the membranes. Electronic charge from the electrodes is transferred to 

electrolyte ions via an electrochemical reaction governed by the Faraday‘s law [165]. The 

charge travels through the bulk of electrolyte by the bulk transportation of ions towards 

oppositely charged electrodes whereas only counter-ions (ions with the opposite charge to 

that of the membrane) pass through ion exchange membrane bearing either positively or 

negatively charged immobilized functionalities in anion- and cation-exchange membranes, 

respectively [165, 166]. The selective transportation of counter-ions and exclusion of co-ions  

(i.e. Donnan exclusion) in the membrane phase give rise to the depletion of ions on the dilute 

side of the membrane with the simultaneous increase in the concentration on the other side 

(concentrate side). This depletion and enrichment result in the polarization of the electrolyte 

layers adhering to the both faces of the membrane due to the interaction with the fixed 

charges on the membrane. This nanometer-sized layer is called diffusion boundary layer 

(DBL) or simply double layer [167]. 

Ionic transport in ion exchange membranes is conventionally studied by the current-voltage 

(I-V) curves that are obtained by increasing current density across the membrane and 

recording the resultant potential difference. Various regions of the I-V curve identify 

electrochemical processes that take place in the system including concentration polarization 

(Figure 5.1). 
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Figure 5.1: I-V curve of ion exchange membrane (anion-exchange membrane in 0.01 M KCl 

[167]. 

In Figure 5.1, the curve can be divided into three regions. The first linear part shows the 

polarization of the membrane system by the application of current on the electrodes. The 

membrane shows ohmic behaviour in this region from where the ionic conductivity can be 

calculated. The second plateau region indicates a limiting current density (LCD) which arises 

due to the concentration polarization and depletion of electrolyte on the dilute side of the cell. 

It follows a sharp increase in the current with voltage. This sharp rise in the current is 

difficult to explain exactly especially when dilute side has already been depleted with current 

carrying ions. Many phenomena have been attributed to this sharp rise in the current such as 

water dissociation and electro-convective flow but still the exact cause is not fully clear [165, 

167]. 

In addition to the electrochemical characterization by I-V curves, determination of membrane 

transport number is another useful characterization parameter [166-168]. The transport 

number is defined as the fraction of the total current carried by the counter-ions through the 

membrane. For an ideal anion- or cation-exchange membrane, the transport number for 

counter-ions is 1. To determine the transport number, the ion exchange membrane is 

transposed between two halves of a two-compartment permeation cell. The potential 

difference across the membrane is measured by varying the concentration of the electrolyte in 

one compartment while keeping it constant in the other. Transport numbers are calculated by 

fitting the following equation to the data [165]. 
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Here t
m

 is the transport number with subscripts coun and co for counter- and co-ions, 

respectively, a denotes activity constant where superscripts 1 and 2 specify the two 

compartments of the cell. R is the ideal gas law constant, T is absolute temperature and F is 

the Faraday‘s constant. 

Although the above mentioned techniques have been successfully used to characterize ion 

exchange membranes, these techniques are static in nature and do not fully explain the 

complex transport phenomena taking place in the membranes. For example, the diffusion 

double layer is crucial in the performance of ion exchange membrane however, the study of 

the I-V curves does not distinguish the double layer polarization from the polarization of the 

bulk membrane. Dynamic, instead of a static electrochemical technique such as 

electrochemical impedance spectroscopy (EIS) is required to fully characterize ion exchange 

membranes [167].  

In ICP based membranes, ion transport takes place coupled with electron transport. At the 

membrane/electrolyte interface, an electrochemical reaction takes place (by a Faradic 

process) and electrons are injected or ejected from the ICP films by the electrolyte. The 

kinetics of this electrochemical process in addition to the transport phenomena in the double 

layer at the interface can be studied by EIS. Such charge transfer studies at the interface, 

coupled with the transport processes in the bulk membrane give full characterization of an 

electrochemical system. 

Electrochemical impedance spectroscopy (EIS) and membrane potential measurements have 

been used in this thesis to analyse the transport and interfacial transfer processes in PANI 

composite membranes. The effects of composite membrane morphology (i.e. PANI 

deposition site and extent) and oxidation/doping states on the electrochemical 

transport/transfer processes have been studied in various electrolytes. In the following, the 

relevant theory and results are discussed for the employed techniques. 
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5.2 Electrochemical Impedance Spectroscopy of PANI Composite 

Membranes 

5.2.1 Equivalent Circuit Modelling of EIS Data 

In EIS, an electrochemical system is excited by a sinusoidal function of either electrical 

potential (potentiostatic) or current (galvanostatic) and response in the corresponding form 

(voltage or current) is recorded [132, 169]. A sinusoidal voltage is represented 

mathematically as, 

v(t) = Vo sin (t)                         (5.2) 

where v(t) is the frequency () dependent voltage of amplitude Vo (r.m.s). The angular 

frequency is defined as  = 2f where f is the frequency in cycles. s
-1

. 

The response to the forcing function of Equation (5.2) is a sinusoidal current i(t) of the same 

frequency and of amplitude Io. The response either lags or leads by a phase angle () with 

respect to v(t); 

i(t) = Io sin (t + )              (5.3) 

 is a signed (+/-) quantity that depends on the characteristics of the system. 

In EIS, the amplitude of the exciting function is kept small in order to maintain the linearity 

in the response that is also a simple function of . For nonlinear behaviour at the large 

amplitudes of the forcing function, the response is a periodic function of multiple of  i.e. 

2, 3, .….. 

If system behaves as a pure resistor, the response current is given by the Ohm‘s law i.e.,         

i = 
R

v
 where R is the resistance in ohm. In this case the phase angle () is zero and the 

current is totally in phase with the applied voltage and the amplitude of the current wave (Io) 

is 
R

Vo . 

For a pure capacitor, the stored charge (q) is related to the potential (v) across the capacitor 

plates by the following equation. 
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q = Cv                (5.4) 

Where C is the capacitance in Faraday (F). 

The current flowing through a capacitor is given by 

dt

dv
C

dt

dq
i   .                                    (5.5)

  

The current in response to the sinusoidal applied voltage is given by, 

)cos( tCVi o   

or 











2
sin


t

X

V
i

c

o

                                    

(5.6) 

where Xc is called capacitance reactance, 
C

1
. The current lags 90

o
 and the response is 

totally out of phase to the applied potential.  

To analyse the dynamic response of complex elements such as a combination of resistors, 

capacitors and inductors, phasor (vector) notation of applied and response functions is very 

helpful. The expressions for the responses of a pure resistor and capacitor are shown, 

respectively, as follows: 

RIV ˆˆ                                                 (5.7) 

IjXV c
ˆˆ                           (5.8)

    

where 1j  , Î and V̂  are the phasor representation of the current and voltage, 

respectively.  

Impedance (Z) is defined as the complex resistance arises from the combined resistance and 

reactance in an electrochemical system. If a sinusoidal voltage is applied to an electrical 

circuit comprising pure resistor and capacitor connected in series, the overall voltage drop is 

a sum of the individual voltage drops across the resistor and capacitor. 
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CR VVV ˆˆˆ                             (5.9) 

or 

)(ˆˆ
CjXRIV                                    (5.10) 

or   

ZIV ˆˆ                       (5.11) 

where Z is defined as impedance and it can be written in terms of the resistance and reactance 

as 

cjXRZ                          (5.12) 

Because Z is a complex quantity depending on the frequency, it is usually represented as, 

  ImRe jZZZ                         (5.13)

  

where ZRe and ZIm are the real and imaginary components of  the impedance. For an R-C 

series element, ZRe = R and ZIm= Xc=
C

1
. The magnitude of the impedance ( Z ) and the 

phase angle () are given by, respectively,  

     
2

Im

2

Re ZZZ                         (5.14)
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tantan 1

Re

Im1
                                  (5.15) 

Equation (5.11) can be considered as the generalized Ohm‘s law with Z replacing R. The 

magnitude and phase angle of the impedance depend on the relative capacitive versus 

resistive characteristics of the system. For pure resistor, phase angle is zero whereas it is /2 

for a pure capacitor. Real systems never approach to an ideal behaviour so a mixed 

impedance results where phase angle varies between –/2 to +/2. For a pure inductor, phase 

angle is equal to +/2 i.e., the response always leads the input. 
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EIS data are commonly represented as Bode and Nyquist plots. Bode representation 

comprises of two graphs;  Z  and  versus log  whereas Nyquist plot comprises ZIm versus 

ZRe with  as a hidden parameter. Nyquist plot for a parallel R-C element with R=100 ohm 

and C=1 F is shown in Figure 5.2. The impedance for this parallel R-C element is given by 

the following expression. 

   2
2

2
11 RC

CR
j

RC

R
Z





 



                       (5.16) 

 

Figure 5.2: Nyquist plot of a parallel R-C circuit [132]. 

For this particular case, the Nyquist plot is a semicircle with Z=0 and R at →∞ and →0, 

respectively, the high and low frequency intercepts. The peak is observed at the characteristic 

frequency, 
RC

11* 


 , where  is the characteristic relaxation time. To plot the magnitude 

and phase angle as a function of frequency (Bode plot), the expressions for the magnitude and 

the phase angle in this case are shown in the following (from Equation 5.14 and 5.15). 

 
  2

2

1 RC

R
Z


             (5.17) 

       11 tantan RC            (5.18) 
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The Bode plot of the same R-C circuit is shown in Figure 5.3. 

 

(a) (b) 

Figure 5.3: Bode plots for a parallel RC circuit (a) magnitude and (b) phase angle versus 

frequency. 

The magnitude of the impedance remains constant at 100 (Equation 5.17) over all frequencies 

up to the characteristic frequency (i.e., 10
4
 radians.s

-1
 in this case) where it starts decreasing 

with a constant slope of -1. On the phase diagram, phase angle starts increasing (from 0
o
) at 

low frequencies, reaches 45
o
 at the characteristic frequency and then reaches to its maximum 

value i.e., 90
o
 at high frequencies (Equation 5.18). 

EIS data are analysed by using either analytical modelling based on the ion transport/transfer 

relationships (e.g., Nernst-Planck equation) or equivalent circuit analysis. In the latter 

methodology, physical processes that are taking place in an electrochemical cell are 

interpreted in terms of various electrical elements such as resistor, capacitor and inductor. 

The most common equivalent circuit that represents many of the electrochemical processes is 

Rundles circuit shown in Figure 5.4.  The EIS data of a film-coated electrode in a three-

electrode electrochemical cell (a film-coated working electrode and counter and reference 

electrodes in electrolyte) can be analysed by using Randles circuit. It consists of a parallel 

combination of a double-layer capacitance (Cd) which arises from the development of a 

double layer between working electrode and the adjacent electrolyte and a charge-transfer or 

polarization resistance (Rct) which accounts for the interfacial charge transfer.  
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Figure 5.4: Randles equivalent circuit. 

RΩ in this particular case represents film plus electrolyte resistance which is in series with the 

parallel Cd-Rct combination. The total impedance of the system is represented by the 

following expression. 
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                     (5.19) 

The Nyquist plot for the Randles circuit is shown in Figure 5.5. 

 

Figure 5.5: Nyquist plot for Randles circuit shown in Figure 5.4 [132]. 

The Nyquist plot consists of a semicircle of diameter equals
2

ctR
. As →∞, the reactance of 

the capacitor becomes negligible (≈ 0) and it short-circuits the parallel R-C circuit. In this 

case Z=RΩ (also from Equation 5.19). At very low frequencies i.e. ω→0, the capacitance 

becomes infinitely large thus it is eliminated and the total impedance becomes Z = RΩ + Rct. 

