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2 Literature Review 
2.1 Membrane Separation Process 

A membrane, as a selective barrier between two adjacent phases, separates a feed 

stream into a retentate (or concentrate) and a permeate fraction [17]. Retentate 

consists of solutes that cannot pass through the membrane and permeate consists 

of solutes and solvent that can be transported through the membrane (Fig. 2-1) [18]. 

 

Fig. 2-1 The main stream parameters of membrane separation [18]. 

2.1.1 Membrane Separation Classifications and Modes 

Membrane separation processes are generally categorised into pressure, 

concentration-gradient and electrical potential driven processes based on the 

driving forces. This project will focus on pressure-driven membrane processes, so 

this literature review will focus on these. Pressure-driven membrane processes are 

classified based on their pore size: microfiltration (MF), ultrafiltration, 

nanofiltration, reverse osmosis (RO) and gas separation (GS). Fig. 2-2 shows the 

separation characteristics of four main pressure driven processes such as MF, UF, 

NF and RO [19]. 

 

Fig. 2-2 The characteristics of microfiltration, ultrafiltration, nanofiltration, and reverse osmosis 
[19]. 
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Fig. 2-6 Concentration polarisation on a membrane surface in a cross-flow filtration [44]. 

Membrane fouling is caused by the accumulation of foulants on the membrane 

surface, or within the pores, leading to a long-time flux decline and sometimes also 

to a change in separation characteristics. The main fouling mechanisms include 

adsorption of certain components, pore clogging, cake layer formation, chemical 

interaction between foulants and membrane materials and bacterial growth [2, 29, 43]. 

In general, membrane fouling can be divided into reversible fouling and 

irreversible fouling. Reversible fouling can be removed by physical means such as 

hydraulic cleaning or mechanical cleaning, whereas irreversible fouling can only 

be removed by chemical cleaning.  

Numerous improvements have been developed to prevent or minimise membrane 

fouling, including pre-treatment of feed solution, modifications of membrane 

surface, optimisation of operation conditions as well as membrane cleaning [20, 29, 

43]. Pre-treatment of the feed solution includes chemical precipitation, pre-filtration, 

pH adjustment, adsorption onto activated carbon, chlorination or addition of 

complex agents [46]. Incorporating hydrophilic moieties or charged groups into the 

membrane surface is an effective approach to develop anti-fouling membranes. 

The optimisation of operation conditions, such as enhancing feed flow velocities 

or shear rate on the membrane surface, are capable of reducing fouling. Membrane 

cleaning such as hydraulic cleaning, mechanical cleaning, chemical cleaning and 

electrical cleaning is a vital step and always employed in practical operation [1]. 

The choice of prevention methods mainly depends on the membrane type, module 

configuration, chemical and physical resistance of the membrane and type of 

foulants treated [45]. 

Among these techniques, pretreatment generally comes at a great cost and with 

limited effect [47]. Chemical cleaning can contribute to fouling removal but 
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interrupts the filtration process [48]. Surface modification has an efficient effect on 

the initial stage of filtration. However, it cannot play a long-lasting role to fouling 

suppression once the surface is fouled by deposited contaminants [49]. Regardless 

of the approaches used, the membrane would eventually be contaminated during 

filtration. Therefore, it is still a hot issue and remains unsolved for membranes, 

especially in a free enzyme membrane reactor. Conventional membranes in 

membrane reactors are difficult to change their morphology and porosity to 

alleviate fouling once synthesised [50]. In this regard, it could be of great interest to 

develop tuneable membranes with switchable separation properties by applying 

external stimuli to mitigate membrane fouling [51]. Hence, this study will focus on 

developing a stimuli-responsive membrane to remove membrane fouling in-situ 

by tuning the membrane separation performance using external stimuli.  

