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Abstract 

The overall aim of this research is to develop unique conducting polyaniline (PANI) 

membranes that can be electrically tuned to achieve different fluxes and selectivity. 

The target application is in a tuneable membrane reactor, where these membranes 

allow the fouling layer to be pushed off/through membranes by application of 

external potential. 

To achieve this, several different types of PANI membranes were examined. The 

permeation properties of HCl-doped PANI membranes can be modified 

electrically to produce in-situ tuneable separations. However, acid dopant leaching 

and membrane brittleness limit the further application of these membranes. 

Polymer acid doped PANI membranes using poly(2-acrylamido-2-methyl-1-

propanesulfonic acid) or PAMPSA were investigated as a solution. These 

PAMPSA doped PANI membranes displayed improved mechanical strength and 

filtration stability. However, the membranes showed decreased electrical 

conductivity, leading to a limited tuneable permeance and selectivity under applied 

potential. To overcome this new challenge, expanded graphite and a large acid 

(dodecylbenzene sulfonic acid or DBSA) were incorporated into the PAMPSA 

doped PANI membranes to increase the conductivity. Despite increasing both 

conductivity and electrical tuneability, the resulting membranes were more porous 

with looser molecular weight cut-off (outside of the desired NF/low UF MWCO 

range) than without modification. Efforts to tighten PAMPSA doped membranes 

to the same MWCO as HCl doped membranes using volatile co-solvents (THF and 

acetone) were unsuccessful: porosity was due to the large acid dopants. 

Membranes were examined for their potential for in-situ fouling removal of model 

foulant bovine serum albumin under applied voltage. This was successful and 

defouling extent was found to be closely related to membranes with higher 

conductivity and greater acid stability. 

Overall, it has been demonstrated that the conducting polyaniline composite 

membranes can be made to be stable to acid leaching and be more mechanically 

robust, whilst also being externally electrically tuned to different molecular 

selectivities with the potential for in-situ fouling control.  
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1 Introduction 

1.1 Background 

A membrane is a selective barrier regulating the transport of substances from a 

process stream containing a mixture of components. These are used in a wide range 

of processes – from pharmaceutical manufacturing to wastewater treatment – to 

affect a selective separation, creating two purer process streams from a process 

stream containing a mixture of components. Conventional membranes, however, 

have two key limitations: they become fouled and cannot have their transport 

properties tuned in-situ; transport and selectivity of these polymer barriers are 

controlled by properties fixed during or after fabrication (i.e. polymer type and 

resulting free volume, surface charge and microstructure) [1-3]. In this regard, the 

need for developing a tuneable membrane, which transport properties can be 

changed in-situ, is certainly warranted. 

Polyaniline (PANI), as an intrinsically conducting polymer, has been widely 

researched due to its conductive properties achieved by the protonation of imine 

nitrogens (=N-). It is particularly attractive for membrane separation, since its 

porosity can be controlled at a molecular level through simple acid/base 

doping/dedoping [4, 5]. The transport properties of conducting PANI membranes, 

such as permeance and selectivity, could be tuned in-situ by applying an electrical 

potential across acid doped PANI membranes [6]. The applied potential can change 

the interaction between PANI and acid dopants, thus modifying the membrane 

properties and allowing permeance and selectivity to be tuned. In the Patterson 

research group, based on previous work, it has been realised that an electrically 

conductive PANI membrane could possibly be dynamically responsive by 

applying an external electrical potential across the membrane, thus inducing 

several changes in membrane properties that could produce more general 

membrane tuneability beyond the ion separations that PANI membranes have, in 

the main, been applied to thus far [6]. These electrically induced changes could 

include: changing surface charge controlling Donnan exclusion (which is 

explained in Chapter 2), change in pore size/free volume (via incorporation or 

expulsion of ions from the acid dopant sites) controlling pore flow transport, and 

chemical property changes, controlling solution diffusion and volume swelling. 
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Combined, these make polyaniline an excellent candidate for a more universally 

electrically tuneable membrane investigation. 

Currently, there are two main challenges relating to the successful utilisation of 

PANI membranes: (i) the small acids used for doping PANI leach out from the 

membrane during filtration, leading to decreased conductivity; (ii) small acid 

doped membranes are brittle and thus difficult to handle and use [7-9]. To overcome 

these two challenges, various polymer acids (PAs) have been used as dopants to 

improve the filtration stability and mechanical strength of acid doped PANI 

membranes [8-16]. However, the major limitation of PAs doped PANI membrane is 

the low electrical conductivity, leading to poor membrane tuneability (permeance 

and selectivity change) under applied potential. With this concern, incorporating 

conducting particles into PAs doped PANI membrane and secondary doping have 

the potential to be the breakthrough solution to overcome the challenge of low 

membrane conductivity.  

Despite extensive efforts in designing PANI membranes, there remains an 

insufficient understanding of the electrically induced transformations in these 

membranes, especially their impact on membrane performance (e.g. selectivity 

and permeance) for separation of neutral species – indeed the tuneable mechanisms 

outlined above have not been proven. A range of synthesis, doping and external 

stimulus parameters and factors needs to be studied to fully understand, optimise 

and control the in-situ tuneable separation performance of these membranes, and 

give a promising solution to in-situ membrane fouling removal by tuning the 

membrane separation performance using external stimuli. 

1.2 Overall Project Area and Aim 

Therefore, this project will be looking to improve the current PANI membranes in 

order to achieve better in-filtration stability, superior electrical tuneability and 

reduce membrane fouling. Therefore, the overall aim of this research is to develop 

unique conducting PANI membranes that can be electrically tuneable to different 

fluxes and selectivity. The target application is in a membrane reactor, where the 

primary aim of the new generated tuneable membrane is to allow the fouling layer 

to be pushed off/through membrane by external potential. The specific objectives 

of the project will be addressed after the literature review has clarified the specific 

gaps in the literature to give these further contexts. 
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1.3 Thesis Structure 

This thesis is composed of eleven chapters and appendices, which are highlighted 

as following: 

 Chapter 1 focusses on the introduction and motivation of the research; 

 Chapter 2 presents a systematic literature review; 

 Chapter 3 details the aims and objectives of the research; 

 Chapter 4 describes the methods and materials involved in the membrane 

preparation and characterisation; 

 Chapter 5 details the electrically tuneable PANI membranes, especially the 

effect of polymerisation temperature (Tpoly) on in-filtration electrical 

tuneability of flux and molecular weight cut-off (MWCO); 

 Chapter 6 describes a higher resolution one-filtration MWCO method for 

aqueous based nanofiltration (NF) and ultrafiltration (UF) membranes using 

polyethylene glycols (PEGs); 

 Chapter 7 focuses on fabricating PAs doped PANI membranes to improve the 

filtration stability and mechanical properties of conducting PANI membranes; 

 Chapter 8 focuses on enhancing PAs doped PANI membrane as a stimulating-

responsive membrane by exfoliated graphite (EG) incorporation and secondary 

doping treatment with dodecylbenzenesulfonic acid (DBSA); 

 Chapter 9 focuses on the effect of co-solvent (tetrahydrofuran (THF) and 

acetone) and evaporation time on the performance of PAs doped PANI 

membrane; 

 Chapter 10 focuses on the in-situ fouling removal of stimuli-responsive 

composite PANI membranes by the application of electrical potential; 

 Chapter 11 outlines the overall conclusion and future work. 
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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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MF membranes have the largest pore size with diameters between 0.1 and 10 μm 

and are capable of removing particles, colloids and suspensions. MF can be used 

as prefiltration of UF process in the wastewater treatment or for the retention of 

proteins from the biochemical solutions [19, 20]. UF membranes have average pore 

diameters ranging from 10 to 1000 Ǻ. UF processes are suitable for the removal 

of solids, bacteria, microorganisms and large dissolved molecules, such as natural 

organic material [19, 21]. NF membranes have pore sizes in the 1 to 10 nm range and 

a MWCO of 200 to 1000 g mol-1. A typical application for a NF process is to 

reduce the ionic strength of a solution as well as to remove small organic molecules 

and colour from surface water or wastewater [22]. RO membranes have dense 

separation layers without distinct pores. The RO process is effective in removing 

many types of dissolved matters and monovalent ions, which is most widely 

known for its application in desalination of seawater and brackish water [23, 24]. 