The imaginary part arises only from the capacitor so it contributes at the intermediate 
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frequencies with maximum ZIm at
dctCR

11* 


 .  Randles circuit also models the EIS data 

of the membranes where RΩ gives combined resistance of the electrolyte and the membrane 

and Cd and Rct show the double layer capacitance and charge transfer resistance at both 

membrane/electrolyte interfaces [111]. 
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5.2.2 EIS Studies of ICP Films and Membranes 

Intrinsically conducting polymers have drawn special attention of researchers due to their 

interesting electrochemical and charge conduction properties. Based on these properties, ICPs 

find applications in various technological fields such as charge storage, protective coatings, 

electrical displays, and electrochemical sensors. Charge conduction in ICPs takes place by the 

movement of both electronic (i.e. polarons) and ionic charge carriers. The involvement of 

ions in charge conduction process originates ICPs application as ion exchange films and 

membranes [51]. However, contrary to the conventional ion exchange membranes, ions 

transport in ICPs takes place coupled with the electronic charge transport. Due to their unique 

transport properties, the electrochemical impedance characterization of ICPs has remained 

the topic of special interest [170-173]. Mixed electronic-ionic conduction through the bulk of 

the film/membrane and various interfaces has been modelled by EIS. Various geometries of 

the electrochemical cells were used including modified electrodes and free-standing 

films/membranes [174, 175]. Modified electrode configuration has been used as the most 

common geometry in the electrochemical impedance studies due to the ease in the electrode 

coating by ICP using the electrochemical polymerization technique [70, 175, 176]. 

Electrochemical characterization by using free-standing membranes is comparatively rare due 

to the fabrication limitations of ICPs in free-standing films and membranes.  However, the 

modified electrode configuration is not preferred over the free-standing membrane to study 

the electrochemical processes of the membranes. Interfacial phenomena are observed at the 

low frequency limits (i.e. dc characteristics) which in the case of modified electrodes, are 

given by the both metal/polymer and polymer/electrolyte interface due to the electronic and 

ionic conduction of the system. It makes the identification of the transfer processes at the 

both interfaces very difficult. 

The charge transport and charge transfer processes involved in an ICP-coated electrode in the 

electrolyte solution is shown in Figure 5.6. 



Electronic and ionic transport in PANI composite membranes 
 

  
 

109 

 

Figure 5.6: Charge transport and interfacial transfer processes in an ICP-coated electrode 

[51, 177].  

Here an ICP film of thickness d (on a metal electrode) is shown that exchanges electrons and 

ions with metal electrode and electrolyte, respectively. Including the electrolyte in the 

system, the figure shows two bulk transport processes and the same number of interfacial 

transfer processes. Electrons are exchanged only at metal/polymer interface under E1 

potential difference. The cations (C
+
.(H2O)), anions (A

m-
), protons and solvent (water) 

ingress/egress from polymer/electrolyte interface under E3. Electrons and ions move 

through the bulk membrane under a potential difference E2 whereas ions move freely in the 

electrolyte solution. Ions and electrons are completely blocked at metal/polymer and 

polymer/electrolyte interface, respectively. It implies that no net current whether electronic or 

ionic can pass through the system, completely, at low frequencies. This limits the complete 

understanding of the diffusional processes taking place in the system.  

Contrary to ICP coated electrodes (also called asymmetric configuration), a symmetric 

configuration has been employed where a free-standing membrane is bathed with electrolyte 

on both sides so blocking the electronic charge transport through the interfaces but allowing 

ionic current to pass through the membrane. The interfacial phenomena observed in this case 

is attributed only to the ionic charge transfer at polymer/electrolyte interface [175, 176, 178]. 



Electronic and ionic transport in PANI composite membranes 
 

  
 

110 

To study the charge transport and interfacial charge transfer phenomena in ICPs (both in 

asymmetric and symmetric configurations), various models have been proposed. These 

models differ in the consideration of the nature of ICP film either as homogenous or 

heterogeneous, composed of  nano-sized pores [179]. The heterogeneous models stem from 

the nodular or fibrillar morphology of ICP that gives rise to nanopores in the bulk film.  

Additional differences arise from different viewpoints on whether including or not the 

interfacial charge transfer in the model and the nature (Faradic versus non-Faradic double 

layer charging) of the process. Vorotynstev et al. [179] proposed a homogenous film model 

based on diffusion-migration phenomena representing the electron (polaron) and (counter) 

ion transport in ICP film coated on a metallic electrode. The model has some specific features 

that had not been considered in the previous homogenous film models. These features include 

the incorporation of interfacial double layer charging phenomenon and unequal diffusivities 

of electrons and ions in the film (i.e. De≠Di). The latter resulted in non-uniform electrical and 

concentration fields throughout the bulk of the film. This model was used in various 

subsequent studies to investigate the effects of the nature of cations and anions on the 

diffusivities and interfacial charging [69, 180, 181]. Deslouis et al. [175] have adopted the 

model of Vorotynsetev et al. for a free-standing membrane configuration and compared the 

response with that of the modified electrode geometry. The diffusion-migration fluxes in the 

membrane were based on Nernst-Planck equations; 
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where J, D and c denote flux, diffusivity and concentration, respectively. Subscripts e and i 

denote electronic and ionic entities, respectively, whereas e stands for the charge (+e for 

polaron and –e from anions). k denotes Faraday‘s law constant and T is absolute temperature. 

The model differentiates between the Faradic charge transfer and a double layer charging at 

metal/electrolyte interface. The final expression includes both the film polarization 

impedance and impedance of the interfacial double layer charging represented by a parallel 

R-C circuit. 
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ZM is the impedance of the free-standing membrane, Zi and Ci are the interfacial double layer 

impedance and capacitance, respectively. Rp is the film resistance defined as 
)(2

ie DDce

kTd


 

with d as the membrane thickness. Here is a dimensionless quantity defined as; 

    
8

)( 11

22
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jd              (5.23) 

Equation (5.22) gives a response comprising two semicircles in Nyquist plot whereas the size 

and position of the semicircles depend on the relative values of the electronic and ionic 

diffusivities. 

On the other hand, Albery et al. [174, 182, 183] developed a transmission line model for ICP 

coated electrodes by assuming two-phase heterogeneous film morphology. Electronic charge 

passes through the film whereas ions are transported through the electrolyte present in the 

nanopores of the film. Two different transmission lines represent both electronic and ionic 

resistances whereas these both lines are interconnected by a charge transfer capacitance that 

arises from the electrolyte in nanopores (Figure 5.7). The capacitance in this case is 

distributed i.e., it varies with the frequency. Many researches later used this model to study 

the electrochemical properties of ICP and their composites [70, 184, 185]. 

 

Figure 5.7: Transmission line model for modified electrode, R1 and R2 represent two resistive 

paths whereas C is the capacitance[174]. 

Albery‘s model does not include the interfacial phenomena that take place at the 

polymer/electrolyte interface. Deslouis et al. [70] adopted the model for a free-standing PANI 

membrane by changing the boundary conditions but they also neglected the interfacial charge 

transference. 

Paasch et al. [186] developed an improved transmission line model for macroscopically 

homogenous porous modified electrodes. They extended their model by incorporating the 
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short-range diffusive resistances originating from the charge transfer reactions at the walls of 

the nanopores. Additionally, these charge transfer resistances have been considered 

distributed in nature in view of the spatially distributed oxidation-reduction transitions in the 

bulk of the film. Robberg et al. [71, 187] used the same model to study the PANI modified 

electrodes at various potentials and pH of the electrolyte. 

Ehrenbeck et al. [176] extended model developed by Paasch et al.[186] and investigated the 

electrochemical processes in polypyrrole free-standing membranes by using EIS. In their 

earlier studies, Ehrenbeck and Juttner [188, 189] used an older version of the model for 

heterogeneous films to interpret the EIS response of free-standing polypyrrole membranes 

with mobile and immobilized dopants. The model was based on the two transmission lines, 

each for electronic and ionic conduction and both are linked with the interfacial capacitance 

and charge transfer resistance at the walls of the nanopores (Figure 5.8).  

 

Figure 5.8: Transmission lines model for ICP film modified electrode [186]. 

In the above schematic figure, dR1 and dR2 represent two resistive lines for two types of 

charges, i.e., electronic and ionic, and dC is the interfacial capacitance developed at the pore 

walls. Here, gct represents charge transfer conductivity;  

     
RT

F
SAigct 0             (5.24) 

where i0 is charge transfer current density, S is pore surface area per unit volume of the 

membrane, A is the surface area of the membrane, F is Faraday‘s law constant, R is general 

gas law constant and T is the absolute temperature. 

The charge transport takes place by oxidation-reduction coupling of micro-domains of PPY 

film by the incorporation of doping anions from the solution. Since this oxidation front 

progresses gradually within the film, the charge transfer resistance is distributed in the bulk 
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film, instead of being a constant one across the cross section. The charge transfer 

conductivity is opposed by the diffusion hindrance so the local conductivity value is modified 

with a frequency-dependent admittance, as follows, 

                                                    )( jYgg ctct               (5.25) 

where Y(j) is admittance (reciprocal of impedance), defined as, 
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Here  stands for the angular frequency (radians.s
-1

), 2 and 3 are the characteristic 

frequencies representing (anions) diffusion hindrance and space limitations due to the 

available pore length. α denotes pore length distribution in the film. This leads to the final 

expression for the film impedance, 
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Here R0 is electrolyte resistance; 1 and 2 are the resistivities of ICP film and electrolyte, 

respectively; A and d are the area and thickness, respectively, whereas  represents the decay 

length. The Nyquist plot of this equation consists of two successive semicircles representing 

the dielectric distribution and charge transfer resistance at the high and low frequency ranges. 

Impedance arising from the interfacial phenomenon between film and electrolyte was not 

observed in the experiments. 

More recently, EIS has successfully been used to study the charge transport characteristics of 

pristine PANI and PANI composites membranes. Kocherginsky and Wang [76] employed 

EIS to elaborate the effects of interfacial capacitance of nanopores of apparently homogenous 

PANI film on the ionic transport along with the effects of membrane thickness. The 

equivalent circuit modelling was used to distinguish the high frequency bulk characteristics 

from the low frequency interfacial charge transfer effects. Super-capacitance (480 F. g
-1

) of 

the self doped PANI nanofibres was measured by using the two-electrode EIS technique 

[190]. High values of capacitance of nanofibres were observed which were attributed to the 

highly porous structure due to the fibrillar and nodular morphology of PANI nanofibres.  
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Perflourinated cation-exchange membranes were modified with PANI using in situ chemical 

polymerization, and electrical and ionic conductivities were measured by using EIS to 

investigate the effects of PANI intercalation levels in the base membrane [111]. PANI 

inclusion in the base cation-exchange membrane did not affect the conductivity values as 

compared to the unmodified base membrane. Higher levels of PANI intercalation at 

prolonged aniline polymerization times reduced the ionic conduction that was attributed to 

the change in the microstructure of the composite membrane. The change in the dispersion 

levels of the PANI in the bulk membrane at prolonged polymerization from uniform 

distribution to the cluster formation decreased the protonic conductivity of the composite. In 

another study, Deka and Kumar [97] studied the effect of incorporation of undoped PANI 

nanofibres in a porous polymer electrolyte membrane for Li-ion batteries. The composite 

membrane was synthesized by using solution-casting method and ionic conductivity was 

measured by the fitting an equivalent circuit model on the EIS data. Ionic conductivity 

increased for up to 6% intercalation level of PANI and then decreased for higher levels. It 

was postulated that initially, PANI incorporation facilitated Li ion transport but upon the 

cluster formation at higher incorporation levels, the conduction path was blocked. 

Temperature dependence of conductivity was also elaborated. 
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5.2.3 EIS Characterization of PANI Composite Membranes 

Selection of the Experimental Conditions 

EIS results of PANI-mixed cellulose ester membranes synthesized by using various chemical 

oxidative polymerization techniques are presented in this section with the aim to evaluate the 

electronic and ionic charge transport properties of the composite membranes. Equivalent 

circuit (EC) approach has been used in which the physical processes taking place in the 

membrane and membrane/electrolyte interface are modelled by an equivalent circuit 

comprising common electrical elements such as resistor, capacitor, inductor etc. [191]. For 

EIS characterization of free-standing membranes, two-electrode and four-electrode 

electrochemical cell configurations have been employed. The four-electrode configuration is 

preferred over the two-electrode because of the elimination of electrode polarization effects 

in the former case [70, 175]. In the four-electrode configuration, current is supplied through 

the electrode pair and voltage is measured through another electrode pair. However for high 

impedance systems, these both configurations yield essentially same impedance results [70]. 