2.2 Stimuli-Responsive Membranes: Smart Tools for More Controllable 

Separation Processes 

2.2.1 Recent Advances in Stimuli-responsive Membranes 

As mentioned before, the existing commercial membranes cannot have their 

transport properties adjusted in response to external stimuli once fabricated. The 

stimuli-responsive polymers give a promising solution to reversibly switch their 

physicochemical properties upon the application of external stimuli. Therefore, 

responsive polymers are attracting increasing attention and considered to be 

important materials for developing stimuli-responsive membranes [52]. 

Table 2-1 summarises the recent stimuli-responsive membranes prepared by 

stimuli-responsive polymers or modification of membrane surface by 

incorporating stimuli-responsive polymers [52-57]. The membranes have been 

designed to respond to some common triggers, including changes in temperature, 

pH, ionic strength, light, electric and magnetic field. The membrane responsive 

properties can be explained by conformation changes in the polymers that lead to 

reversible microphase segregation. The stimuli-responsive membranes have 

myriad potential applications such as sensors, drug delivery, self-cleaning surfaces, 

solute separation, selective filtration amongst other applications. 
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Table 2-1 Some stimuli-responsive membranes [52-57]. 

Stimulus Example responsive 

group  

Stimuli-responsive change 

Electrical voltage Polyaniline, polypyrrole 

(PPy) 

The permeation of PANI membrane or PPy coated membrane can be modified electrochemically to produce 

controllable transportation properties. 

Temperature Poly(N-

isopropylacrylamide)  

Incorporating responsive groups in the membrane bulk makes a bulk responsive membrane, and this 

membrane displays decreased barrier properties above the lower critical solution temperature (LCST). 

Incorporating responsive groups on the membrane surface makes a membrane with surface modifier layers, 

and this membrane exhibits pore opening above the LCST. 

pH and ionic strength Poly(acrylic acid) (PAAc), 

polyelectrolyte (PEL) 

The membrane with PELs grafted from pore surface exhibits decreased pore size by adjusting pH to ionise the 

polymer. 

For PELs based hydrogels, the membrane displays higher solute permeation by adjusting pH to ionise the 

polymer. 

Light Photo-chromic molecules 

(Azobenzene, spiropyran, 

diarylethene, viologen) 

Membranes with photo chromic units show reversible changes in molecular properties such as polarity, 

charge, colour and size and macroscopic properties. Membrane barrier properties can be changed with 

application of external light energy. 

Electric fields PEL, anisotropic 

nanoparticles 

Membranes using surface coating or anisotropic nanoparticles undergo changeable solute permeation in 

response to electric field. The solute permeation can be turned on and off by switching electric field on and 

off. 

Magnetic fields PEL, magnetic 

nanoparticles,  

Magnetic membranes display displacement and can be used to control chemical release under the application 

of magnetic field.  
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2.2.2 Key Factors for Stimuli-responsive Membranes 

Four essential factors are closely related to the stimuli-responsive membranes. The 

first key factor is responsivity including response speed and response degree, 

which is still a challenge in the responsive membrane. Generally, a fast response 

speed and large response degree is desired whenever the stimulus appears. 

Compared to temperature and pH, electricity and magnetic field normally give 

faster response speed as expected. The second key factor is the stable performance 

during the operation process. The responsive membrane should be robust and 

maintain their conformations under the fixed stimulus. The reversibility is the third 

essential factor, which stands for self-regulative adjustment of membranes. The 

membrane should retain the initial properties or conformations after undergoing 

repeated exposure to external stimulus. Another key factor is reproducibility, 

which is important for the large scale or widespread practical application [54]. 

2.2.3 Stimuli-responsive Membranes for Fouling Control 

Recent studies have investigated the application of responsive membranes for the 

suppression of fouling and most of them have focused on the development of 

temperature, pH, ionic strength and electrical field responsive membranes [58]. In 

contrast to the traditional methods, the membrane properties can be tuned by 

changing the conformation of responsive groups upon the application of external 

stimuli. For example, oscillating between a more hydrophobic and hydrophilic 

membrane surface can result in desorption of adsorbed fouling under the stimulus 
[59]. This indicates that the adsorbed contaminants may be released by switching 

the confirmations of the responsive polymers in response to applied stimulus.  