Pressure-driven membrane filtration modes can further be divided into dead-end 

filtration and cross-flow filtration depending on the flow direction on the 

membrane surface as shown in Fig. 2-3 [25]. In dead-end filtration mode, all the 

fluid passes through the filter medium. This can result in trapped molecules on the 

membrane surface starting to form a more concentrated layer that affects the 

transport through the membrane (so called “concentration polarisation”) and 

eventually a “fouling layer” which can decrease the flux and significantly change 

the selectivity of the filtration process (these issues will be covered in more detail 

in Section 2.1.6 later). In cross-flow filtration mode, the main stream passes across 

the membrane surface in a parallel direction. Some solute and solvent molecules 

pass through the membrane and some continue to flow across it. Dead-end 

filtration is used in industry where a high selectivity needs to be guaranteed. Unlike 

the dead-end filtration, cross-flow filtration can wash away the “concentration 

polarisation” and “fouling layer” in the filtration process and is the most frequently 

used filtration mode in industry [26]. 
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Fig. 2-3 Diagram of dead-end filtration (A) and cross-flow filtration (B) [25]. 

2.1.2 Membrane Transport Models 

The mechanism of mass transport in the permeation processes are mostly covered 

by three membrane models: the solution diffusion model, pore flow model and 

Donnan exclusion. All three models can control the transport of solutes and 

solvents through a membrane – this is especially for membranes in the UF and NF 

range –  as targeted in this project. 

(i) The solution diffusion model is most widely applied to describe the transport 

of low molecular weight (MW) components in dense membranes in processes such 

as GS, pervaporation and RO [27]. In this model, permeants partition into the 

membrane material and then diffuse to the permeate side of the membrane down a 

concentration gradient. The feed and permeant phases are separated by the 

differences of the rate between components dissolving in the membrane and 

diffusing through the membrane. The model assumes that a membrane is in 

equilibrium with the adjacent outside phases, and the interactions between 

membrane materials and solutes determine the transport rate and selectivity [27, 28]. 

The mass transport in a solution diffusion membrane consists of three relevant 

steps: (i) sorption of the permeant from the feed liquid into the membrane 

according to a partition coefficient, (ii) diffusion of the permeant to the permeate 

side of the membrane according to a chemical potential gradients and (iii) 

desorption of the permeant from the membrane at the permeate side to the 

downstream side. Fick’s first law can be used to describe solution diffusion: 
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                           Equation 2.1 

Where Ji is the flux and dci
dx⁄  is the concentration gradient. The term Di is the 

diffusion coefficient. This equation is a good description for membrane transport 

depending on concentration, pressure and so on [28]. 

(ii) The pore flow model is of relevance for the transport of permeants with 

different sizes or MW through tiny pores in UF and MF processes [29]. In contrast 

to the solution-diffusion model, it assumes that transport is driven by the pressure 

gradient. Viscous flow and sieving exclusion achieve the separation and dominate 

transport rate. In the pore flow model, all molecules larger than the largest 

membrane pores are completely rejected and all molecules significantly smaller 

than the smallest pores pass through the membrane. All molecules that are larger 

in size than the smallest pores but smaller than the largest pores are prevented 

based on the pore size distribution of the membrane [28]. Mass transport on basis 

of the pore flow mechanism membrane can be described using Darcy’s law 

illustrated in Equation 2.2: 

Q =
KAP

μL
                                      Equation 2.2 

 

Where: Q: the flowrate of the fluid, K: the permeability of the system, A: the cross-

section area, P: pressure, L: the thickness of the membrane, µ: the viscosity of the 

fluid. 

(iii) Donnan exclusion describes the behaviour of charged ions passing through 

the membrane. The charged membranes selectively adsorb counter ions and 

exclude identically charged ions (namely co-ions). In order to keep the ion 

equilibrium between membrane and solution, the transport of counter ions could 

be affected [30]. The Donnan exclusion model shows that the equilibrium 

distribution of ions can take place across a membrane and it can be written as 

(assuming permanent ions are K+ and Cl-): 

                           
𝐶

𝐾𝑖𝑛
+

𝐶
𝐾𝑜𝑢𝑡

+
=

𝐶𝐶𝑙𝑜𝑢𝑡
−

𝐶𝐶𝑙𝑖𝑛
−

                                       Equation 2.3 
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2.1.3 Parameters Definition 

The selective transport properties of a membrane are determined by two 

parameters: the flux and selectivity (rejection). Membrane flux is defined as the 

flowrate of feed stream passing through per unit area of membrane at a given 

operating pressure. It can be affected by the nature of membranes (materials and 

structures) and  external factors (pressure, temperature and concentration) [21]. 

1 dV
J

A dt
                                   Equation 2.4 

Where J is flux, A is effective surface area of membrane, dV is the volume through 

membrane and dt is the time. 

Membrane permeance normalises for pressure applied to the membrane and thus 

allows for comparisons of filtrations at different applied pressures. 

1J dV
Permeance

TMP TMP A dt
 


        Equation 2.5 

Where TMP is the transport membrane pressure. 

The selectivity of a membrane is generally expressed by the rejection. The value 

of the rejection varies between 0% (unselective membranes) and 100% (complete 

retention of the solute). Membrane rejection is generally calculated according to 

the Equation 2-6: 

𝑅j(%) = (1 −
𝐶p

𝐶f
) ×100%               Equation 2.6 

Where Rj is the rejection of membrane, Cf is the solute concentration in the feed 

and Cp is the solute concentration in the permeate.  

The MWCO is a term also used to describe the retention performance of a 

membrane. It is determined by the lowest MW of a solute at which a rejection of 

90% is achieved by the membrane. A solute with a higher MW than the MWCO 

will get a higher rejection. MWCO curves can be obtained by plotting the rejection 

of solutes, typically PEGs, dextrans, polystyrenes, or proteins against their 

molecular weights [31]. The shape of the MWCO curve is more important however 

– an ideal MWCO curve should have a sharp cut-off, a shallower slope means the 

membrane will not separate molecules distinctively and is not as useful [18]. 
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A mass balance around the membrane is applied to determine the loss of solutes 

during the filtration. An overall mass balance, which indicates the extent to which 

the permeate and retentate have been recovered in the permeate and retentate, 

compared to the feed, can be calculated by a rearrangement of the overall mass 

balance around the membrane: 

Mass balance (%) =
Qp 𝐶p+Qr 𝐶r

Qf 𝐶f
×100%        Equation 2.7 

Where Qf, Qp and Qr is the flowrate of feed, permeate and retentate, respectively. 

Cf, Cp and Cr is the concentration of solutes in feed, permeate and retentate, 

respectively. For a dead-end filtration, the flowrates can be replaced with volumes, 

Vf, Vp and Vr. 

2.1.4 Membrane Structures 

The common symmetric and asymmetric membrane types are shown in Fig. 2-4 

[32]. In a symmetric membrane, the structure is identical throughout the entire 

cross-section of the membrane. The separation characteristics are determined by 

the entire structure of membrane and the flux is inversely proportional to its 

thickness. On the other hand, the structure of an asymmetric membrane has a 

gradient over the cross-section. A typical asymmetric membrane consists of a very 

thin, dense skin layer on a porous support structure. The skin layer is responsible 

for the selective behaviour of the asymmetric membrane, whereas the porous 

substructure only serves as mechanical support and possesses negligible resistance 

to mass transfer. Good mechanical strength and high fluxes can be achieved in 

asymmetric membranes due to these properties [29, 33]. Taking the mechanical 

strength and permeance into account, asymmetric membranes will be the focus in 

this project.  