In the EIS of solid films/membranes with two charge carriers (e.g., ICPs with electrons or 

polarons, and ions as charge carriers), the conditions at the film/electrode and/or 

electrode/membrane interface define the boundary conditions for the transport equations. In 

addition, these interfacial conditions describe the low frequency response, which is termed as 

dc response of the system. For example, in metal/membrane/electrolyte electrochemical 

system (i.e. modified electrodes) at low frequencies, neither electrons nor ions can pass 

through the film so the semicircle in Nyquist plot does not intersect the real axis. In contrast, 

for metal/membrane/metal or electrolyte/membrane/electrolyte systems, low frequency 

response is always ohmic and the curve in the Nyquist plot intersects the real axis at low 

frequencies [178, 192]. In addition, for metal/membrane/electrolyte asymmetric systems, ions 

from the electrolyte move into the membrane to balance the net electronic charge imparted 

from the metal/membrane interface thus the system is non ‗conservative‘ for ions. Symmetric 

systems are always conservative as the net ions ingress in a half cycle of the wave is balanced 

by the egress in another half cycle [178].  
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In view of the above discussion, a metal/membrane/metal configuration is selected in this 

thesis to characterize the free-standing membranes. This configuration has the advantages of 

being a conservative system with respect to anions, as they cannot leave the system. The 

electronic charge passes across the membrane through the electrodes so essentially the 

interfacial charge transfer can be identified as electronic charge transfer. EIS of PANI 

composite membranes was attempted by sandwiching the membrane between two inert gold 

electrodes. This configuration was adopted to minimize the interfacial effects arising from the 

various charge transfer phenomena (e.g. surface polarization) by ensuring a good 

electrode/membrane contact. To elucidate the effects of PANI doping state on the charge 

transport characteristics, EIS studies in both doped and undoped states were conducted with 

HCl (pH < 1) and water (pH~ 6) as electrolyte, respectively. To equilibrate the membrane 

with doping anion (Cl
-
) or vice-versa,

 
each membrane was soaked with respective solution 

(HCl or water) for longer than 12 hours prior to EIS measurements. Metal/membrane/metal 

configuration has been considered as ion-blocking which allows only electrons to pass 

through the interface hence depicting electronic dc characteristics at extremely low 

frequencies [181, 192]. However, because these membranes are electrolyte-soaked, a thin 

film might have formed at membrane/electrode interface so truly speaking this interface is 

not completely ion blocking [174, 181]. Although the membranes have been soaked for 

sufficiently long times, yet entrapped electrolyte may not fulfil the condition of being an 

anion reservoir to compensate all the electronic charge developed in the membrane [192]. To 

get the improved response, in addition to the conventional metal/membrane/metal 

configuration, Pt/membrane/Pt configuration was used where Pt wires were attached to the 

both faces of the membranes and these were bathed with the electrolyte from both sides in a 

two-compartment cell. This set-up yields mixed electronic-ionic transference at the interface 

but with the availability of anion in abundance. The EIS of bathed membrane in the two-

compartment cell was conducted at different doping conditions by using either 1 M HCl (pH 

< 1) or 1M CaCl2 (pH~12) as electrolyte. The experimental plan describing various employed 

combinations of membrane, electrolyte and electrochemical cell configuration is given in the 

Experimental Section (Table 3.1). 
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Electrochemical Modelling of EIS data 

As discussed in section 5.2.2, the modelling of the electrochemical charge transport processes 

in pristine ICPs have been conducted under the framework of either homogenous film 

diffusion-migration model [179, 181] or macroscopically homogenous porous film model 

[174, 182]. The latter is based on a dual transmission line which connects electronic 

conductivity of the membrane phase with that of the ionic conductivity of the electrolyte in 

the pores through a double layer capacitance and charge transfer resistance at the pore surface 

[182]. These models mainly elucidate the charge transport characteristics of ICP coated 

electrodes. Later on, these models have also been applied to free-standing pristine ICP 

membranes [70, 175, 176, 188]. These models have inherent limitations such as the 

assumption of a homogenous film in the first model and macroscopically homogenous porous 

film in the second model. The migration/diffusion processes in the second model are 

represented by the volume-averaged parameters such as resistance, capacitance etc. 

Moreover, these models are based only on the electronic and ionic diffusion inside the 

membrane bulk and ignore interfacial charge transfer processes. To model the more general 

systems with heterogeneous morphologies and surfaces, other equivalent circuits comprising 

lumped parameters (resistors, capacitors etc.) have been used. In view of the above 

discussion, equivalent circuit modelling has been used in this thesis where electrochemical 

characteristics of the system are model as lumped parameters. However, the distribution of 

the capacitance has been considered by incorporating constant phase element (CPE) in the 

model to account for the spatially distributed properties of the system. In addition, the 

Warburg element has been included (wherever required) which models the semi-infinite 

restricted diffusion. The Warburg element gives rise to the same effects as that of a 

transmission line in a heterogeneous film model.  

The equivalent circuit modelling has widely been used for EIS data of free-standing 

membranes. These include characterization of the transport and fouling properties of 

conventional ion exchange membranes [167, 168, 191], redox reactions at the surface of 

polyaniline membrane [193], ionic transport in polyaniline membrane at different pH [76] 

and effects of polyaniline intercalation on the charge transport characteristics of the 

conventional cation-exchange membrane [111]. In addition, the electrochemical transport in 

solid electrolyte membranes for Li-ion batteries has been also characterized by equivalent 

circuit modelling [194, 195]. 
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In all these studies, charge transport processes in the bulk membrane and charge transfer at 

the electrode/membrane or electrolyte/membrane interface have been modelled by using 

various combinations of capacitors and resistors each representing a physical process in 

electrochemical cell. However, it should be emphasized here that sometimes this 

correspondence is not straightforward. Particularly in the case of conducting polymers, the 

controversy in the interpretation of various charge transport processes still prevails in the 

literature [51, 196]. Different resistor-capacitor (R-C) combinations have modelled interfacial 

charge transfer and bulk charge transport where ionic diffusion in the bulk membrane is 

represented by either another R-C element or a Warburg element (defined latter) for semi-

infinite diffusion.  

In an early study on the transport processes in a free-standing PANI membrane, the 

interfacial electronic and ionic transfer processes are modelled by a combination of a double 

layer capacitance and the electronic and ionic charge transfer impedances [193]. The bulk 

transport due to the ionic diffusion has been modelled by an additional impedance element. 

This multiple capacitance-impedance model is fitted well on the EIS data to study the surface 

reactions of the redox active species in the electrolyte. 

Kocherginsky and Wang have modelled EIS data of a free-standing pristine polyaniline 

membrane by using a two R-C loop equivalent circuit where both loops are connected in 

parallel to represent the high and low frequency impedance behaviour [76]. The high 

frequency R-C loop represents bulk membrane transport processes whereas the low 

frequency R-C loop represents slow diffusionally controlled transport of ions trough the 

membrane. EIS modelling of both doped and undoped membranes was attempted. The high 

resistance (~10
6
 ohm) and low capacitance (~10

-9 
F) in undoped PANI represent charge 

transport in an insulating film. These values were increased around 3-4 orders of magnitude 

upon doping by HCl (up to 1.7 ohm and 0.5 F, respectively), representing the low electronic 

resistance and presence of the redox capacitance of PANI (pseudocapacitance).  

In another study, a perflourinated cation-exchange membrane was modified by depositing 

PANI inside the base membrane [111]. The composite membranes were characterized by 

fitting an equivalent circuit model to the EIS data. In this equivalent circuit, a resistor and a 

series-connected R-C element model the protonic conductivity and interfacial charge transfer 
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processes, respectively. The protonic resistance decreases with acid doping whereas the 

charge transfer capacitance does not change much with the doping (~10
-5

 F). This indicates 

the presence of a double layer capacitance at the interface instead of a PANI redox 

capacitance.  

In the present research, the composite membranes represent a complex electrochemical 

system comprising insulating ME phase, conducting PANI phase and the electrolyte in the 

pores. The exact interpretation of the electrochemical behaviour is very complex and involves 

a number of known and unknown parameters. Therefore, in the following discussion, the EIS 

interpretation mainly focuses on the effects of PANI deposition site, extent and doping state 

on the electrochemical behaviour. 

EIS data of the composite membranes were analysed by using ZSinpWin
(R) 

electrochemical 

impedance analysis software and the equivalent circuit models have been fitted by 

considering the following factors. 

1. The fitted equivalent circuit should represent, at least, the important physical 

processes taking place in the bulk membrane and at the interfaces. It implies that 

equivalent circuit should be simple so that the components can easily be correlated to 

the physical processes in the electrochemical system [191]. 

2. The fitting process should yield a minimum statistical error. The software iterates to 

minimize chi-square (χ
2
) values that remained in the range of ~10

-4
 for all the fitted 

models. 

In the following discussion, EIS data and the modelling of the composite membranes 

conducted with two-point gold electrodes are presented first which follow the data and the 

modelling of the bathed membrane.  

As mentioned in Table 3.1, the composite membranes covering a wide spectrum of the 

synthesis conditions have been tested by EIS. However, under the condition of ion-blocking 

electrodes (i.e. two gold electrodes), some of these membranes did not yield satisfactory EIS 

spectra. The composite membranes containing comparatively small amount of PANI showed  
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(a) 

 

(b) 

 

(c) 

Figure 5.9: The Nyquist plots of PANI composite membranes impregnated with 1M HCl      

(a) ME,Poly,Fe,22h (b) ME,P1,22h and (c) ME,Vap,APS.  
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highly distorted spectra with very large impedance values (~10
11 

ohm). These include acid- 

soaked bare ME; ME, Poly, 6 h and ME, P1, 2 h. 

On the other hand, HCl doped composite membrane synthesized by using the two-

compartment cell polymerization for > 6 h showed low resistance value. The membranes with 

scattered EIS data were not included in the analysis due to uncertainty in the results. 

The Nyquist plots of HCl-soaked membranes are shown in Figure 5.9 where the measured 

(red) and fitted (green) data points are shown to illustrate the quality of the model fitting (for 

the modelling detail, see the following discussion). The shape and impedance scale of these 

curves show the effects of PANI deposition from different polymerization techniques on the 

charge transport properties of the composite membrane. A quick qualitative analysis reveals 

the following trends. 

1. The impedance on the real axis shows charge transport/transfer resistance whereas the 

charge holding capacity (capacitance) is inversely proportional to the imaginary 

component of the impedance [132]. ME membranes modified by the solution-phase 

and vapour-phase PANI deposition showed high levels of charge transport resistance 

(10
4
-10

6
 ohm) and low levels of charge storage capacitance(~10

-4 
F) as compared to 

the membranes synthesized by using the two-compartment permeation cell (< 3 ohm 

and up to 0.1 F, respectively). 

2. The resolution of impedance with respect to the frequency i.e., appearance of a 

semicircle in a particular frequency range represents a relaxation process with a 

characteristic time (i.e., τ = RC). The impedance resolution at high and low 

frequencies represents kinetically and diffusionally controlled processes, respectively 

[197]. An inspection of the Figure 5.9 reveals diffusionally controlled charge 

transport for ME, Poly, 22 h whereas ME, Vap, APS and ME, P1, 22 h show charge 

transport hindered by the kinetically limiting step. 

Because each polymerization technique deposited PANI at a distinctive site in the base 

membrane, the composite membranes were analysed by using different equivalent circuits 

representing membrane morphology and the electrochemical processes taking place within 

the composite membrane. Starting with the composite membrane synthesized by the solution-

phase polymerization that has a thin PANI layer only at the surface and the most of the bulk 
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membrane remained unmodified; the various electrochemical processes are shown in Figure 

5.10.  