At present, the fabrication of electrically conductive membranes with tuneable 

transport properties under applied potential has attracted considerable attention [60]. 

Many studies focus on the anti-fouling behaviour of membranes by use of external 

electric field on the membrane surface [61-63]. For example, a conductive MF 

membrane by incorporating a stainless steel mesh exhibited  enhanced anti-fouling 

performance and could effectively control the fouling by applied potential [61]. 

Biofouling in polypyrrole (PPy) coated membranes could be reduced by 

electrochemical polarisation of PPy. The membrane can be applied as an 

electrochemically switchable membrane [64]. Application of an external electric 

field is found to be a promising method to enhance the fouling control in electrified 
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formed by the addition of acids that protonates the EB without a change in its 

oxidation state. 

 

Fig. 2-7 Transformation of PANI into various states by redox and doping/undoping processes [71]. 

Oxidative and chemical proton doping processes to form the conductive ES state 

of PANI are shown in Fig. 2-8 [70]. The proton doping process is different from 

redox doping since it does not include the incorporation or withdrawal of electrons 

from the PANI backbone. The imine sites (=N-) in the EB can be protonated by 

acid dopants to form the bipolaron and then the bipolaron dissociates two stable 

polarons. The polaron structure is responsible for the transport of the electric 

charge and associated with the conducting regions in the bulk polymer. Then this 

undergoes a rearrangement along the entire polymer backbone to form a 

delocalised polysemiquinone radical cation. Consequently, electrical conduction 

occurs along the chain through electron delocalisation or inter-chain hopping of 

charge carriers [66, 71, 72]. 
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PANI properties and further link the effect of parameters to the final PANI 

membrane properties. 

Polymerisation temperature is an essential factor which affects the mechanical, 

chemical and electrical properties of PANI. A lower synthesis temperature favours 

producing PANI with higher MW and more regular molecular structure than a 

higher temperature [78-80]. This has led to the synthesis of PANI that has higher 

mechanical strength with fewer defects and membranes with more interlinked 

structures [81-83]. Previous studies in the Patterson research group has found that the 

average MW of PANI synthesised at 15°C and 24°C was 292,347 and 237,301 g 

mol-1 measured by gel permeation chromatography (GPC) - size exclusion 

chromatography (SEC) method, respectively [6]. In combination with literature, 

these all suggested that a lower temperature is favourable for the formation of 

PANI with a higher MW and chain regularity. 

The relation between polymerisation temperatures and conductivity, however, is 

still ambiguous. Ohtani et al. and Lee et al. claimed that decreasing polymerisation 

temperature was accompanied by an increased conductivity, while Boara et al. 

found that PANI product with high conductivity could be obtained even at 60°C 

by optimising the reaction conditions [84-86]. Some studies observed that the 

conductivity was independent of the polymerisation temperatures [77, 79, 85, 87]. 

Optimising the PANI polymerisation temperature is key to form optimal PANI 

polymer, thereby enabling the fabrication of high performance (in terms of 

tuneability, mechanical robustness and membrane separations) electrically 

tuneable PANI membranes. Consequently, it is necessary to conduct a critical 

evaluation on the effect of polymerisation temperatures on the PANI polymer and 

PANI membrane properties and this research will focus on this and explore the 

optimisation of the polymerisation temperature to make electrically tuneable PANI 

membranes a reality. 

The acid dopants employed in the aniline polymerisation have been reported to 

significantly affect the physicochemical properties of PANI products. A wide 

variety of acids, ranging from mineral acids, organic acids to polymer acids, have 

been used as dopants for PANI. Small molecular dopants like HCl have the 

disadvantage of leaching out from PANI, leading to the dedoping of PANI and 
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decreased conductivity [11]. Polymer acids have the potential to overcome these 

problems thus improving the long-term chemical stability [4, 10, 11, 73, 76, 88]. This 

project will incorporate polymer acids into the PANI structure and make more 

stable acid doped membranes, and the following literature review in Section 2.4.4 

will focus on different kinds of polymer acids. 