Phase inversion, a single process which creates an integral structure with the skin 

and the support structure made from the same material, is commonly employed to 

prepare asymmetric membranes [29, 34]. As reported in recent years, it has become 

one of the most economical, versatile and reproducible techniques for the synthesis 

of an integrally skinned asymmetric membrane, which consist of an ultrathin skin 

layer on a microporous support substructure [21, 35]. The detailed preparation 

method will be introduced in the Section 2.4.1. 
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(a) symmetric membrane (b) asymmetric membrane 

Fig. 2-4 The structure of cross-sections: (a) symmetric membrane (b) asymmetric membrane [32]. 

Fig. 2-5 illustrates the morphology of porous and dense membranes [33]. Porous 

membranes, possessing pore diameters between 1 nm and 10 μm, are commonly 

employed in MF, UF and dialysis processes [29]. Pore flow and Donnan exclusion 

related transport controls the separation of solvent and solutes through these 

porous membranes. Non-porous or dense membranes provide high selectivity but 

low permeability, which can be applied in the separation of small molecules [36]. 

Transport rate and selectivity are mainly influenced by chemical affinity between 

solutes and membrane materials, which can be described by a solution-diffusion 

mechanism [37]. Membrane structures in dense membranes are generally 

asymmetric, providing relatively high fluxes as a result of the transport rate-

determining very thin selective layer on the porous support layer. Dense 

membranes are widely used in numerous processes such as RO, GS and 

pervaporation [29, 38]. 

 

Fig. 2-5 The structure of relevant porous and dense membranes [33]. 

2.1.5 Membrane Materials 

Generally, synthetic membranes can be made from polymers, inorganic materials 

or a mixture of organic polymer and inorganic materials. By far the majority of 

membranes are made from polymeric materials such as polysulfone (PSF), 
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polytetrafluoroethylene (PTFE), polyvinylidenefluoride (PVDF), polypropylene 

(PP) and polyaniline. Inorganic materials, like metals, ceramics and glasses, are 

employed for special applications (e.g. the production and purification of high-

quality hydrogen and the separation of isotopes at high temperatures) [29, 39]. 

Polymeric membranes have the advantage of lower cost whereas inorganic 

membranes are advantageous in applications requiring elevated temperatures and 

harsh chemical conditions [39]. The combination of these two main types of 

membranes are known as hybrid membranes, where the main type is mixed matrix 

membranes (MMMs), incorporating an inorganic dispersed phase within a 

polymer matrix. MMMs combine the advantages of each phase and have the 

potential to achieve higher permeability and selectivity for gas mixtures compared 

to polymeric membranes [40, 41]. However, the MMMs face significant challenges 

of membrane aging, sensitivity to chemical cleaning and fouling [42]. In terms of 

this, an asymmetric membrane made by polymer materials in the UF and NF range 

will be produced in this project. The membrane is expected to be suitable for 

enzyme rejection in a free enzyme membrane reactor with regard to the target 

future application of this work. 

2.1.6 Concentration Polarisation and Membrane Fouling 

Concentration polarisation and membrane fouling are inevitable in pressure-driven 

membrane processes, which result in the decline of permeate flux over time and 

affect the membrane performance. Generally, an initial flux decline is primarily 

caused by concentration polarisation, a rapid solute build-up near the membrane 

surface. Long-term flux decline is primarily affected by membrane fouling (e.g. 

cake formation, solute desorption, bacterial growth, etc.) [43, 44].  

Concentration polarisation is attributed to membrane permselectivity: the retained 

species accumulate at the upstream membrane/solution interface where their 

concentration gradually increases, leading to the generation of a concentration 

gradient at a membrane surface. Fig. 2-6 displays concentration polarisation on a 

membrane surface in a cross-flow filtration [44]. Concentration polarisation can 

initiate membrane fouling and considerably decrease membrane separation 

efficiency. Traditionally, techniques such as increasing the fluid flowrate, 

promoting turbulent mixing, reducing membrane thickness have been employed 

to alleviate it [45]. 
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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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commercialised PVDF ultrafiltration membranes [65]. Electrically conductive 

membranes demonstrate the ability to remove foulants from membrane surfaces 

and the membrane can be easily cleaned in-situ via electrical stimulus. 

It is found that polyaniline as a conducting polymer with a conjugated backbone 

has the ability to change its structure at the molecular level by controlling the 

incorporation or exclusion of ions from the dopant site [3-5]. This provides a 

promising way to tune the separation properties of PANI membrane by applying 

external stimuli, thus mitigating the membrane fouling, or allowing defouling in-

situ. Taking these into account, this research will focus on utilising PANI as a 

conducting membrane material and investigating the possibility to remove and/or 

reduce membrane fouling under external stimuli.  

2.3 Polyaniline-A Promising Intrinsically Conducting Polymer 

2.3.1 Properties of PANI 

Polyaniline, a π-conjugated structure with alternating single and double bonds, has 

been found to be the most extensively studied intrinsically conducting polymer 

during the past decade [66]. Compared with other conducting polymers such as 

polypyrrole, polythiophene (PT), polyphenylene vinylene (PPV), PANI is most 

widely researched and applied because of good environmental stability, distinct 

electrochemical properties, simple reversible acid/base doping chemistry as well 

as cheaper synthesis costs [4, 66-69]. Electrical properties of PANI can be varied and 

controlled by both oxidative and non-redox protonic acid doping reactions in the 

conjugated carbon backbones. Also, the characteristic colour of PANI changes in 

different oxidation states, so each state can be distinguished by its colour. The 

electrochromatic changes of the polymer have led to its application in redox and 

pH indicators as well as other display devices [70, 71]. 

Fig. 2-7 shows the transformation of three basic structures of PANI by redox and 

doping processes [71]. The three basic structures of PANI range from the 

completely reduced form called leucoemeraldine base (LB) to the intermediate 

oxidised state called emeraldine base (EB) to the fully oxidised form called 

pernigraniline base (PB). Transition from emeraldine to leucoemeraldine and 

emeraldine to pernigraniline can be observed using cyclic voltammetry [66]. The 

only electrically conductive form of PANI is the emeradine salt (ES) which can be 
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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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Fig. 2-8 Oxidative and chemical doping mechanisms to form the conductive emeraldine salt [70]. 

Fig. 2-9 shows the conduction pathway in the polaron structure. The nitrogen 

cation radical acts as a hole. Electron from the adjacent neutral nitrogen atom 

jumps to the hole to make it become neutral, the hole then starts to move, creating 

a second hole. The electron consequently moves along the chain and the hole is 

formed in the opposite direction of the whole electron motion, leading to 

conduction in the polaron structure. In the LB and PB structures, the electron 

movement is less likely since all the nitrogen along the chain are similar, creating 

less chance for the protonated nitrogen and neutral nitrogen side by side, resulting 

in the insulating nature of LB and PB [66]. 

 

Fig. 2-9 The conduction pathway in the polaron structure (the “+” represents nitrogen cation 

radical acting as a hole and the “- ”represents neutral nitrogen) [66]. 
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2.3.2 Chemical Polymerisation of PANI 

Different methods for the synthesis of PANI have been developed, including 

chemical polymerisation, electrochemical polymerisation, photo-induced 

polymerisation, enzyme-catalysed polymerisation, plasma polymerisation and a 

number of other special methods. Among the employed methods, chemical and 

electrochemical polymerisation techniques are the most commonly used methods 

for PANI preparation as a result of better reproducibility and control [71]. The 

electrochemical synthesis technique can obtain a relatively purer PANI form (as 

no additional chemicals such as oxidant and surfactant are employed) compared to 

chemical polymerisation [66]. However, electrochemically prepared PANI films are 

highly porous and thus have poor mechanical properties which limit their 

usefulness [71]. Also, the incorporation of expensive metals in electrochemical 

polymerisation increases the fabrication cost. In contrast, chemical oxidative 

polymerisation has the advantage of producing PANI on a large scale at a cheaper 

price which can compete with electrochemical polymerisation [4, 71, 73]. It is 

considered as the most feasible route for commercial production of PANI and will 

also be used in this project. 