 

 

 

   

 

 

Figure 5.10: Schematics of the electrochemical transport processes of PANI composite 

membrane synthesized by the solution phase polymerization (22h). 

The electrochemical system consists of a PANI layer at the membrane surface that is in 

contact with two inert (gold) electrodes. The electronic charge transfer from the electrodes to 

the membrane surface is a kinetically controlled process due to the involvement of the 

interfacial charge transfer process with a certain charge transfer resistance (R2). Moreover, 

the surface polarization develops a charge separation at the surface that can be represented by 

a double layer capacitance (C2). This double layer capacitance becomes a redox capacitance 

(pseudocapacitance) depending on the PANI deposition level and the doping state. For the 

bulk membrane, the charge transport through the membrane depends on the relative 

magnitudes of the electronic resistance of the polymer phase and ionic resistance of the 

electrolyte in the pores of the membrane. These two resistances are connected with each other 

through a double layer capacitance of the electrolyte in the pores (C1). The equivalent circuit 

representing these electrochemical processes is shown in Figure 5.11. It consists of two R-C 

loops and a Warburg element (W). The first R-C element represents bulk membrane 

processes where R1 represents the resistance of the membrane that comprises the polymer 

phase and the pore electrolyte. The second R-C loop coupled with the Warburg element 

represents kinetically slow processes in the membrane. These may arise from either the ionic 

diffusion through the bulk membrane or interfacial charge transfer from the electrodes (e.g. 

adsorption of the ionic species at the surface). In the latter case, the interfacial charge transfer 

is affected by the development of a polarization double layer at the surface. Here R2 and C2 

represent the charge transfer resistance and capacitance at the surface, respectively. The 

+ - 

R2, C2 

(Membrane/electrode 

interface) 

 

R1, C1, W 

(Bulk membrane) 
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Warburg element (defined latter) represents the slow ionic diffusion of ions in the membrane 

bulk [192, 193, 198]. The slow interfacial charge transfer shifts to a swift charge transfer 

reaction in the presence of a PANI layer at the surface and in this case, the second loop may 

represent ionic diffusion through the membrane.  

 

    

 

 

 

Figure 5.11: The equivalent circuit representing the EIS behaviour of PANI composite 

membrane synthesized by the solution-phase polymerization (22 h). 

 

Depending on PANI deposition site and extent, and its doping state, one or more elements in 

this general equivalent circuit (Figure 5.11) can be eliminated and the electrochemical 

processes of the membranes can be fitted with a simpler equivalent circuit. 

The distorted semicircles in the electrochemical spectra of Figure 5.9 are indicative of a 

frequency-dependent capacitance instead of a constant capacitance. Such variable capacitance 

is called distributed capacitance and it shows the heterogeneity of the system e.g., surface 

heterogeneity in the case of interfacial charge transfer process. Distorted semicircles in the 

Nyquist plots can be represented by a constant phase element (CPE) instead of a pure 

capacitor. The impedance of a CPE is given by, 

                                                           )(
1
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0

j
Y

Z               (5.28) 

                      

where Z(ω) is the impedance of CPE,  is angular frequency and  is CPE index that varies 

as -1≤≤1 showing pure inductance, resistance and capacitance at =-1,0 and 1, respectively. 

The value of in the range 0.5≤≤ 1 shows the scale of heterogeneity as it departs from the 
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ideal capacitance value of 1 [186, 191]. Y0 represents admittance (i.e.1/Z) at =1 and =1, 

which may be considered equivalent to the capacitance of an ideal capacitor [191].  

The overall impedance of the equivalent circuit of Figure 5.11 is given by the following 

equation (using Equation 5.28 for CPE). 

 


)()(][)(1
)(

22

2

01

1

jYZRZR

ZR

jYR

R
Z

oWW

W





          (5.29) 

where all the symbols have been defined above except ZW which represents the impedance of 

a Warburg element and is defined as, 

)(

1

jY
Z

W

W              (5.30) 

Here YW is the admittance of Warburg element (S.s
0.5

). 

The values of the various electrochemical parameters obtained by fitting the model equation 

are shown in Table 5.1 along with chi-square value. The low chi-square values confirm the 

excellent quality of the fit that is also depicted by the good overlapping of the model curve in 

Figure 5.9. Because the resistance of ME phase is very high, the charge transport through the 

pore electrolyte may dominate in the bulk membrane as also shown by the comparatively 

lower R1 values. The charge transfer resistance (R2) at the surface is much higher as 

compared to that of a typical range for pristine polyaniline (3~6  ohm.cm
-2

 [199]). This can 

be explained in terms of incomplete surface coverage with a non-uniform PANI layer as also 

indicated by the low CPE admittance value (Yo) of the fitted equivalent circuit. The low value 

of YWindicates a slow charge transfer process that is due to mainly by the slow ionic 

diffusion in the polymer phase. 

An inspection of Figure 5.9 (b) readily reveals a significant change in the shape and 

impedance scale of the membrane synthesized by the two-compartment cell polymerization. 

The small resistance value shows a fast charge transfer process through the PANI phase in 

the composite membrane. In this situation, there should be no charge transfer resistance (or 

negligibly small) and the bulk charge transport takes place through the electronic conduction 

in PANI coated ME strands linked with a double layer capacitance at the pore walls of the 

membrane [176, 186]. A modified Randles circuit as shown in Figure 5.12 can satisfactorily 

model these electrochemical processes. 
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Figure 5.12: Modified Randles circuit. 

Here R1 shows uncompensated cell resistance (wires, connecters etc). In fact an inductive 

behaviour at high frequencies was observed in this case (not included in the curve)[191]. R2 

and Q represent the resistance and capacitance (distributed: CPE), respectively, of a bulk 

redox reaction taking place during the charge transport in the PANI phase. This capacitance 

is termed as pseudocapacitance that arises from the PANI redox reactions involving anion 

transport [76]. The impedance of this equivalent circuit is given by, 

 

    



)(1

)(
02

2
1

jYR

R
RZ


             (5.31) 

One can deduce this equivalent circuit from that of Figure 5.11 by applying certain 

assumptions as stated above. The results are tabulated in Table 5.1. The low value of R2 

indicates resistance of the electronic path in the membranes that originates from a swift 

charge transfer reaction involving PANI layer at the surface of the pores. This conclusion is 

also supported by the high value of CPE admittance that could result from the redox 

transformation in PANI phase. 

The Nyquist plot of the composite membrane synthesized by using vapour-phase 

polymerization shows an incomplete semicircle at high frequencies (i.e. small relaxation 

time) (Figure 5.9 c). The impedance resolution at high frequencies indicates the transport 

processes in the bulk membrane that can be modelled by a distributed capacitance (Q) in 

parallel with an ionic resistance (R) of the pores (Table 5.1). The kinetics of the interfacial 

charge transfer process is also neglected in this case. The high charge transportation 

resistance (~10
4
 ohm) along with the low admittance value indicate charge transfer in the 

R 2 

R 1 

Q 
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bulk membrane involving high resistance. The low admittance value in this case represents an 

incompletely developed double layer at the pore walls. This can be attributed to the 

hydrophobic nature of the membrane surface that may not allow sufficient electrolyte to 

penetrate into the membrane. The absence of the low frequency impedance resolution 

indicative of bulk diffusion also supports this explanation. 

Undoping of PANI composite membranes by soaking in water introduces significant changes 

in the electrochemical behaviour as shown in Figure 5.13. The comparatively higher 

resistance and low admittance values are attributable to undoped PANI in the composite 

membranes. Unmodified ME shows impedance resolution at low frequencies that indicates 

diffusionally controlled charge transport probably due to the low electronic conductivity of 

the polymer phase. In contrast, ME, Vap, APS, ME,P1,6 h and ME, P1,22 h show impedance 

resolution at high frequencies, characteristics of kinetically controlled processes exhibiting 

small relaxation times. However, the high resistance values indicate large charge transport 

resistances of the membrane phase. These kinetically controlled processes at high frequencies 

might have arisen from the combination of a double layer capacitance (in the pores) and 

resistance of the electronic path of the membrane phase. 

In the case of unmodified ME membrane soaked in water, the impedance resolution at 

medium-to-low frequency range and shape of the impedance curve (Figure 5.13 a) suggest an 

equivalent circuit comprising two R-C element as shown in Figure 5.11. The assignment of 

different circuit elements to the various electrochemical processes remains same as that of the 

acid-soaked membrane (ME,Poly,Fe,22h). The model parameters are tabulated in Table 5.2. 

The high frequency R-C loop accounts for the bulk membrane processes mainly arising from 

the charge transport in the pore electrolyte. An R-C loop at the low frequency coupled with a 

Warburg resistance represents the interfacial charge transport and slow ionic diffusion in the 

bulk membrane, respectively. The membranes synthesized by using the two-compartment cell 

and vapour-phase polymerizations show semicircles at high frequencies indicative of the 

charge transport relaxation in the bulk membrane [192, 200]. The similar relaxation 

phenomena have also been observed for the corresponding acid-soaked membranes. This 

suggests that PANI deposition site strongly affects the impedance resolution at a specific 

frequency range characterizing either bulk membrane or interfacial charge transport 

processes. For these membranes, the data can be modelled by a single R-C parallel 

combination (Table 5.2). The resistor represents membrane phase resistance whereas the 

capacitor represents double layer capacitance of the electrolyte (water) in the pores. The 
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charge transfer resistance from the membranes synthesized by the two-compartment cell 

polymerization represents charge transfer of PANI coated structural strands of the bulk 

membrane. This is also supported by the low admittance values indicative of low levels of 

double layer polarization as compared to that of HCl-soaked membranes. 

The higher resistance value in the case of vapour-phase synthesized membrane may represent 

the electronic resistance of polymer (ME) phase due to incomplete wetting of the membrane. 

The same trend has also been observed for HCl soaked membrane (discussed above) and may 

be attributed to the hydrophobic nature of the membrane surface.   

The composite membrane synthesized by prolonged solution-phase polymerization shows a 

semicircle at the high frequencies representing the bulk membrane relaxation processes. A 

capacitive rise in the low frequency range shows slow diffusion of the electrolyte ions in the 

membrane phase. The equivalent circuit represents the electrochemical processes of the 

membrane is shown in Figure 5.14 and the results are given in Table 5.2. 
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(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

 

Figure 5.13: EIS spectra of PANI-ME composite membranes soaked in water (a) bare ME 

(b) ME,P1,6h (c) ME,P1,22h (d) ME,Poly,22h and (e) ME,Vap,APS. 
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Figure 5.14: The equivalent circuit representing the EIS behaviour of PANI water-soaked 

composite membrane synthesized by the solution-phase polymerization (22h). 