A large range of chemical oxidants have been successfully used in the aniline 

polymerisation. Previous studies showed there was no obvious correlation between 

the redox potential of the oxidizing agent and the properties of PANI [73, 76]. FeCl3 

enables aniline polymerisation to be carried out in a polar organic solvent [71]. H2O2 

oxidation of aniline results in low polymerisation yield, but the addition of Fe2+ 

gives a high conversion of polymer products [89]. KIO3 and K2Cr2O7 are found be 

convenient oxidising agents for the chemical polymerisation of PANI [76]. Among 

them, (NH4)2S2O8 is reported to be the most widely employed oxidant to initiate 

the nucleation and growth of PANI [13]. Therefore, APS will be chosen as the 

chemical oxidant for the PANI synthesis in this project. 

2.4 Polyaniline Based Membranes 

2.4.1 Preparation of PANI Membranes 

Various membrane formation techniques have been used for the preparation of 

PANI based membranes, such as phase inversion, diffusion cell polymerisation, 

coating composite polymerisation, electrochemical polymerisation and 

radiochemical graft polymerisation [66, 81, 90-101]. Among them, some techniques 

still remain a challenge for the successful and industrially scalable PANI 

membrane production. In terms of electrochemical polymerisation, the 

incorporation of expensive metals to allow the deposition of polymer onto the 

backing support will considerably increase the production cost [102]. In the case of 

radiochemical graft polymerisation, high energy irradiation grafting would likely 

deteriorate the bulk properties of the materials [103]. Considering the large scale of 

application and operational feasibility, phase inversion is the most economical way 

to produce PANI membranes and will be employed in this project. 

Phase inversion, which was originally developed by Loeb and Sourirajan in the 

1960s, involves changing of a cast polymeric solution into two separated phases: 

a solid polymer-rich phase forming a membrane dense skin layer and a liquid 
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polymer-lean phase forming a membrane porous sublayer [104]. It is a result of the 

interplay of mass transfer and phase separation. Phase inversion via immersion 

precipitation, namely non-solvent induced phase separation (NIPS), is the most 

popular employed method due to its potential to form many membrane 

morphologies. Typically, a flat phase inversion membrane is prepared by casting 

a polymer solution to a supporting layer and then immersed in a non-solvent 

coagulation bath. The polymer is transformed to a solid film due to the exchange 

of solvent and non-solvent [105]. This research will focus on the synthesis of an 

integrally skinned asymmetric membrane by the NIPS method. 

During the fabrication of phase inversion membranes, there are some parameters 

controlling the properties of the membrane produced, such as casting solution 

concentration, choice of solvent, choice of additives, membrane support materials, 

evaporation conditions, casting speed, membrane thickness, crosslinking treatment, 

etc. [7, 88, 92, 93, 106-112]. Rohani et al. in the Patterson research group gave a systematic 

investigation on the effect of aforementioned parameters on the PANI membrane 

properties [6]. The optimum preparation parameters have been found to obtain a 

proof of concept tuneable small acid doped PANI membrane. Addition of co-

solvent was found to produce a potentially good membrane with a thinner and 

denser skin layer [6]. This research work will continue the previous work and co-

solvent will be used to adjust membranes in the UF and NF range. In terms of this 

work to make electrically tuneable PANI membranes, conducting particles will 

also be considered to make the membranes more conductive. Therefore the 

following lierature review will focus on these parts.  

2.4.2 Co-solvent Addition 

It is known that the use of a volatile co-solvent in the polymer solution can cause 

a change in the fabricated membrane morphology and performance [105, 113]. 