For chemical oxidative polymerisation, PANI is synthesised through the oxidation 

of the respective aniline monomers in acidic solution (pH≤3). Widely used 

chemical oxidizing agents include aqueous ammonium persulfate ((NH4)2S2O8, 

APS), FeCl3, H2O2-FeSO4, H2O2-Fe, K2Cr2O7, KMnO4, KClO3, KBrO3 and KIO3, 

etc. The protonated ES is obtained as the reaction product, which is conductive 

with a dark green colour [4]. 

Fig. 2-10 displays the chemical polymerisation mechanism of aniline under acidic 

conditions. The preparation of PANI is represented by a consecutive reaction of 

chain growth. In the initial stage, the aniline is protonated and produces 

corresponding radical cations. In the second step, coupling of N- and para-radical 

cations occurs and then undergoes rearomatisation of the dication of p-aminoo-

diphenylamine (PADPA). Subsequently PADPA is oxidised to form the diradical 

dication forms [71]. The initial PANI product has been confirmed to be the fully 

oxidised pernigraniline salt intermediate and the synthesis then proceeds by the 

subsequent chain propagation. When all oxidant is consumed, the remaining 

aniline in solution reduces the protonated pernigraniline intermediate to form the 



 

22 

final product, the green ES. Although more than 95% of constitutional aniline units 

are coupled with “head-to-tail” (i.e., N-para) position, a small fraction of 

molecules linked in the ortho-coupling way also occur, leading to defects in the 

polymer conjugation structure [71, 74]. 

 

Fig. 2-10 Chemical polymerisation mechanism of aniline [75]. 

2.3.3 Parameters in Chemical Polymerisation 

In the case of chemical polymerisation of PANI, the product properties depend on 

the polymerisation parameters such as the nature of the acid, chemical oxidants, 

reaction temperature, the molar proportions of aniline and oxidant  [73, 74, 76, 77]. One 

crucial task of this project is to explore the influence of reaction parameters on the 
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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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Table 2-2 Conductivity of PANI composites with different conducting particles by chemical polymerisation. 

Conducting Particles Chemical Polymerisation Methods Conductivity (S cm-1) Ref. 

Activated carbon  

In-situ polymerisation in the presence of AC powder with HCl as medium 0.21  [140] 

In-situ polymerisation in the presence of granular AC with HCl as medium 1.53  [125] 

In-situ polymerisation in the presence of AC (RP-20) with DBSA as 

medium 
—— [141] 

In-situ polymerisation in the presence of AC (20 nm) with p-

toluenesulfonic acid as medium 
1.328  [124] 

Solution mixing polyaniline with AC —— [123] 

Graphite 

In-situ polymerisation of aniline in the presence of exfoliated graphite 

obtained from 80 mesh graphite flake with HCl as medium 
33.3 (1.5% graphite / 98.5% PANI) 

[128, 130, 

142] 

In-situ polymerisation of aniline in the presence of water dispersible 

colloidal graphite with different acids as medium  
350 (90% graphite / 10% PANI) [143] 

In-situ polymerisation of aniline in the presence of exfoliated graphite 

obtained from graphite flake with HCl as medium 
880 (91% graphite / 9% PANI) [129] 

In-situ polymerisation of aniline in the presence of graphite powder (4 um 

particle diameter) with methanesulfonic acid as medium 
800 (96% graphite / 4% PANI) [126] 

In-situ polymerisation of aniline in the presence of exfoliated graphite with 

DBSA as medium 
298.51 (80% graphite / 20% aniline) [127] 

Multi-wall carbon 

nanotubes  

In-situ polymerisation of aniline in the presence of MWNT with HCl as 

medium 
33.3  [144] 
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In-situ polymerisation of aniline in the presence of MWNT with HCl as 

medium 
33.37 (10% MWNT/ 90% PANI) [132] 

In-situ polymerisation of aniline in the presence of MWNT (10-20 nm) 

with HCl as medium 
—— [145] 

Single-walled carbon 

nanotubes  

In-situ polymerisation of aniline in the presence of SWNT with HCl as 

medium 
1.26 (8 % SWNT/ 20% aniline) [122, 134] 

In-situ polymerisation of aniline in the presence of SWNT (Length, 5-15 

um; diameter＜2 nm) with HCl as medium 
—— [146] 

Graphene 

In-situ polymerisation of aniline in the presence of graphene sheet with 

HCl as medium 
——  [137] 

In-situ polymerisation of aniline in the presence of graphene oxide with 

HCl as medium and then reduction and reoxidation- redoping 
—— [135] 

In-situ polymerisation of aniline in the presence of graphene oxide with 

HCl as medium and then reduction-dedoping and redoping 
—— [138] 

Solution mixing of chemically converted graphene (CCG) and PANI  5.5 (44% CCG/ 56% PANI) [136] 

Disperse GO in sulphated polyaniline and then reduction 0.3 [147] 
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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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Table 2-3 Summary of acid dopants. 

Dopants Acids-PANI 
Solubility 

(water) 

Conductivity 

(S cm-1) 
Ref 

Mineral acid 

HR (R means halogen)- PANI + 1-5 [148] 

H3PO4- PANI + 58 [84] 

Selenious acid- PANI + 0.02--0.0003 [159] 

Organic acid 

Camphorsulfonic acid- PANI + 
200-400 

(m-cresol) 
[160] 

dodecylbenzene sulfonic acid- PANI + 100-250 [161] 

4-(4-Hydroxy-2-methyl-phenylazo) benzenesulfonic acid- PANI - 0.05-0.06 [162] 

4-(4-Hydroxy-biphenyl-3-ylazo)-benzenesulfonic acid- PANI - 
0.02-0.05 

 
[162] 

4-[4-hydroxy-2-((Z)- 

pentadec-8-enyl) phenylazo] benzenesulfonic acid- PANI 
+ 10-2-10-3 [163] 

Pyrenesulfonic acid- PPy + ———— [164] 

Esters of 5-sulfo-i-phthalic acid- PANI + 85 (DCA as solvent) [165] 

Sulfonic acid of 3-penradecyphenol- PANI + 0.45-0.60 [166] 

Sulfonic acid of 3-pebtadecylanisole- PANI + 1.84-2.50 [166] 

Sulfonic acid of 3-pentadecylphenoxy acetic acid- PANI + 3.30-6.62 [166] 
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Polymer acid 

Poly(acrylic acid)- PANI + 10-3-10-4 [8, 150] 

Poly(amic acid)- PANI + 10-5 [154] 

Poly(styrenesulfonic acid)- PANI + 2-3 [16] 

Poly(2-acrylamido-2-methyl-1-propanesulfonic acid)- PANI + 0.4-1.1 [153] 

Poly(vinylphosphonic acid)- PANI + 10-2-10-1 
[156, 

167] 

Poly(alkylene phosphate)- PANI + ------ 
[168, 

169] 

Poly(methyl vinyl ether-alt-maleic acid)- PANI + 3.5×10-3-2.1×10-2 [170] 

Phosphoric acid- PBI (Polybenzinidazole) + 0.01 (25℃)-0.26 (200℃) [171] 

Polyglutamic acid- PPy + ------ [172] 

Poly[2-(3’-thienyl) ethanesulfonic acid]- PVA + 8×10-5 (0.05 molar ratio PVA) [173] 
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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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towards gases was achieved by PANI membranes [148, 149]. The effective free 

volume of these PANI membranes enabled to be tuned by the doping and dedoping 

process. Therefore, a high selectivity towards gas mixtures could be obtained by a 

controlled doping, dedoping and redoping process [148, 149, 177]. 

After this, PANI has been used to prepare a range of different membranes 

including pervaporation membranes, proton-exchange membranes and organic 

solvent nanofiltration membranes [7, 92, 94, 107, 178-180]. In terms of PANI membranes 

in pervaporation, PANI displayed superior stability in aprotic solvents and can be 

used in the dehydration of aggressive solvents [81, 108]. For PANI membranes in 

electrodialysis, the presence of an electroactive PANI layer at the surface of 

commercial proton-exchange membranes led to an improved selectivity for 

specific ion transport [107, 180, 181]. In the case of PANI membranes employed in 

organic solvent nanofiltration, acid dopants acted as soft templates, introducing 

nanoporosity into the membane structure. After extracting the acid counterion by 

alkaline, small solvent molecules can pass through the expanded free volume [7, 92, 

94]. 