 

 

Table 5.1: The parameters of equivalent circuits fitted on EIS data of HCl soaked membranes 

Membrane EC Model 

Ro 

(ohm) 

CPE1 

(S.s

) 

R1 

(ohm) 

CPE2 

(S.s

) 

R2 

(ohm) 

YW 

(S.s


)

ME,Poly,22h 

(QR)(Q(RW)) 

χ
2
:6x10

-5 

 

- 

Y1= 7.6x10
-4 

=0.5 

42.6 

Y2= 7.3x10
-4 

=0.84 

1.2x10
4 

1.6x10
-4 

ME,P1,22h 

R(QR) 

χ
2
:2.8x10

-4
 

0.8 

Y2= 1.6x10
-2 

=0.78 

1.0 - - - 

ME,Vap,APS 

(QR) 

χ
2
:6x10

-4
 

- 

Y2= 1.7x10
-9 

=0.77 

5.4x10
4  

 
- 

 

 

 

 

 

C2 

R1 

C1 
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Table 5.2: The parameters of equivalent circuits fitted on EIS data of water soaked 

membranes 

Membrane EC Model 

CPE1 

(S.s

) 

R1 

(ohm) 

CPE2 

(S.s

) 

R2 

(ohm) 

W

(S.s


)

ME, 

unmodified 

(QR)(Q(RW)) 

χ
2:9x10

-4
 

Y1= 2.5x10
-3 

=0.23 

43.6 

Y2= 6.7x10
-6 

=0.77 

1.9x10
5 

9x10
-6 

ME,P1,6h 

(QR) 

χ
2:2.3x10

-6
 

Y1= 3.9x10
-9 

=0.94 

446 - - - 

ME,P1,22h 

(QR) 

χ
2:5x10

-6
 

Y1= 9.7x10
-9 

=0.89 

1207 - 
- 

- 

ME,Poly,22h 

(QR)Q 

χ
2:2.7x10

-3
 

Y1= 1.5x10
-5 

=0.52 

989 

Y2= 3.6x10
-4 

=0.60 

- - 

ME,Vap,APS 

(QR) 

χ
2:5.4x10

-5
 

Y1= 6.8x10
-11 

=0.94 

2.1x10
5 

- - - 

 

To ensure the abundant availability of doping anions from the electrolyte [192] and to 

investigate the effects of PANI deposition site on the charge transport processes of the 

composite membranes, EIS was also conducted in the electrolyte bathing condition. In this 

configuration, the membranes were interposed between the two compartments of a 

permeation cell. Two Pt wire electrodes were used for the supply of an electrical potential 

perturbation and simultaneously measuring the resultant current. The electrodes were directly 

attached to opposite sides of the membrane to minimize the effects of interfacial charge 

transfer polarization. Similar to the two gold electrodes configuration, these schematics also 

exchange electronic charge at the interface whereas electrolyte ions also ingress/outgress 

freely from both sides of the membranes. 
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The Nyquist plots of unmodified ME and  PANI composite membranes bathed with 1M HCl 

are shown in Figure 5.15 along with the fitted curves of the appropriate equivalent circuits 

(discussed in the following).  

The Nyquist plots of the various composite membranes show significant influence of PANI 

deposition site and extent on the charge transport properties of the membranes. Unmodified 

ME shows impedance resolution at the low frequency indicating a dominant diffusionally 

controlled transport process. The electrochemical processes can be modelled by an equivalent 

circuit comprises two R-C elements with an added Warburg resistance (Figure 5.11). A high 

frequency resistance (R0) was added to the circuit of Figure 5.11 to account for the 

uncompensated resistance of the electrolyte. Furthermore, the composite membrane 

synthesized by the solution-phase polymerization for comparatively shorter time (i.e. 6 h) has 

been modelled by fitting the same equivalent circuit as fitted for unmodified ME membrane 

(Figure 5.11). The low level of PANI deposition in this case shows the similar 

electrochemical properties as that of the unmodified membrane. The results are given in 

Table 5.3. The comparatively lower resistances in the both cases (~12 ohm) represents ionic 

resistance in the pores with a typical double layer capacitance in the range of 10
-4 

F [76]. 

Similarly, the admittance of CPE2 and high charge transfer resistance along with the low 

value of Warburg admittance (YW) indicate highly hindered electronic and ionic charge 

transfer at the interface and in the bulk membrane. 

The increase in PANI deposition level by 22 h solution-phase deposition imparts significant 

changes to the electrochemical properties as compared to that of 6 h polymerization (Figure 

5.15 and Table 5.3). The Nyquist plot shows a kinetic-diffusion type process that can be 

modelled by the same equivalent circuit as used for 6 h solution-phase polymerization. The 

similar resistance value of the bulk membrane (R1) may be attributed to the ionic resistance in 

the pores. This explanation is also supported by the presence of a lower charge transfer 

resistance at the interface (R2). This implies that the presence of a substantial amount of 

PANI in the composite membrane may change the resistance levels of the charge transport in 

the membranes.  
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(d) 

 

(e) 
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(g) 

 

Figure 5.15: EIS spectra of PANI-ME composite membranes bathed with 1M HCl  (a) bare 

ME (b) ME,P1,2h (c) ME,P1,6h (d) ME,P1,22h (e) ME,Poly,6h (f) ME,Poly,22h  and (g) 

ME,Vap,APS. 
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Table 5.3: The parameters of equivalent circuits fitted on EIS data of HCl-bathed membranes 

in a two-compartment cell 

Membrane/ 

Figure 

reference 

EC Model 

Ro 

ohm 

CPE1 

(S.s

) 

R1 

ohm 

CPE2 

(S.s

) 

R2 

ohm 

W

(S.s


)

ME, 

unmodified 

(Figure 5.15a) 

R(QR)(Q(RW)) 

χ
2
:9x10

-4 

 

2.5 

Y1= 

3.1x10
-4 

=0.62 

14.8 

Y2= 

1.2x10
-5 

=0.92 

8.7x10
4 

4.7x10
-5 

ME,P1,2h 

(Figure 5.15b) 

R(QR)(QR) 

χ
2
:2.2x10

-4
 

2.1 

Y1= 

5.6x10
-4 

=0.52 

110 

Y2= 

5.9x10
-3 

=0.76 

184 - 

ME,P1,6h 

(Figure 5.15c) 

R(QR)(QR) 

χ
2
:1.4x10

-3
 

2.7 

Y1= 

1.9x10
-3 

=0.47 

25.2 

Y2= 0.033 

=0.90 

20.3 - 

ME,P1,22h 

(Figure 5.15d) 

R(QR)(QR) 

χ
2
:2.4x10

-4
 

2.2 

Y1= 

2.8x10
-4 

=0.58 

10.3 

Y2= 0.11
 

=0.62 

9.9 - 

ME,Poly,6h 

(Figure 5.15 e) 

R(QR)(Q(RW)) 

χ
2
:8x10

-4
 

2.7 

Y1= 

3.0x10
-4 

=0.63 

12.8 

Y2= 

3.7x10
-5 

=0.82 

1.2x10
4 

1.6x10
-4 

ME,Poly,22h 

(Figure 5.15f) 

R(QR)(Q(RW)) 

χ
2
:1.8x10

-4
 

3.7 

Y1= 

2.9x10
-5 

=1.0 

60.2 

Y2= 

2.4x10
-4 

=0.55 

3.8x10
3 

5.2x10
-4 

ME,Vap,APS 

(Figure 5.15g) 

R(QR)W 

χ
2
:7x10

-4
 

2.4 

Y1= 

1.1x10
-4 

=0.68 

27.2 - -
 

3.3x10
-3 
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Intercalation of doped PANI in the base ME membrane by the two-compartment cell 

polymerization significantly changes the shape of the EIS curve. Two clearly resolved 

semicircles have emerged with about three orders of magnitude lower resistance compared to 

that of the unmodified membrane. The semicircle at high frequencies indicates that the charge 

transport in the bulk membrane that is mainly controlled by the charge transfer reaction in the 

pores. This process involves an electronic resistance of the charge transfer reaction at the 

pore walls and a double layer capacitance of the pore electrolyte. The high admittance values 

(e.g. 1.9x10
-3

 F for 6 h polymerization) support this interpretation in terms of the double layer 

charging inside the pores. However, this value is much higher than that of a simple flat plate 

capacitor [76]. The progressive decrease in the resistance values at prolonged 

polymerizations in the two-compartment cell also indicates a decrease in the charge transfer 

resistance of the bulk membrane. The low frequency semicircle shows diffusionally 

controlled processes but with low resistance and high admittance (up to 0.11 F for 22 h 

polymerization) values. The significantly higher admittance values as compared to that of the 

unmodified membranes indicate the contribution of charge transfer through PANI redox 

reactions in addition to the double layer charging. A several orders of magnitude decrease in 

the resistance by increasing the polymerization time also indicates the fast charge transfer 

reaction at the surface in the presence of PANI. Alternatively, this may represent highly 

conductive PANI phase in the membrane bulk.  The charge transfer involves anion diffusion 

in the doped PANI either at the surface or inside the membrane bulk. As the polymerization 

time increased in the two-compartment cell polymerization, the charge transfer resistance 

decreased and admittance increased depending on PANI content in the membrane. 

The composite membrane synthesized by the vapour-phase polymerization shows semicircles 

at high and low frequencies. An R-C element at high frequencies has been used to model the 

charge transport process in the bulk membrane. The low frequency process shows a 45
o
 rise 

that can be modelled by a Warburg resistance (Figure 5.16). The Warburg element shows a 

pure diffusive transport and in the case of a compact PANI layer at the surface, it can be 

attributed to the ionic diffusion in the membrane.    
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Figure 5.16: The equivalent circuit representing the EIS behaviour of HCl bathed PANI 

composite membrane synthesized by the vapour phase polymerization. 

The Nyquist plots of undoped PANI composite membranes (Appendix B) show charge 

transport processes controlled by the ionic diffusion in the membrane phase irrespective of 

the employed polymerization techniques. These spectra can be interpreted in terms of a high 

electronic resistance that originates from the adsorption resistance at the membrane/electrode 

interface. The EIS data were fitted with R(QR) type modified Randles circuit and the 

parameters obtained by curve fitting are shown in Table 5.4. These membranes showed 

relaxation time ~0.6 s that is the characteristic of long-range diffusionally controlled 

processes in the bulk membrane. The admittance values in the range of 5-7 F show double 

layer charging at the membrane/electrode interface [76]. 

 

Table 5.4: Equivalent circuit parameters for PANI composite membranes bathed with 1M 

CaCl2  in the two-compartment cell 

Membrane R0 

Ohm 

Y1 

S-s
α 

 R1 

Ohm 

ME, bare 16.1 6.9x10
-6 

0.81 9.1x10
5 

ME,P1,2h 7.3 8.2x10
-6 

0.82 5.0x10
5 

ME,P1,6h 23.2 5.7x10
-6 

0.78 1.9x10
5 

ME,P1,22h 11.3 4.3x10
-6 

0.79 1.9x10
5 

ME,Poly,6h 13.1 6.9x10
-6 

0.85 6.9x10
5 

ME,Poly,22h 19 5.1x10
-6 

0.83 5.1x10
5 

ME,Vap,APS 13.6 6.8x10
-6 

0.81 2.4x10
5 

R1 

C1 

W 
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5.2.4 Discussion 

The earlier studies on the free-standing membranes comprising intrinsically conducting 

polymers focused on the charge transport mechanism mainly in pristine ICP films. The 

effects of various parameters such as membrane thickness, oxidation state and the nature of 

cations and anions on the electronic and ionic conductivities have been elaborated [69-71, 

180]. The charge transport in the membranes takes place by both electronic (polarons) and 

ionic diffusion which increases with the oxidation state and decreases with the film thickness. 

The association of various cations (e.g. Zn
2+

) with doped PANI by a complex formation 

reaction and size of the diffusing anion affect charge transfer in the membrane. The blending 

of polystyrene sulfonate with polypyrrole converts the latter to a cation-exchanger due to the 

introduction of sulfonate groups in the composite [201]. These composite membranes show 

similar trends of charge transport as that of a pristine polypyrrole film [176] but with cation-

exchange behaviour. The charge transport resistance increased with the electrochemical 

reduction of polypyrrole at lower electrical potentials and increased by increasing the 

membrane thickness.  

In addition to the above-mentioned studies pertaining to the charge transport mechanisms of 

ICP films, EIS studies of PANI aiming at the membrane applications have also been 

elaborated. To employ PANI membrane as a polymer electrolyte in fuel cell technology, the 

proton conductivity and diffusion of halide (Cl
-
) ions were evaluated by EIS [78]. The 

diffusion coefficient of Cl
-
 was evaluated from a Warburg coefficient that models the low 

frequency impedance dispersion. These membranes showed higher values of halide diffusion 

coefficients (Warburg coefficient = 473 ohm.s
-0.5

) as compared to that of Nafion
®

.  However, 

the depletion of Cl
-
 in the membrane during the operation of the fuel cell remained a problem. 