Addition of co-solvents can alter the instantaneous demixing behaviour, trigger the 

formation of a skin layer and change the membrane morphology from finger-like 

voids to sponge-like microstructures [114, 115]. Some highly volatile solvents, such 

as THF, acetone, dioxane, can be used as co-solvents [116, 117]. The highly volatile 

solvent can evaporate rapidly from the outermost membrane surface prior to 

immersion into the non-solvent bath, improving the local polymer concentration 

in the casting solution [114]. This results in the formation of denser skin layers with 
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few pores or defects, leading to lower membrane permeance and higher solute 

rejection.  

The evaporation time plays a crucial role in influencing the loss of volatile co-

solvents, thereby affecting the local polymer concentration in the casting solution. 

Generally, a longer evaporation time results in a thicker skin layer with decreased 

surface porosity while a shorter evaporation time leads to a thinner skin layer with 

increased surface porosity [118]. During the evaporation step, the skin layer formed 

at longer evaporation time exhibits more resistance between the coagulation bath 

and bulk of membranes. As a result, it is more difficult for the in-diffusion of non-

solvent and out-diffusion of solvent, thereby delaying the demixing process and 

affecting the final membrane morphology and performance. Taking these into 

account, co-solvents will be employed in this research and the influence of 

evaporation time will also be studied to determine whether the membrane structure 

can be tightened. 

2.4.3 Conducting Particles Incorporation 

Various carbon materials, such as activated carbon (AC), carbon nanotubes 

(CNTs), graphite and graphene, have been investigated to incorporate into the 

PANI matrix via different processing techniques, in particular chemical 

polymerisation and solution mixing [119, 120]. In-situ polymerisation of aniline in the 

presence of carbon materials is the most frequent way. It has been found that 

aniline can functionalise and solubilise carbon materials via the formation of 

donor-acceptor complexes. The carbon materials serve as conductive bridges 

connecting PANI conducting domains and increase the charge transfer mobility, 

resulting in an enhanced conductivity [121, 122]. Solution mixing, where polymer 

chains adhere to carbon material through the Van der Waals forces, can also 

improve the conductivity by intercalating PANI into the interlayer spaces of 

conducting particles [122]. Table 2-2 presents the conductivity of PANI composites 

with the most common used conducting particles including AC, CNTs, graphite 

and graphene. 

Activated carbon is an amorphous carbon-based material with outstanding porous 

structure, high surface area and good electrical conductivity. It has been reported 

that incorporation of AC into PANI could enhance the electrical conductivity as 
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well as thermal stability of the composite. This can be considered as the most 

economical way to synthesise a PANI/carbon complex [123-125]. On the other hand, 

the carbon networks in AC are less extensive as those in graphite and CNTs, 

leading to the disordered crystallinity with reduced conductivity than other 

advanced carbon materials [126].  

Graphite is a layered carbon material with higher electrical conductivity (>100 

S/cm) than activated carbon and a lower price than carbon nanotubes [127, 128]. It 

has been found that the graphite/PANI composites exhibited greater conductivities 

than those of graphite or PANI alone [129]. However, it is difficult to prepare 

conductive PANI/graphite complexes by direct intercalation due to the small 

interspacing of the graphite layers. Therefore, chemical modification by H2O2-

H2SO4 method is generally employed to form expandable graphite, which can 

intercalate aniline monomer or PANI polymers into the pores of the graphite sheet 
[129, 130].  

CNTs, including multi-wall carbon nanotubes (MWNT) and single-wall carbon 

nanotubes (SWNT), are hexagonal networks of carbon atoms with each end 

capped with half of a fullerene molecule [119, 131]. CNTs have a narrow distribution 

size, excellent electrical and thermal conductivity, and show high stability and 

mechanical strength [132]. The CNTs used should be pre-treated by a mixture of 

nitric and sulfuric acids, which can convert a hydrophobic CNT to a hydrophilic 

one by the incorporation of acid functionalities [133]. It has been reported that the 

incorporation of CNTs into a PANI matrix could enhance the electrical 

conductivity as well as the mechanical properties of the PANI/CNTs complex [109, 

134]. Currently, the high cost is the major obstacle to restrict the large scale 

application of CNTs [119]. 