Furthermore, PANI is employed to modify polysulfone UF membranes by forming 

a PANI nanofiber layer on the PS membrane surface. It was found that the PANI 

modified nanocomposite membrane exhibited a much better antifouling 

performance than the substrate membrane due to the hydrophilicity and steric 

hindrance effect of the PANI nanofiber layer [98].  

2.4.6 Evidence of Stimuli-responsive PANI Membranes 

The tuneability of PANI makes it a promising candidate membrane material in 

numerous applications like sensors, actuators, electrochromic displays and 

membrane separations. Table 2-4 summarises the tuneable properties and possible 

applications of PANI membranes. It can be seen that PANI with various tuneability 

is a promising material for use in responsive membranes. Considering one of the 

research aims is to develop stimuli-responsive composite membranes for fouling 

control, it could be great interest to choose PANI as a tuneable membrane material. 

Based on the conductive properties of PANI and fast response speed requirements 

of external stimuli, electrical potential will be considered to work as external 
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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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Table 2-4 Tuneable properties of PANI-initial proof of stimuli-responsive PANI membrane. 

Tuneable properties Findings Possible applications 

Electrical conductivity Adjusting the solution pH (≤3) results in protonated PANI which displays electrical conductivity 

[182]. 

sensors, batteries , actuators, 

Electrostatic discharge 

materials, supercapacitors [183] Dopant type and doping degree influence the electrical conductivity of PANI. At a perfect EB 

form, the electrical conductivity increases with the increased doping degree, 50% doping 

displays the highest conductivity. With the degree of doping beyond 50%, the conductivity 

decreases due to the formation of bipolarons [66].  

Changing the oxidation state chemically or electrochemically affects the electrical conductivity. 

The 50% oxidised with 50% doping is expected to show high conductivity [184]. 

The electrical conductivity can be significantly improved by integrating PANI with electro-

active materials such as metals, metalloid, carbon nanomaterial (EG, CNT, graphene), due to the 

enhanced carrier mobility and charge transfer in the chain structure [109, 120]. 

Morphology and surface charge 

change  

Protonation–deprotonation and oxidation-reduction processes affect the membrane morphology 

at a molecular level, leading to the selective transport of gas [148] and neutral solution species [56, 

108]. Membrane surface charge can also be changed by doping and redox processes, resulting in a 

selective transport of ions [107]. 

Smart membrane separation, 

(gas, ion and neutral solute) and 

ion-exchange materials [66] 

Electrochromisim PANI exhibits colour change (white-yellow-green-blue-violet) depending on both pH via 

protonation-deprotonation and the oxidation state via oxidation-reduction process [185]. 

Electrochromic displays, pH 

indicators, polymer light 

emitting diodes [183] 
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2.5 Implications of the Literature 

The above literature review illustrates the tuneable properties of conducting 

polymer PANI membranes adjusted by doping/dedoping in the conjugated carbon 

backbone to change the free volume within the membrane. Going beyond this 

current understanding, this work hypotheses that if a PANI membrane is used 

under electrical stimulation, there are several possible ways (including this) that 

flux and selectivity can be changed which will be able to effect a change in 

separation (selectivity and permeance) for electrically neutral molecules as well as 

the more commonly studied charged species: 

 Membrane charge can change          Donnan exclusion changes 

 PANI is piezoelectric (as above)         Pore size and/or free volume changes 

 Electrical filed developed         Molecular interaction changes 

 Polymer properties change         Solution diffusion through membrane changes 

Conventional membranes cannot change their selectivity and pore size in a simple 

in-situ method to overcome membrane fouling. In reactors incorporating 

membrane separation, membrane fouling is a serious problem which limits 

production rate and effluent quality. There is a gap in the literature to incorporate 

a conducting PANI membrane into a reactor system, ultimately achieving in-situ 

control for membrane fouling (as well as any species in the permeate/reactor 

product stream). To achieve this, it is necessary to produce a tuneable PANI 

membrane reactor which can be tuned to different pore size and molecular 

selectivity via an external potential.  

In a tuneable membrane reactor, foulants will be pushed through and off the 

membrane by changing the pore size and surface charge. If the foulant is an 

enzyme, this will allow it to be recovered, saving money and resources. In 

particular, if pore size can be changed, then irreversible fouling could be overcome, 

removing a fundamental barrier to continuous membrane reactor adoption. 

Furthermore, if the conventional membrane becomes fouled with an enzyme or 

other foulant molecules and/or feed, the flux will decrease and the selectivity will 

change. A tuneable membrane can be regulated to keep the same flux and 

selectivity overtime, resolving this problem. Changing MWCO and charge in the 

PANI membranes could also be used to periodically remove fouling altogether. 

Conversely, if the fouling layer is key to a high reaction rate, the catalyst film layer 
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thickness can be controlled using a tuneable membrane. To do this, a robust and 

functional tuneable membrane must be produced. The PANI membrane appears to 

be a very promising option for this. 

Currently, three main challenges exist for PANI membranes:  

 Membranes doped by small acids such as HCl are brittle and severely limit the 

utility in real membrane systems. 

 Small acid dopants are prone to leach during filtration, leading to the dedoping 

of PANI drastically. 

 Doped membranes are often poorly conductive.  

Many studies have discussed the limitations of the state-of-the-art in PANI 

tuneable membranes and some proposed to use polymer acid in the casting solution 

to fabricate polymer acid doped membrane, but few studies solve these problems 

by incorporating the long chain acid into the PANI from the very beginning, 

potentially strongly binding the acid to the PANI structure during the 

polymerisation for PANI synthesis. Moreover, applying an electrical potential to 

a doped PANI membrane produces electron flow to change the membrane free 

volume due to the incorporation or expulsion of ions from the dopant site. 

Membranes with tuneable selectivity and permeability could be produced and the 

transport properties can be predictably controlled in-situ using external potential. 

Therefore, a systematic research study is required to determine the best conditions 

and species to use to polymerise different polymer acids into the PANI structure 

and prepare polymer acid doped membrane and then control the membrane 

selectivity and permeability in-situ by externally applied potential. 
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3 Aims and Objectives 

As stated in Chapter 1, the overall aim of this research is to develop unique 

conducting PANI membranes that can be electrically tuneable to different fluxes 

and selectivity. The target application is in a membrane reactor, where the primary 

aim of the new generated tuneable membrane is to allow the fouling layer to be 

pushed off/through membrane by external potential. 

Based on past literature precedents and the gaps in the literature, the specific 

objectives of this project are: 

 Investigate the influence of Tpoly on in-filtration electrical tuneability of small 

acid doped PANI membranes; 

 Improve the filtration stability and mechanical properties of acid doped PANI 

membranes by incorporating the PAs (mainly PAMPSA) into the PANI 

structure; 

 Enhance the electrical conductivity of PAMPSA doped PANI membrane 

(Memb-PAMPSA) by incorporating EG and secondary doping treatment with 

DBSA; 

 Examine suitable methods for decreasing the MWCO of Memb-PAMPSA; 

 Evaluate the membrane in-situ fouling removal ability using external stimuli; 

 Develop a higher resolution one-filtration MWCO method for NF/low UF 

range membranes using electrically neutral molecules for use in determining 

MWCO changes of electrically connected PANI membranes.  