Ionic diffusion of PANI membrane as the function of PANI doping state was studied by using 

EIS [76]. Many orders of magnitude high (~10
6
 ohm) and low resistance (~3.0 ohm) values in 

doped and undoped PANI states, respectively, evidence the charge transport process 

controlled by the ionic diffusion in the membrane. The several orders of magnitude variation 

in the capacitance values of the membranes (10
-9

 F versus 0.5 F) also support this 

observation. The doping anion is transported through the redox reactions in doped PANI that 

results in a high capacitance value of the membrane. The effects of PANI intercalation in the 

conventional cation-exchange membrane on the protonic conductivity was elaborated [111]. 

Effects of PANI doping/undoping on the ionic transport were studied by fitting various 
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equivalent circuit models on the EIS data. Positively charged (doped) PANI decreased the 

protonic conductivity of the base ion exchange membrane significantly due to its interaction 

with the anionic fixed charges (sulfonate moieties) of the membrane. In another study, the 

effects of the incorporation of undoped PANI nanofibres on the ionic conduction of a 

polymer electrolyte membrane were investigated by using EIS [97]. These studies showed 

that PANI nanofibres modified the morphology of nanopores of the base membrane and 

hence enhanced the ionic diffusion through the membrane. However, beyond a certain 

threshold concentration of nanofibres, the opposite trends were observed due to the cluster 

formation of PANI nanofibres.  

To the best of the author‘s knowledge, the effects of various in situ PANI deposition 

techniques on the charge transport characteristics of PANI composite membranes have not 

been presented so far in the literature. The equivalent circuit modelling of EIS data of the 

membranes synthesized using solution-phase, vapour-phase and two-compartment cell 

polymerizations  (Table 5.1-5.4) revealed significant effects of PANI deposition site, extent 

and doping state on the charge transport properties of the composite membranes. PANI 

composite membranes synthesized by relatively shorter polymerization time (< 6 h) showed 

highly scattered EIS data with the large resistance values when soaked in HCl and tested 

without electrolyte bathing. This may be explained in terms of an inadequate retention of the 

electrolyte that increased the resistance of PANI in the membrane. In the case of water-

soaked membranes, the probable swelling of cellulose ester at high pH could have retained 

sufficient electrolyte to give smooth EIS curves but with high resistance values [202]. To 

overcome the issue of electrolyte soaking, the membranes were also tested in a two-

compartment cell bathing with the electrolyte. The metal/membrane/metal configuration was 

used to achieve a swift electronic charge transfer at the interface that helped in a better 

elaboration of the electronic and ionic transport processes in the bulk membrane [111, 192]. 

For HCl-soaked membranes in metal/membrane/metal configuration, ME,Poly,22h and ME, 

Vap, APS show high resistance levels (~10
4
 ohm) due to small PANI deposition level mainly 

at the membrane surface. ME,Poly,22h show diffusionally controlled charge transfer 

processes. However, the higher capacitance value (~10
-4

 S.s
-0.5

 versus ~10
-9

 S.s
-0.5

 for vapour-

phase modified membranes) for the surface charge transfer indicates an interfacial charge 

transfer through PANI redox transitions. ME,Vap,APS showed control of the charge transport 

in the bulk membrane but the high resistance (~10
4
 ohm) and low admittance (10

-9
 S.s

-0.5
) 

values that indicate a highly hindered charge transport. On contrary, ME,P1,22h shows bulk 
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membrane control in the charge transport with an order of magnitude higher capacitance 

(~10
-4

 S.s
-0.5

) that emphasizes the involvement of PANI in the charge transport mechanism. 

The absence of the low frequency semicircle in the case of the two-compartment cell and 

vapour-phase polymerizations indicates a swift interfacial charge transfer due to almost 

complete PANI layering on the membrane surface. 

Water-soaked PANI composite membranes show high resistance values due to the presence 

of undoped PANI inside the membranes. Vapour-phase (ME,Vap,APS) and the two-

compartment cell polymerization (ME,P1,6h and ME,P1,22h) show the charge transport 

control in the bulk membrane that indicates a small charge transfer resistance at the 

membranes surface. Bare ME and the membranes synthesized by the solution-phase 

polymerization (ME,Poly,22h) show diffusionally controlled charge transfer at the 

membrane/electrode interface. Undoped PANI membranes show 3-4 orders of magnitude 

higher resistance as compared to that of doped PANI composite membranes. These values are 

significantly higher than that of undoped pristine PANI (~10
6
 ohm [76]). The possible reason 

may be the dipping the membranes in Milli-Q water (pH 5-6) might not fully undope PANI 

inside the membranes.  

Bathing the membranes with the electrolyte solution changes the conditions at the 

membrane/electrode interface and ensures the abundance of the doping anions in the 

membranes. The acid (HCl) doping clearly shows the effects of PANI deposition site on the 

electrochemical characteristics of the membranes. The unmodified ME and the composite 

membranes synthesized by the solution-phase and vapour-phase polymerizations showed 

diffusionally controlled transport processes [70, 167]. The high resistance (Table 5.3, 10
3
-10

4
 

ohm) and low admittance (10
-5

-10
-4

 S.s

) values showed that these membranes are in their 

insulating state (due to the low level of PANI deposition mainly at the surface) and dominant 

charge transport mechanism is ionic diffusion.  In contrast, PANI deposition inside the pores 

of the base membrane from the two-compartment cell polymerization shifts the control from 

the ionic diffusion to the charge transfer reaction in the membrane bulk. PANI deposition 

inside the pores of the base membrane significantly decreases the resistance levels up to 3-4 

orders of magnitude. It implies that not only the PANI intercalation level but also the 

deposition site (on the pore walls of the membrane) determines the mechanism and extent of 

the electrochemical charge transport processes.  
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The low resistance values represent electronic nature of the membranes whereas the high 

admittance (up to 0.11 S.s

) values represent a highly charged double layer involved in the 

bulk transport processes. The exceptionally high admittance values show pseudocapacitance 

of PANI in the membranes which results from the redox transition of PANI by the 

incorporation of doping anion (capacitance ≈ 0.5 F [76]). The progressive increase in the 

pseudocapacitance of the membranes and decrease in the charge transfer resistance with the 

polymerization time in the two-compartment cell clearly shows charge transport involving 

PANI-coated strands of the membrane along with the double layer charging of the pore 

electrolyte. 

In view of the above-mentioned discussion, the composite membranes synthesized by using 

the two-compartment cell polymerization may be used for an effective permeation control in 

various membrane separation applications. By either applying an electrical potential or 

through doping/undoping switching, permeation of the electrolyte through PANI-coated 

pores can be effectively controlled. Because doping anions take part in redox transitions 

during the charge transport processes, the selectivity can be controlled by changing the 

polarity and/or the electrostatic charge density of the electrolyte ions. The porous nature of 

the membrane guarantees high permeation flux that is a major limitation of the conventional 

homogenous (dense) membranes. 
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5.3 Membrane Potential and Transport Numbers of PANI Composite 

Membranes 

When an ion exchange membrane either containing embedded charged functionalities (i.e. 

conventional ion exchange membranes) or a charge on the polymeric chains (e.g. doped 

PANI) separates an electrolyte solution of different concentrations on both sides, an electrical 

potential is developed due to the passage of only counter-ions through the membrane. In fact, 

due to the passage of counter-ions and blockage of the co-ions, one side of the membrane 

(higher concentration side) becomes depleted in the counter-ions whereas the opposite side 

becomes richer in the counter-ions. This difference in the concentration of charged species on 

both sides generates a membrane potential [165]. This electrochemical potential is the result 

of three distinctive potentials in the system: two Donnan potentials (due to the exclusion of 

co-ions) at both interfaces and a diffusion potential through the membrane [203]. When the 

concentration of the fixed charges in the membrane is much smaller compared to the 

electrolyte concentration, the Donnan potential can be neglected and the electrochemical 

potential depends only on the concentration difference across the membrane [203]. In this 

case, the following mathematical expression for the potential difference across the membrane 

can be derived from Nernst equation, 

    
2

1ln
c

c

F

RT

z

t

z

t
V

co

m
co

coun

m
coun












             (5.33) 

where V is the electrochemical potential (V) and c1 and c2 are the electrolyte concentrations 

(mol/L) across the membrane, respectively; R,T,F are gas law constant, absolute temperature 

and Faraday‘s constant, respectively.  zcoun and zco are the valence numbers of the ions and t
m

 

is the membrane transport number where subscripts coun and co specify the counter- and co- 

ions. The transport number obeys the electroneutrality principle i.e.,  

                                     1 m
co

m
coun tt                         (5.34)

 

For a 1:1 electrolyte such as HCl, Equation (5.33) can be written as (by using Equation 

(5.34)). 
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If the membrane potential (V) is plotted against ln c1/c2, the slope of a fitted straight line 

gives the transport number of the counter ions through the membrane. 

Membrane potential and transport number measurements have been used for pristine ICP and 

ICP composite membranes to characterize the effects of ICP oxidation state or the 

intercalation levels on the transport of various ions through the membrane. Ehrenbeck and 

Juttner [188, 189] evaluated the transport numbers of K
+
 and Cl

-
 for electrochemically 

synthesized polypyrrole membranes. For small molecule dopants, the positively charged 

membrane acted as an anion exchange membrane with tcl-=0.92. Doping of the membrane 

with dodecylsulfonate originated cation-permselectivity with tK=0.88. More recently, the 

transport number of NO3
-
 through an oxidized polypyrrole was measured (tNO3=0.94) [203]. 

The oxidized polypyrrole film behaved as an anion-exchange membrane due to the presence 

of positively charged molecular chains in the oxidized form. In addition to pristine ICP 

membranes, the transport numbers for ICP composite membranes were also studied. The 

transport number of proton (H
+
) through a

 
cation-exchange sulfonated poly(ether-ether 

ketone) (SPEEK) membrane was measured and the effect of PANI incorporation on the 

transport numbers was investigated [118]. Unmodified SPEEK showed H
+
 transport number 

tH=0.96 comparable to that of Nafion
(R)

 indicating high permselectivity for the protons due to 

the presence of sulfonate fixed groups. Incorporation of positively charged PANI decreased 

the H
+ 

transport number due to the interaction of PANI with sulfonate groups hence 

decreasing the ion exchange capacity of the SPEEK membrane. Compan et al. [111] 

measured the membrane potential of perflourinated cation-exchange membranes with or 

without PANI. The base membrane was modified by in situ chemical polymerization where 

PANI was deposited mainly as a surface layer on the membrane. Three different electrolytes 

with common anion (HCl, NaCl and KCl) were employed to investigate the effect of cation 

size on the transport properties of the membranes. Transport number of Cl
-
 in polypyrrole-

polyethylene composite membranes were determined where polypyrrole was layered on the 

surface of the microporous polyethylene membrane by in situ chemical polymerization of 

pyrrole [204]. The composite membranes showed a high transport number (0.903) at about 

10% PPY content in the membrane and the transport numbers increased up to 0.985 with 48 

% PPY content in the membranes. 

In this thesis, membrane potentials have been measured by using a two-compartment cell 

where the membranes (area: 1.7 cm
2
) were exposed to the ionic flux between the two 
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compartments of a permeation cell. The concentration of the electrolyte (either HCl or CaCl2) 

was kept constant (1M) in one compartment whereas it was varied (1.0-0.001M) in the other 

compartment of the cell. Polarization curves were obtained by traversing the electrical 

potential between -1000 to +1000 mV and the resultant current density was recorded. The 

membrane potentials were obtained from the polarization curves at i (current density) = 0 A, 

i.e. at the zero current condition by fitting the straight line to the data points.  

PANI composite membranes showed different behaviour in HCl and CaCl2 due to the 

difference in the doping state. In HCl, the membranes showed negative potential in the range 

of 0-160 mV. However, in the case of CaCl2 the potential was positive initially and then 

became negative but the values remained small (close to zero) even at the maximum 

concentration difference (~20 mV). This clearly shows the anion exchange behaviour of 

PANI composite membranes in HCl due to PANI doping state [72]. The membrane potentials 

as a function of ln(c2/c1) in are shown in Figure 5.17. As shown in the figure, the membrane 

potentials deviate from the linear relationship with ln(c1/c2) at higher concentration ratios. 