Graphene, a two-dimensional material with carbon atoms arranged in a regular 

hexagonal pattern, has excellent electron mobility, large specific surface area, 

extraordinary mechanical strength and potentially low manufacturing cost. This is 

comparable with, or even better than, CNTs [111, 135, 136]. In most of the previous 

studies, graphene nanosheets or graphene oxide (GO) are used as starting materials 

during the in-situ polymerisation of the aniline monomer [135, 137, 138]. It has been 

proven that PANI and graphene can form synergistic interfacial interactions to 

enhance the charge transfer of the complex, resulting in improvement of the 
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electrical conductivity. Unfortunately, graphene nanosheets tend to  agglomerate 

and affect the dispersal extent within the polymer matrix, limiting their usefulness 

for the synthesis of a conductive complex [111, 135]. GO, with hydroxyl and carboxyl 

groups, can disperse well to form stable dispersion, but further treatments are 

needed to convert the insulated GO to conducting graphene [136, 139]. 

In terms of this project to make conductive PANI membranes, EG will be chosen 

as conducting particles and carbon nanotube and graphene will be left for future 

work. Two approaches, in-situ chemical polymerisation and solution mixing will 

be applied to incorporate EG into the PANI structures.  
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2.4.4 Doping of PANI Membranes 

A wide variety of acids, ranging from mineral acids to organic acids, have been 

used as dopants of PANI. PANI is typically doped with strong mineral acids such 

as HCl, HBr, HNO3, H2SO4 and H3PO4 
[148, 149]. The major issue with these small 

molecular acids is their poor solubility in common solvents so the final materials 

cannot be feasibly processed. Moreover, these small acid dopants are prone to 

volatilise, leading to the dedoping of PANI drastically and severely limiting the 

utility in real membrane systems [11, 70]. Compared to the conventional small acids 

dopants, the polymer acids as large dopants offer many advantages: (1) the 

polymer acids are not volatile and eliminate the problem of volatility and 

diffusivity [88]; (2) polymer acids can form a double strand structure (Fig. 2-11) 

with PANI by the strong interaction between acid groups and imine nitrogen [14]. 

The molecular association avoids the dopants leaching and significantly improves 

the chemical stability of the conducting PANI [8, 11]; (3) the use of such polymer 

acids dopants results in rubbery behaviour of the composites and greatly enhances 

the mechanical properties of conducting polyaniline (i.e. makes them less brittle) 
[9, 14]. In addition, the presence of such macromolecules within the conducting 

polymers forms different structures and morphologies from small acid doped 

PANI, which can bring improved properties (such as a wide range of solubility, 

improved processibility) as well as additional functionalities to the resulting 

materials [14, 150, 151]. 

 

Fig. 2-11 A double strand model for binding between PANI and polymer acids [14]. 

The polymer acids that have been used as dopants for PANI include poly(2-

acrylamido-2-methyl-1-propanesulfonic acid) (PAMPSA) [152, 153], poly(acrylic 

acid) [8, 13, 108], poly(methyl vinyl ether-alt-maleic acid) (PMVEA) [10], 

poly(styrenesulfonic acid) (PSSA) [9, 16], poly(amic acid) [15, 154, 155], 

poly(vinylphosphonic acid) (PVA) [156, 157], polyamidosulfonic acids [152, 158]. Table 

2-3 displays the acid dopants used for the PANI and other polymers.
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It is notable that the chemical structure of the polymer acids affect the morphology 

of the PANI product and the doping efficiency of acid groups on the polymer 

chains. M. Angelopoulos et al. reported that the doping of PANI membrane with 

poly(amic acid) could be limited due to the geometric constraints of the large rigid 

acid backbone, leading to decreased conductivity [154]. Zhang et al. also reported 

that compared with the benzene sulfonic group of PSSA and the multiple 

carboxylic acid groups of PMVEA, PAAc with the smaller size of the acrylic acid 

group can be easily incorporated as a dopant into PANI and exhibited a relatively 

higher doping level [10]. Alexander et al. found that the rigidity of the 

poly(amidosulfonic acids) matrix backbone played an important role in the 

electronic structure of the interpolymer complexes. The flexible-chain polymer 

acid could adjust its conformation to the rigid chain of PANI while the rigid chain 

of PANI, in turn, had to adapt its confirmation to match the structure of polymer 

acid, forming a double-strand structure or brush-type structure [152, 158].  