In order to fulfil these objectives, a technical route has been formulated in Fig. 3-

1. 
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Fig. 3-1 Technical route. 
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4 Materials and Methods 

4.1 Materials 

Aniline, ammonium persulfate, hydrochloric acid, acetonitrile (HPLC grade), 

tetrahydrofuran, N-methyl-2-pyrrolidone, 4-methyl piperidine, poly(acrylic acid) 

(MW=450,000 g mol-1, powder), poly(styrenesulfonic acid) (MW=75,000 g mol-

1, 18 wt% in water), poly(methyl vinyl ether-alt-maleic acid) (MW=80,000 g mol-

1, powder), rose Bengal (dye content 95%), DBSA and fluorescein isothiocyanate 

(FTIC) were purchased from Sigma-Aldrich (UK). Ammonia solution, methanol, 

poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (MW=800,000 g mol-1, 10 

wt% in water), hydrogen peroxide (H2O2, 30 wt% solution in water), sulfuric acid 

(H2SO4, 96% solution in water) and isopropanol were obtained from Fisher (UK). 

Graphite powder (2-15 μm) was purchased from Alfa Aesar (UK). 

Polyethylene/polypropylene mixture backing layer − Novatexx 2431 (140 µm) 

was supplied by Freudenberg Filter (Germany). All solutions were prepared with 

DI water produced from an ELGA deioniser (PURELAB Option). 

Table 4-1 displays the commercial PEG and purer PEG standard obtained from 

different companies. Commercial grade PEGs (PEG 1000, 1500, 2000, 4000 and 

6000) were purchased from Alfa Aesar (UK). A purer grade PEG 1000 standard 

was purchased from Fluka (Switzerland). Commercial grade PEG 3000 was 

obtained from EMD Millipore (UK). The properties of commercial membranes are 

provided in Table 4-2. GE Osmonics™ (GE, GK, GH) and TriSep UA60 were 

purchased from Sterlitech (US). The Millipore disk membranes (Ultracel 

PLAC04310, Ultracel PLBC04310) were purchased from Sigma-Aldrich (UK). 

GE Osmonics™ GE and Millipore Ultracel PLAC04310 are NF membranes while 

GE Osmonics™ GH, GE Osmonics™ GK, TriSep UA60 and Millipore Ultracel 

PLBC04310 are UF membranes. 
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Table 4-1 Supplier and MW of the commercial grade PEGs and purer grade PEG standard used. 

Chemical  Supplier  MW (g mol-1) 

PEG 1000 (Commercial grade) Alfa Aesar 950-1050  

PEG 1000 (Purer grade) Fluka 950-1050 

PEG 1500 (Commercial grade) Alfa Aesar 1450-1500 

PEG 2000 (Commercial grade) Alfa Aesar 1800-2200 

PEG 3000 (Commercial grade) EMD Millipore 3000 

PEG 4000 (Commercial grade) Alfa Aesar 3600-4400 

PEG 6000 (Commercial grade) Alfa Aesar 5400-6600 

Table 4-2 Characteristics of the commercial membranes used to benchmark the new PEG 

MWCO technique. 

Membranes 
Nominal MWCO 

range (gmol-1) 
Membrane materials Type 

GE Osmonics™ GE  1000 [186, 187] Composite Polyamide NF 

GE Osmonics™ GH  1000-2500 [186, 188-190] Thin Film UF 

GE Osmonics™ GK 
2000-3500 [186, 188, 189, 

191] 
Thin Film UF 

TriSep UA60  1000-3500 [192] Polypiperazine-amide UF 

Millipore Ultracel 

PLAC04310  
1000 [193] 

PLAC cellulosic (regenerated 

cellulose) 
NF 

Millipore Ultracel 

PLBC04310  
1000-3000* [194, 195] 

PLBC cellulosic (regenerated 

cellulose) 
UF 

4.2 Chemical Oxidation Polymerisation of PANI-EB 

Fig. 4-1 shows the setup used for the synthesis (chemical polymerisation) of PANI. 

18.23 mL of aniline was dissolved in 200.0 mL of HCl solution (1.0 M). In a 

separate reagent bottle, 45.63 g of oxidant agent APS was dissolved in 128.0 mL 

of HCl solution (1.0 M), then the APS was slowly added into aniline solution by 

peristaltic pump (20 mL h-1) for about 8 h to have a proper control of the 

polymerisation reaction and the total reaction time was 24 h [6]. Tpoly were set at 

5°C, 15°C and 25°C, respectively. 

PANI is non-conductive unless doped with acids − the anions of dopants 

incorporated into PANI can be electrostatically attracted to the doped nitrogen on 

the PANI backbone to produce the conductive form of PANI [196]. The prepared 

emeraldine salt PANI-ES (note that this nomenclature indicates that PANI is in the 
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acid doped state) was filtered and intensively washed with six successive 250 mL 

DI water (6× 250 mL) to remove unreacted chemicals. Subsequently, the obtained 

powder was stirred in a 250 mL of aqueous ammonia solution (33.3%, w/v) for 

about 12 h to deprotonate PANI-ES.  

The PANI-EB (note that this nomenclature indicates that PANI is in the undoped 

state) containing ammonia solution was then re-washed with DI water (3× 500 mL) 

to remove the excess ammonia, and then with methanol (3× 250 mL) to remove 

the PANI oligomers. The polymer was dried in a vacuum oven at 60°C for 24 h. 

Finally, non-conductive powder was ground in a mortar and pestle to generate a 

fine purple-bronze PANI-EB product. The PANI powder synthesised at 5°C, 15°C 

and 25°C will be denoted as PANI-EB-5, PANI-EB-15 and PANI-EB-25 in the 

paper, where the number indicates Tpoly, respectively. 

 

Fig. 4-1 Setup for chemical polymerisation of aniline. 

4.3 Chemical Oxidation Polymerisation of PANI-PA 

The setup in Fig. 4-1 was also used for PANI-PA preparation. Aniline, at 4:1 

monomer to acid repeat unit molar ratio, was dissolved in the polymer acid 

solution namely PAMPSA, PSSA, PAAc and PMVEA (0.1 M). In a separate 

reagent bottle, oxidant agent APS (at 1:1 molar ratio to aniline monomer) was 

dissolved in water. The difference between PANI-EB and PANI-PA synthesis was 

that HCl used to dissolve aniline and APS was replaced by polymer acid solution 

and water, respectively. The polymerisation temperature was controlled at 15°C 

and the reaction time was 24 h. The reactant product was washed with 6× 250 mL 

of DI water and 3× 250 mL of acetone, and then dried in a vacuum oven at 60°C 

for 24 h. The obtained powder was ground in a mortar to give a fine black green 

PANI-PA product.  
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4.4 Preparation of Exfoliated Graphite 

The exfoliated graphite was prepared using H2O2 − H2SO4 methods, following the 

process reported in the literature [129, 142]. The graphite powder was added to the 

concentrated sulfonic acid and stirred until well dispersed, and then H2O2 was 

added into the mixture followed by stirring for 2 h. The as-treated graphite was 

then washed with DI water until the pH of the filtrate reached 6 and subsequently 

dried at 100℃ for 24 h. After that, the dried power was heated in a furnace at 700℃ 

for 2 min. The graphite worm was then dispersed in a 50 wt% isopropyl alcohol 

solution and sonicated for 2 h, subsequently washed with DI water and dried under 

vacuum at 60℃ for 24 h. 

4.5 Small Acid Doped PANI Membrane Fabrication 

The membranes were prepared via NIPS at room temperature. DI water was used 

as the non-solvent in the coagulation bath. NMP has been recommended as the 

best solvent to dissolve PANI-EB for PANI membrane preparation. 4-MP showed 

good gel inhibiting ability for PANI membrane synthesised in NMP [6, 7, 50, 106]. 

Therefore, NMP and 4-MP was used in this study to prepare PANI membrane by 

phase inversion. PANI-EB (11.55 g, 20 wt%) was slowly added to a mixture of 

NMP (42.43 g) and 4-MP (3.77 g) using a funnel in small portions over 5 min. The 

mixture was stirred at a high mixing speed (300 rpm) for 4 h to obtain a 

homogeneous solution and then left overnight (12 h) to remove air bubbles. 

It has been reported that some forms of aggregation or clumping could occur in 

PANI/NMP solution due to a strong inter-/intra-chain interaction between the 

PANI molecules [197-200]. Also, the degree of PANI aggregation increases with an 

increasing PANI concentration [198]. There is no visible aggregation or clumping 

in the solution in our case, so the solution was used to cast PANI-EB membranes 

without any other treatment.  