The same trend was also observed in the earlier studies [188, 189, 203]. Ariza and Otero 

[203] attributed this to the effect of a strong Donnan exclusion at the high concentration 

ratios. Hijnen and Smit [205] presented a detailed analysis of the membrane potential of a 

weak cation-exchange membranes prepared by the modification of porous cellulose acetate 

membranes with long-chain polyacids. The development of a stagnant film adjacent to the 

membrane surface in the unstirred electrolyte systems establishes a potential difference in 

addition to that arising from the diffusion in the membrane phase. This leads to the decreased 

concentration difference across the membrane as compared to that of the bulk electrolyte and 

results in decreased membrane potentials.  
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Figure 5.17: Membrane potential versus ln(c1/c2)(legend shown in the figure). 

The transport numbers of HCl-soaked membranes were calculated from the linear part of the 

curves and the results are given in Table 5.5.  The % permselectivities have also been shown  

(columns 3 & 4) which are defined as the following based on the transport numbers [204], 
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100(%)                       (5.36) 

where t
m
 is the transport number of the counter-ion in the solution (or in bare ME). 

Unmodified ME has a transport number 0.75 which can be attributed to the weak cation- 

exchangeability of the cellulose ester [206]. However this counter-ion transport number may 

be attributed to the porous nature of the membrane where a ―leak‘ of the counter ion (H
+
) is 

significantly high. The deposition of PANI in the base membrane increased transport number 

significantly which can be explained in terms of the strong ion exchange effects of doped 

PANI in the membrane. PANI has strong H
+
 exchangeability coupled with anion transport in 

the same direction [72]. Various deposition techniques of PANI on the base membrane affect 

the transport number as slightly higher values have been shown for the composite membranes 

synthesized by the two-compartment cell polymerization as compared to the solution-phase 

synthesized membranes. This difference can be attributed to the PANI deposition inside the 
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pores of the base membrane that increased the PANI deposition content, as well. However, 

the transport numbers decreased slightly at the prolonged aniline polymerization in the both 

techniques probably due to the degradation of PANI layer at the surface. ME,Vap,APS shows 

higher transport number as compared to that of the other membranes. This may be explained 

in terms of a more uniform and compact surface PANI layer that screens co-ions more 

effectively as compared to the other composite membranes. The thick surface layer as 

indicated by 19.5 % PANI content compared to 12.6% from the solution-phase 

polymerization may also contribute towards the higher permselectivity. However, the exact 

explanation of this phenomenon requires further investigation. 

The PANI composite membranes show higher H
+
 selectivity as compared to the weak cation-

exchangeability of cellulose ester membrane. In addition, the higher membrane potentials in 

HCl solution as compared to the lower values in CaCl2 (pH~12) clearly indicate a strong 

proton permselectivity. However, this technique could not clearly measure the effects of 

various PANI deposition sites and extent on H
+

 permselectivity of the membranes. This may 

be attributed to the pronounced H
+
 selectivity of ICPs even at the comparatively smaller 

content within the membrane as also shown by the earlier studies on PPY-polyethylene 

membranes [204]. In addition, this technique itself may have the measurement limitations due 

to the strong polarization effects at the membrane surface and at the surface of Ag/AgCl 

electrodes.    
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Table 5.5:  Transport numbers and permselectivities of PANI composite membranes in 1M 

HCl 

Membrane tH
+ 

Permselectivity (H
+
) 

based on  water solution 

,% 

Permselectivity 

(H
+
) based on bare 

ME,% 

Unmodified ME 0.75 - - 

ME,P1,6h 0.86 22.2 44.0 

 ME,P1,22h 0.85 17.0 40.0 

ME, Vap, APS 0.91 50.0 64.0 

ME,Poly,6h 0.84 11.1 36.0 

ME,Poly,22h 0.83 6.0 32.0 
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Chapter Six 

Conclusions and Potential Applications of the Membranes 

6.1 Conclusions 

The Contemporary Research 

Membranes based on intrinsically conducting polyaniline have been synthesized and 

employed in various separation processes such as gas separation, pervaporation, 

nanofiltration, electrodialysis and fuel cell technology (see section 2.4 for references). 

Polyaniline (PANI) composite membranes have been developed to overcome the poor 

mechanical properties and loss of short-chain doping anions due to their leach out from the 

pristine PANI membranes in pervaporation and nanofiltration processes [63, 82-87]. 

Improvements in the selectivity and permeation rate have been achieved in PANI composite 

membrane primarily due to:  

 Increase in the hydrophilicity of the composite by the doped PANI that enhanced the 

water permeation in pervaporation. 

 Utilization of the change in PANI morphology that results from the redox switching 

and/or doping/undoping. The void fraction of the composite membrane depends on 

the morphology of the PANI layer.  

 Interaction of PANI with acids to improve the selectivity in pervaporation. 

Ion exchange membranes have also been modified with PANI by in situ oxidative 

polymerization and permselectivity studies were conducted [e.g., 107-122]. PANI influenced 

the permselectivity of the base membrane by the exclusion of counter-ions and electrostatic 

interaction with the positively or negatively charged PANI (short- or long-chain immobilized 

dopants) depending on the charge of the permeating ions. PANI deposition site was varied by 

employing different contacting patterns in the in situ polymerization technique where PANI 

deposition was achieved either as the thin surface layer or in the bulk of the base homogenous 

membrane. PANI deposition site showed significant effects on the permselectivity of the 

composite ion exchange membranes. 
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Focus of the Thesis 

As discussed in Introduction (Chapter One), microporous membranes have been modified to 

achieve high permeation rate at a reasonable selectivity among the permeating ions. Micro-

sized pores of these membranes are modified by depositing long-chain amino acids that are 

ionizeable and assume different conformations depending on the surrounding pH. This in-

pore deposition shows an effective control on the membrane selectivity. To achieve a highly 

permeable membrane for electrochemical based separation, electroactive PANI was deposited 

on the surface or inside the pores of the base microporous membranes in the present research. 

PANI deposition on the pore walls of the base membrane in such a manner that the deposition 

process should not block the ion transport through the pores yields a membrane with high 

permeability in the electrochemical separation process. The presence of positively charged 

PANI layers on the pore walls influences the charging extent of the electrolyte double layer 

inside the pores that controls the permselectivity of the permeated ions. Contrary to the 

polyaminoacids deposited membranes where selectivity was achieved through the steric 

hindrance in the pores, permselectivity in the present research is achieved by the 

electrochemical interactions with the permeated ions. In earlier studies [19, 20, 28], PANI 

layering at the surface of the base microporous membrane has been trialled for enhanced 

permeation and selectivity in diffusional flow processes.  However, a detailed and systematic 

account on PANI deposition and permeation properties has not been given to date. In this 

thesis, a systematic study on the effects of the various in situ polymerization techniques on 

PANI deposition site, extent and oxidation/doping state in the base microporous cellulose 

ester membranes has been presented. Detailed SEM, FTIR and XPS studies on the effects of 

various polymerization techniques on PANI deposition site and extent in the microporous 

base membrane has been presented. These studies show a strong dependence of PANI 

layering at the surface and its extent on the polymerization techniques and conditions. 

Similarly, the effects of PANI deposition site and extent on charge transport processes of the 

composite membranes by electrochemical impedance spectroscopy (EIS) have been 

elaborated first time in the literature. 

Effects of the Synthesis Techniques on PANI Deposition Site and Extent 

Mixed cellulose ester (ME) microporous membranes were modified by depositing PANI by 

using various in situ chemical oxidative polymerization techniques. One of the major 

objectives of the research was to evaluate the effects of various techniques and conditions on 
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PANI deposition site, extent and oxidation/doping states in the base membrane. SEM 

micrographs of the composite membranes revealed that PANI was deposited on the surface of 

the base membranes in the solution-phase and vapour-phase polymerizations whereas in-pore 

deposition was achieved by the two-compartment cell polymerization. In the latter technique, 

PANI was layered on the skeleton strands of the base membrane without blocking the pores 

along with some surface deposition as well. PANI intercalation extent in the base membrane 

was measured by the gravimetric technique. The solution-phase and vapour-phase 

polymerization yielded lower intercalation levels as compared to the two-compartment cell 

polymerization. This also confirmed in-pore PANI deposition in the base membrane. FTIR-

ATR characterization showed the presence of PANI in its emeraldine salt state from all the 

polymerization techniques. In addition to the FTIR characterization, PANI composite 

membranes were characterized by x-ray photoelectron spectroscopy (XPS) to quantify the 

PANI deposition extent and its oxidation and doping states. The characterization results 

showed that the solution-phase polymerization yielded composite membranes with 

incomplete PANI layering at the surface that improved at prolonged polymerization. Vapour-

phase polymerization yielded compact PANI layer that almost completely covered the 

surface. The two-compartment cell polymerization also showed time-dependent surface 

coating and almost a complete surface coverage at prolonged polymerization. In addition, 

asymmetric deposition on the both faces of the base membrane was observed where PANI 

was deposited in the greater extent on the monomer (aniline) facing side of the membrane as 

compared to the oxidant (FeCl3) facing side. An analysis of the diaphragmatic polymerization 

in the two-compartment cell revealed the role of weak cation-exchange mixed ester 

membrane that controlled PANI deposition site. The type of the oxidant also played 

important role due to the polarity of the oxidizing species (S2O8
2-

 versus Fe
3+

) and their effect 

on  oxidation rate (S2O8
2-

 >> Fe
3+

).  

To elucidate the effects of PANI deposition site and extent on the electronic conductivity of 

the membranes, surface and trans-membrane (through) conductivity of dry composite 

membranes were measured by four-point micro probe and two-point probe techniques, 

respectively. The electrical conductivity values were orientation-dependent and clearly 

showed the effects of in-pore or surface deposition.  
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6.1.1 Surface Characterization of the Composite Membranes 

Surface characterization of the composite membranes has been emphasized due to the role of 

the surface related phenomena in the electrochemical performance of the membranes. Ionic 

charge from the electrolyte solution is converted, partially in the case of PANI, to the 

electronic charge by the surface reaction. XPS was used to study the surface chemistry of the 

membranes. PANI deposition levels on the surface of the membrane, oxidation state, doping 

levels and PANI degradation (via hydrolysis reaction) were studied by analysing the core 

level C 1s, N 1s, Cl 2p and O 1s spectra, respectively. N 1s spectra of the composite 

membranes showed that PANI deposited in emeraldine state doped with Cl
-
 from the 

polymerization reaction. Surface deposition levels were polymerization technique and time 

dependent. XPS spectra showed same trends of PANI deposition as shown by FTIR 

spectroscopy and PANI intercalation levels by the gravimetric measurements. PANI 

deposition levels were evaluated by comparing the area of the component peaks representing 

organic nitrogen (i.e. PANI) to that arising from inorganic nitrogen (nitrate ester). Uniform 

PANI layering at the surface was evidenced in the two-compartment cell and vapour-phase 

polymerizations as compared to the solution-phase polymerization. Doping levels were 

evaluated in terms of Cl
-
/N

+
 ratio. Prolonged polymerizations in the various techniques 

yielded maximum doping level due to the longer contact with the acid (HCl) solution. In 

addition to doping chloride ions, organic chloride and entrapped HCl also contributed to the 

total chlorine on the membrane. In addition, hydrolytic degradation of PANI to hydroquinone 

and benzoquinone was also indicated for prolonged polymerizations in various techniques. 

6.1.2 Electrochemical Transport Properties of the Membranes 

Electronic and ionic charge transport properties of PANI composite membranes were studied 

by using various electrochemical characterization techniques, which include electrochemical 

impedance spectroscopy (EIS) and transport number measurements from membrane 

potentials. EIS was used for the composite membranes in different doping states and by 

changing electrolyte-bathing conditions. The prime objective of the EIS characterization was 

to investigate the effects of PANI deposition site and extent on charge transport properties of 

the composite membranes. The following conclusions were drawn from the EIS studies of 

PANI composite membranes. 
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1. The overall impedance levels of the membranes depend on PANI deposition levels 

and can be correlated with PANI intercalation percentages measured by the 

gravimetric method (Table 4.1). The charge storage capacitance arises from the 

charge transportation mechanism of PANI and thus the levels depend on the PANI 

intercalation levels, too. 