Due to the conformational hindrance created by the polymer chain, it is expected 

that not all the polymer acids are capable of doping PANI. To date, the polymer 

acids with carboxylic acid groups and sulfonic acid groups are the most popular 

used dopants for PANI. This study will choose polymer acids with these acid 

groups but different molecular structures to determine their ability to incorporate 

into PANI structures and then effects on the produced PANI systems. 

The aforementioned polymer acids can be incorporated into PANI structure by 

different ways such as chemical oxidation, electrochemical polymerisation and 

enzymatic synthesis [152, 153, 156, 158]. Among them, chemical oxidation is one of the 

most common ways due to its simplicity and low cost [174, 175]. This approach 

involved binding of aniline monomer into polymer acids templates by interactions 

such as columbic attraction and hydrogen bonding, and then polymerising 

anilinium cations on the acids templates to obtain polymer acids doped PANI 

complex. This way ensured the large size of polymer acid dopants entrapped with 

polyaniline [10, 153, 176].  

Based on this, one promising approach to prepare polymer acid doped membranes 

is to directly use the above mentioned polymer acids doped PANI (PANI-PA) 

complex as membrane materials. Previous studies also demonstrated some others 

ways to prepare acids doped membranes, such as blending undoped PANI powder 
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(PANI-EB) with acids before membrane fabrication, adding acids in the casting 

solution during membrane preparation, secondary doping with acids after 

membrane preparation, etc. [8, 85, 92-94, 108, 150]. In comparison to blending undoped 

PANI powder with acids and secondary doping, the new approach could eliminate 

the subsequent processing steps to dedope acid doped PANI (PANI-ES) by 

ammonia and then redope PANI-EB by the desired acids. Adding acids in the 

casting solution generally resulted in a random polymer packing due to the 

confirmation freedom of both large polymer chains [176]. This new method however, 

is expected to grow polyaniline along the acid templates and form confined 

structures in an ordered packing. Therefore, the new method will be used in this 

study to make polymer acid doped membranes. 

Furthermore, the proton doping level is an important factor which influences the 

conductivity of PANI. The highest achievable conductivity occurs when the EB 

form (50% oxidised with alternative benzenoid and quinoid rings) is 50% doped 

by acids, leading to the protonation of the whole quinoid rings as well as the 

formation of a perfect polaron. At a doping degree beyond 50%, some amine sites 

are protonated and bipolarons may also form, thereby reducing the polymer 

conductivity. The doping level lower than 50% will result in inadequate 

protonation of some imine sites [71]. Therefore, it is necessary to control the proton 

doping level to achieve high membrane conductivities. It also needs to be 

mentioned that the conductivity of polymer acid doped PANI is lower than the 

small acid doped PANI, indicating that some work like secondary doping still 

needs to be done to further improve the conductivity. 

2.4.5 Applications of PANI Membranes 

The wide utilisation of conducting polymers in membrane separation processes is 

mainly due to their high electrical conductivity, electrochemical activity and 

switchability between various oxidation and doping states [157]. PANI, as one of 

the most attractive conducting polymers, has distinct advantages in membrane 

separation because of the pH dependent protonation/deprotonation in addition to 

the common electrochemical oxidation-reduction switchability. 

Initially, interest in PANI as a membrane material stemmed from the research work 

by Anderson et al., where the authors reported that an excellent permselectivity 
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stimulus. The effect of electric stimulus on the fouling removal of conductive 

PANI membrane will also be explored. 
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