The membrane backing layer was secured using scotch tape on a flat glass plate 

and the solution was added into the reservoir of the doctor blade (Elcometer 3700), 

then the membranes were cast to the backing layer at 250 µm casting thickness 

using an adjustable film applicator (Elcometer 4340 automatic film applicator, 

Elcometer, UK). Evaporation time of 15 s was used before immersing the casted 

membrane solution into a DI water coagulation bath. The membrane was kept 

immersed in DI water at room temperature for at least 24 h and then rinsed with 
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fresh water and stored in DI water for later use. The membranes prepared by PANI-

EB-5, PANI-EB-15 and PANI-EB-25 were denoted as Memb-EB-5, Memb-EB-

15 and Memb-EB-25, respectively. Fig. 4-2 displays the membrane preparation by 

NIPS method. 

 

Fig. 4-2 PANI membrane preparation by non-solvent induced phase separation. 

Doping of membrane was carried out in 1.0 M HCl solution since the conductivity 

of PANI in 1 M aqueous HCl reached an equilibrium value [182]. Doping of PANI 

changed the membranes colour from bronze purple to a dark green. In terms of 

HCl doped membrane used in Chapter 5, the membranes were initially doped for 

24 h and membranes characterised at this doping time up until initial tuneability 

assessment using dynamic droplet penetration analysis (Section 5.3.5). However, 

these membranes were found to be too brittle to be used in cross-flow testing and 

therefore the effect of doping time was then studied and was discussed in more 

detail in Section 5.4.1. The Memb-EB-5, Memb-EB-15 and Memb-EB-25 doped 

with HCl were denoted as Memb-ES-5, Memb-ES-15 and Memb-ES-25, 

respectively. 

4.6 Polymer Acid Doped PANI Membrane Fabrication 

The above mentioned NIPS procedure (Section 4.5) was used in the preparation of 

polymer acid doped PANI membrane. In contrast to HCl doped membranes, 

polymer acid doped PANI membranes were prepared by using PANI-PA 

complexes as membrane materials. Unlike the PANI-EB solution in Section 4.5, 

some clumping occurred during the solution preparation, so the solution was 

heated at 80°C for 30 min to reduce the clumping of the PANI-PA complexes in 

NMP solutions prior to casting. 

In order to tighten the PAMPSA doped PANI membrane (Memb-PAMPSA), 

different solvents (dimethylformamide (DMF), dimethylacetamide (DMAc)), co-

solvents (THF, acetone) and evaporation times (0-120 s) were studied as detailed 

in Error! Reference source not found.. 
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Table 4-3 Membrane preparation conditions: casting solution composition and evaporation time. 

Membrane 

notation  

Solvent/co-solvent 

(mass ratio) 

Gel inhibitor Evaporation 

time (s) 

M1 NMP  No 4-MP --- 

M2 DMF No 4-MP --- 

M3 DMAc No 4-MP --- 

M4 NMP 4-MP (4-MP/PANI tetrameric repeat 

unit molar ratio=1.2:1) 
0 s 

M5 NMP/Acetone (70/30) 4-MP (4-MP/PANI tetrameric repeat 

unit molar ratio=1.2:1) 

--- 

M6 NMP/THF (70/30) 4-MP (4-MP/PANI tetrameric repeat 

unit molar ratio=0.5:1) 
--- 

M7 NMP/THF (70/30) 4-MP (4-MP/PANI tetrameric repeat 

unit molar ratio=1.2:1) 

0 s 

M8 NMP/THF (70/30) 4-MP (4-MP/PANI tetrameric repeat 

unit molar ratio=1.2:1) 

10 s 

M9 NMP/THF (70/30) 4-MP (4-MP/PANI tetrameric repeat 

unit molar ratio=1.2:1) 

20 s 

M10 NMP/THF (70/30) 4-MP (4-MP/PANI tetrameric repeat 

unit molar ratio=1.2:1) 

30 s 

M11 NMP/THF (70/30) 4-MP (4-MP/PANI tetrameric repeat 

unit molar ratio=1.2:1) 

45 s 

M12 NMP/THF (70/30) 4-MP (4-MP/PANI tetrameric repeat 

unit molar ratio=1.2:1) 

60 s 

M13 NMP/THF (70/30) 4-MP (4-MP/PANI tetrameric repeat 

unit molar ratio=1.2:1) 

120 s 

 * Temperature: 22-23℃; Humidity: 40-50%. 

Visual defect analysis (Section 4.8.2) was used to detect defects, such as pinholes 

and cracks on the membrane surface. This can make sure membranes with good 

quality was used throughout the experiment.  

4.7 Incorporating EG and DBSA into Memb-PAMPSA 

Three different approaches as illustrated in Fig. 4-3 were applied to incorporate 

EG into Memb-PAMPSA. 

Method 1 (in-situ polymerisation): involved incorporating EG in the in-situ 

polymerisation of aniline with PAMPSA as acid medium. Three different weight 

percentages of EG (25 wt%, 50 wt% and 75 wt%), with respect to aniline were 

used during the in-situ polymerisation of aniline, and the synthesised PANI-

PAMPSA-EG complex with the highest conductivity was selected to make 

membranes. 

Method 2 (mechanical mixing): involved mechanically mixing EG and 

PAMPSA doped PANI (PANI-PAMPSA) complex, and two different weight 
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percentages of EG (25 wt% and 50 wt%) with respect to PANI-PAMPSA were 

used. The mixture with higher conductivity was chosen to make membranes.  

Method 3A (solution mixing): involved two steps: the first step was to disperse 

EG in solvent with 2 h ultrasonication at a low temperature (5°C); the second step 

was to add PANI-PAMPSA into the solution portion by portion with magnetic 

stirring overnight. The obtained casting solution was then used to make 

membranes. 

Method 3B (solution mixing): involved dispersing EG and PANI-PAMPSA 

separately in the solvent, and then the EG solution was added drop by drop into 

PANI-PAMPSA solution with ultrasonication for 2 h at a low temperature (5°C) 

and magnetic stirring overnight. The obtained homogeneous mixture was used to 

make membranes. 

 

Fig. 4-3 Different approaches to incorporate EG into membranes: (1) In-situ polymerisation in 

presence of EG, (2) mechanically mixing EG and PANI-PAMPSA, (3) dispersing EG in solvent 

and then adding PANI-PAMPSA, (4) dispersing EG and PANI-PAMPSA in solvent separately 

and then mixing together. 

The membrane was prepared using NIPS method as per Section 4.5. The formed 

membranes then doped in 1.0 M DBSA for 24 h at room temperature to obtain 

secondary doped membranes (Memb-PAMPSA-EG/DBSA). 
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4.8 Characterisation Techniques 

4.8.1 Fourier Transform Infrared Spectroscopy (FTIR) and UV–Visible 

Spectroscopy (UV-Vis): Chemical Analysis 

The FTIR spectra of dry PANI samples (both powder and membranes) were 

obtained by using a Spectrum 100™ - FTIR Spectrometer (PerkinElmer, USA) 

fitted with an attenuated total reflectance (ATR) detector. A background scan was 

run prior to sample testing and spectra were recorded from 4000 to 650 cm-1 in 

transmission mode with a spectral resolution of 4 cm-1 and 32 scans. Thin slices of 

PANI membranes were measured directly. The PP/PE backing layer was also 

tested for comparison with the fabricated membrane.  

The UV-Vis analysis of PANI-EB powder was carried out using UV-Vis 

equipment (UV-1601, Shimadzu, Japan). 10 mg of PANI were dissolved in 10 mL 

of NMP to prepare 1.0 g L-1 solution; the obtained solution was then diluted into 

0.01 g L-1 by NMP. Spectra were recorded at wavelengths from 250 to 850 nm at 

room temperature. 

4.8.2 Visual Defect Analysis 

A backlit LED light box was used to detect any visible defects.  