2. The relaxation process that indicates the limiting step in the overall charge transport 

process of the membrane depends on PANI deposition site and doping state. In-pore 

PANI deposition from the two-compartment cell polymerization showed capacitive 

charging of the electrolyte double layer inside the pores in the case of doped PANI 

state. The charge transport resistance decreased and capacitance increased with the 

polymerization time showing highly electroactive membranes with higher polarisation 

of the pore electrolyte with the increase in the PANI intercalation level. The solution-

phase and vapour-phase polymerization did not show the significant capacitance 

levels for the bulk membrane and the charge transportation mainly takes place in the 

insulating cellulose ester phase. 

3. Surface layering of PANI enhanced anion adsorption at the surface. In the case of 

doped PANI, anion diffusion in the bulk membrane is facilitated by the presence of 

PANI inside the pores from the two-compartment cell polymerization. For the 

solution-phase and the vapour-phase polymerizations, higher diffusional resistances 

were observed. This can be attributed to PANI deposition as a non-uniform layer at 

the surface of the membrane. At high pH, the membrane behaved as a thick 

membrane where ion diffusion processes take place at a slower rate with the 

simultaneous swelling of the cellulose ester phase. 

In addition to the EIS studies, membrane potentials were also measured and the transport 

numbers of counter-ions were evaluated. Doped PANI showed ion exchange behaviour with 

high Cl
-
/H

+ 
selectivity. The positive charge on PANI molecular chains at low pH (in HCl) 

facilitates anion transport coupled with H
+
 transport that result in higher transport numbers 

(~0.86). PANI composite membrane in high pH medium showed weak ion exchange 

behaviour due to the presence of undoped PANI chains in the membranes.  

Based on the electrochemical behaviour of the membranes, it can be concluded that PANI 

deposition site, extent and doping states have significant effects on the electrochemical 

performance of the membranes. PANI deposition inside the pores from the two-compartment 
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cell technique yields composite membranes, which can affect the electrolyte permeation in 

the pores by double layer charging affects (electro-kinetic separation). The permeation rate 

and the selectivity can be controlled by changing the polarisation conditions of the electrolyte 

in the pores. This implies that the permselectivity can be adjusted either by changing the 

dopant anion (mobility, size and polarity) or by applying a direct electrical potential to the 

membrane by taking the advantage of the high electronic conductivity of the composite 

membranes. 

 

6.2 Potential Applications of the Present Research as a New Membrane 

System 

In this research, electroactive polyaniline was deposited either as a surface layer or in the 

pores of the base microporous membrane. The extent surface layering and site of PANI 

deposition depend on the various employed techniques of in situ polymerization of aniline. 

EIS characterization revealed the strong effects of PANI deposition site and extent on the 

charge transport properties of the composite membranes. PANI deposition either by solution-

phase or vapour-phase polymerization yields composite membranes that show diffusionally- 

controlled charge transport processes. However, in-pore PANI deposition from the two-

compartment cell polymerization yields highly electrochemically active composite 

membranes. The charge transport in these membranes takes place by a charge transfer 

reaction that involves the interaction of anions and PANI layer at the pore walls. The high 

capacitance and extremely low resistance of the membranes characterize this charge transfer 

process. The H
+
 selectivity of the membranes over anions (and over cation in the case of 

unmodified ME) has been established by the transfer number measurements. This implies 

that the intercalated PANI interacts electrostatically and electrochemically with the 

permeating ions through the membranes. A high permselectivity between various ions can be 

expected in electrochemical-based applications of these membranes such as in Donnan 

dialysis and electrodialysis. Further, the permselectivity can be controlled by applying an 

electrical potential directly to the PANI composite membrane. Though electrochemically 

modulated transport in various homogenous (dense) ICP membrane has been reported in 

recent past [8, 9, 203], these membranes have certain limitations such as poor mechanical 

properties, low permeation rate due to the dense nature of the membranes etc. In this thesis, 

electroactive PANI was deposited in the base membrane matrix that had a high mechanical 
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integrity. Secondly, in situ chemical polymerization has been used which has a potential of 

scale up to the industrial scale. Thirdly, in spite of being a composite with an insulating 

polymer (ME), these membranes have such a high electrical conductivity that these can give 

an economical electrical current efficiency in electrochemical-based processes such as 

electrodialysis. Above all, the highly porous structure of these membranes ensures high 

permeation rate with a reasonable selectivity level that is controlled by the interaction of ions 

with electroactive PANI in the pores. 

In the membrane separation processes, high selectivity is desirable at the economical 

permeation rate. High permeation rates can be achieved only, for example, by increasing the 

operating pressure in ultra-/nano-filtration processes. In addition to the high operating costs, 

membrane integrity issues may emerge in this case. In this thesis, highly porous membranes 

were developed that have high permeability where selectivity is achieved by the interaction 

of PANI layer with the permeating species in the pores of the membrane. This implies that if 

these membranes are employed in pressure diffusion processes, much lower operating 

pressures (< 1.0 bar) as compared to that of the conventional processes (up to ~200 bar) 

would be required. On the other hand, due to their high ionic and electronic conductivities, 

these composite membranes can also be employed in electrodialysis process. There are many 

aspects of the membrane processes involving functional membranes that can be investigated 

by using the composite membrane developed in this research. For example, due to anion 

exchangeability of doped PANI, heavy metal anions (e.g. chromates) can be separated from 

water or from a mixture of various anions. Similarly, the separation of various acid anions 

(Cl
-
, HSO4

2-
) from an acid mixture (e.g. waster acid) can be studied. In another application, 

the recovery of metal cations (Cu
2+

, Zn
2+

, Cr3
+
) from the waste water of chemical etching and 

electroplating industries can be trialled. Extending this cation rejection capability of PANI 

composite membrane, direct desalination studies of water or cheese whey can be conducted 

in an electrodialysis cell. In this context, another aspect of functional PANI that can be 

utilized in the membrane separation is the probable complex formation capability with 

metals. Novel metal scavengers (sorbents [207]) can be developed or existing absorbents can 

be modified to improve their sorption capability. 

The PANI deposition by in situ chemical polymerization eliminates the need of special 

treatment step of a membrane template that is required in other polymerization techniques 

such as metal sputtering prior to electrochemical polymerization. This implies that PANI can 

be easily and economically deposited inside the various templates (polymeric and non-
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polymeric, as well) up to any desired extent. Inert base membranes can be modified for the 

subsequent applications in organic solvent filtration. Because the separation in these 

membrane systems is based on the electrostatic and electrochemical interactions, only 

functional solvents can be separated. 

Another exciting area particular to the membranes developed in this research is the 

application in the fuel cell technology. As mentioned earlier, this technology is currently 

facing some key challenges such as to achieve high proton conductivity of the polymer 

electrolyte, loss in proton conductivity at high temperature and low humidity conditions etc. 

PANI composite membranes can easily be converted to cation-exchange membranes by 

immobilizing a long-chain polymeric anion (e.g. polysulfonates). In the two-compartment 

cell polymerization, PANI deposition content higher than 50 % (w/w) could be achieved due 

to the in-pore deposition in the membrane. By carefully selecting the base membrane and the 

polymerization conditions, a highly proton conductive composite membrane can be 

developed and trialled as an electrolyte for various fuel cell applications.  

Water-immiscible macromolecules (e.g. oils) are emulsified and filtered through the 

microporous membranes by cross-flow filtration operation. The developed porous 

membranes can be employed in these processes as well for the treatment of oil-water 

mixtures from industrial wastes. 
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Appendix A 

Degradation of Cellulose ester Membranes under X-ray 

Irradiation and Effects of HCl Treatment on the Structure 

C 1s and N 1s spectra of mixed cellulose ester (ME) membranes are deconvoluted according 

to the structure of the membranes (Figure A1).   

 

    

(a)             (b) 

Figure A1.  (a) Cellulose acetate and (b) cellulose nitrate structures. 

The C 1s composite peak of the bare membrane was resolved into five sub-peaks (Figure 

A2.a), namely,  285.4 eV (C1, Figure A1.a), 286.7 eV (C2, Figure A1.b), 287.7 eV (C3, 

Figure A1.b), 288.9eV(C4, Figure A1.a and b) and 290.4 (C5, Figure A1.a). The N 1s 

spectrum was resolved into ~ 401 eV (organic nitrogen, see the subsequent discussion), 405.7 

eV (NO2) and ≥ 408 eV (ONO2) (Figure A2.a) [208]. High BE peaks in N 1s spectra indicate 

the presence of radical species which might result from x-ray induced degradation effects, 

Fowler and Munro [155]. The appearance of an organic peak at ~ 401 eV may be interpreted 

in the light of well known degradation phenomena of cellulose nitrate under x-rays irradiation 

[160, 208]. It was proposed that under the action of x-rays, the nitrate ester groups might be 

transformed into an oxime (C=NOH) functionality via a free radical initiated process [155]. 

To investigate this transformation, ME membrane which had been scanned once under XPS, 

was scanned a second time for survey and core level spectra. The deconvoluted spectra are 

shown in Figure A2.b. The C 1s composite peak shows a more pronounced low BE peak and 

broadening at higher BE as compared to the single scanned C 1s peak (Figure A2.a). The 

component peak at 286.7 eV arises probably due to C-N bonds in addition to the (O-)C-C 

bonds in the ME compound and becomes more pronounced in the case of the second XPS 
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scan (Table A1). The decrease in the C-ONO2 peak shows loss of nitrate functionality 

whereas an increase in C=O groups (appearance of additional 289.8 eV peak) suggests 

cellulose ring scission and formation of an oxime functionality [155]. The N 1s shows more 

pronounced organic nitrogen peaks around 401-404 eV as compared to N 1s of single 

scanned membrane. The quantification results are shown in Table A1 with the relevant peak 

assignments.  

  

(a) 

 

(b) 

 

Figure A2: C 1s and N 1s spectra of ME membranes (a) first scan and (b) second scan. 
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Table A1.  Quantification results of C 1s and N 1s of unmodified ME membrane (At.%) 

Membrane 

Identity 

C 1s N 1s 

285.4 

C-H 

286.7 

O-C-C 

/ C-N 

287.7 

C-O-

NO2 

288.8 

O-C-O 

289.8 

C=O 

290.4 

O-

C=O 

401.3 

Organic 

N 

405.7 

NO2 

>408 

(ONO2) 

ME, 1st scan 21 6 44 22 - 7 4 5 91 

ME, 2nd scan 28 23 19 17 8 5 25 7 68 

 

In the present study, because aniline polymerization has been conducted in HCl solution, it 

was important to determine the effects of acid treatment on bare ME membrane. The core 

level XPS spectra of ME membrane treated with 0.3 M HCl for 6 hours and their 

deconvolution are shown in Figure A3. The C 1s and N 1s spectra appear quite similar to 

those of untreated ME membrane (Figure 2A.a) except for the high BE broadening in the 

both spectra. This may be considered as an unavoidable feature of acid treatment of cellulose 

esters that results from the increased charging content of the ring. Various phenomena such 

as ester hydrolysis and residual entrapment of acid in the bulk (swelling) and pores of ME 

membrane may be taking place in this case without damaging membrane structure 

significantly. 

  

 

Figure A3. C 1s and N 1s spectra of HCl treated ME membrane.
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Appendix B 

Electrochemical Impedance Spectroscopy Spectra of PANI 

Composite Membranes bathed with CaCl2 in the Two-

compartment Cell 

 

 

(ME uncoated) 

 

 

(ME,P1,2h) 
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(ME,P1,6h) 

 

 

(ME,P1,22h) 

 

 

(ME,Poly,6h) 
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(ME,Poly,22h) 

 

 

(ME,VAP,APS) 
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