4.8.3 Field-emission Scanning Electron Microscopy (FESEM): Membrane 

Morphology  

The morphological properties of the membranes were imaged by using FESEM 

(JSM-6301F, JEOL, Germany). The samples were prepared by breaking them in 

liquid nitrogen to obtain a smooth cross-section and then mounted on the SEM 

stubs by conductive double-sided tape and dried overnight. The samples were 

coated with chromium using a sputter coater (Q150T S, Quorum) under argon flow 

to reduce sample charging under the electron beam. The samples were imaged 

using an acceleration voltage of 5 kV. 

4.8.4 Mechanical Strength Analysis: Membrane Robustness 

The tensile strength and elongation at break of membranes were determined using 

a standard mechanical testing instrument (Instron 3369). The samples prepared in 

this manner were cut by a razor blade into rectangular strips of approximately 5 

mm × 75 mm for testing. The samples were gripped using clamps and all tests 
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were conducted with a pull speed of 2 mm min-1 at room temperature. Membrane 

thickness was measured using standard Vernier callipers. An average of three 

membrane samples was recorded. 

4.8.5 Dynamic Mechanical Analysis (DMA): Glass Transition Temperature 

(Tg)  

The Tg of membranes were obtained by using a dynamic mechanical analyser 

(Mettler-Toledo, DMA1, STARe System) up to a temperature of 300°C with a 

heating rate of 5°C min-1 and at a frequency of 1 Hz. The membranes were cut into 

strips of 25 mm (L) × 5 mm (W). 

4.8.6 RGB Colour Analysis: Membrane Doping State via Colour Changes  

Colour analysis RGB (Red, Green and Blue) was used to quantitatively evaluate 

the colour of PANI membranes. A RGB value of (0, 0, 0) represents a black colour 

whereas a value of (255, 255, 255) represents white. Consequently, a higher RGB 

value indicates a lighter colour. A scanner (CanoScan 9000F, Canon, Japan) was 

used to scan the membrane samples to obtain membrane images, and Image J 

software was employed to analyse the images and give the mean value of RGB. 

The reported values are the mean values of different points from at least two 

different membrane samples. The colour variation (∆RGB) after doping (Rd, Gd, 

Bd) can be calculated by subtracting the data before doping (R0, G0, B0), in 

accordance with Equations 4.1-4.3: 

∆R= Rd - R0                                                                          Equation 4.1 

∆G= Gd - G0                                                                         Equation 4.2  

∆B= Bd - B0                                                                           Equation 4.3 

4.8.7 Four-point Probe Conductivity Meter: Membrane Conductivity 

The membrane surface conductivity was investigated at room temperature by 

using a four-point probe conductivity meter (RM3000, JANDEL, UK). The 

measured bulk resistivity (ρ) was calculated by the following relationship in 

Equation 4.4: 

ρ=4.532×V×t/I                                                   Equation 4.4 
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Where ρ is resistivity, V is the measured potential, I is the provided current, and t 

is the membrane thickness. The conductivity was calculated from the conversion 

of the resistivity. Each sample was measured a minimum of 10 times with average 

and standard deviation reported. 

4.8.8 Dynamic Droplet Penetration Analysis: Initial Tuneability Assessment 

The dynamic droplet penetration over time with, or without, applied potential 

through the membranes was measured by use of a contact angle goniometer 

(Contact Angle System OCA 15Pro, Dataphysics, Germany). The membrane 

sample was placed on an analytical platform which electrodes were connected to 

provide voltage across the membrane, as illustrated in Fig. 4-4. A small drop of 

water (2.0 µL) was placed onto the membrane surface at a dosing rate of 1.0 µL s-

1 using a Hamilton syringe. A video camera was used to record images of the water 

drop with and without applied potential. The programme software was used to 

calculate the effective contact angle and droplet height change on the membrane 

surface. 

  

Fig. 4-4 The membrane assembly in the contact angle goniometer [6]. 

4.8.9 Dead-end Filtration: Membrane Transport Property 

Membrane filtration was performed in a stirred high pressure stainless steel dead-

end filtration cell (HP 4750, Sterlitech, USA). The membrane with an effective 

area of 14.6 cm2 was placed on a sintered metal plate. During filtration, the 

filtration cell was immersed in a water bath at a temperature of 25°C and a 

magnetic stirrer at 300 rpm was used to minimize the effect of concentration 
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polarisation in the membrane surface. The driving force for filtration was provided 

by nitrogen gas. All membranes were pre-conditioned with DI water until a steady 

state flux was achieved. After reaching steady state, DI water or PEG mixture 

solution were added into the filtration cell and the permeate was collected in a 

measuring cylinder. Permeate mass versus time was recorded by using a computer 

operated digital mass balance (Sartorius LC3201D-00M, Germany) to determine 

the permeate mass flux. Solute rejection was calculated using Equation 4.5:                 

𝑅j(%) = (1 −
𝐶p

𝐶f
) ×100%                   Equation 4.5 

Where Rj is the rejection of membrane, Cf is the PEGs concentration in the feed 

and Cp is the PEGs concentration in the permeate. MWCO curves are obtained by 

plotting the rejection of the individual oligomers in the PEG mixtures against their 

molecular weight, determining the molecular weight at which a rejection of 90% 

was achieved. 

4.8.10 MWCO analysis method 

(1) PEG mixture concentration determination  

The PEG mixtures used for MWCO analysis included commercial PEG 1000, 

1500, 2000, 3000, 4000 and 6000. PEG, were selected as MWCO molecular 

probes since they are available in a wide range of MW from a number of different 

manufacturers, are low price compared to other MWCO probes (e.g. polystyrenes), 

are electrically neutral, are soluble in water over a wide range of concentrations 

and have minimum chemical interactions with membranes compared to more polar 

and charged molecules [201, 202]. They were dissolved in DI water to obtain PEG 

oligomer mixture solution. In terms of each commercial PEG with the same weight 

concentration, PEG 1000 exhibited much higher peak heights and areas than the 

other higher MW PEGs (e.g. PEG 1500, 2000, 3000, 4000 and 6000). In order to 

make sure the comparable peak response for all the commercial PEGs and get a 

relatively similar peak signal across the entire HPLC chromatogram, the weight 

concentration of larger MW PEGs (PEG 1500-6000) needed to be three times 

higher than PEG 1000 in the PEG mixtures. 

In terms of the construction of calibration curve, the lowest concentration used was 

75 mg L-1 for PEG 1000 and 300 mg L-1 for PEG 1500 to 6000 considering the 

sensitivity of the detector. Below the lowest concentration, the detector baseline 
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appeared to drift and showed excessive noise. The feed concentration used for the 

MWCO determination of commercial membranes was 600 mg L-1 for PEG 1000 

and 2400 mg L-1 for PEG 1500 to 6000. Feed concentration was expected to be as 

low as possible to prevent the possible concentration polarisation which could 

affect the MWCO value and so the feed concentration applied in the study was 

comparable to the previous publications [201, 203]. Since the retentate should still be 

measurable, the highest concentration used for the calibration curves was 1200 mg 

L-1 for PEG 1000 and 4800 mg L-1 for PEG 1500 to 6000. Therefore, the 

calibration curve covered a wide range of concentrations to give a comprehensive 

coverage of the expected feed, permeate and retentate concentrations. The 

calibration curves were established by diluting a stock solution of PEG mixture 

(1200 mg L-1 for PEG 1000, and 4800 mg L-1 for PEG 1500 to 6000). The peak 

areas versus concentrations of PEG oligomers were quantified by ELSD detector 

to construct the calibration curve. 

Purer PEG 1000, as an external standard, was employed to accurately identify the 

MW of the individual oligomers in its MW range using the stated average MW 

range as the highest peaks eluted, thereby accurately determining the identity of 

several peaks in the series. 

(2) Analysis method 

A high performance liquid chromatograph (HPLC) coupled with an evaporative 

light scattering detector (ELSD) were used for the identification of individual PEG 

oligomers. An ELSD detector was used since previous work in this research group 

and elsewhere has demonstrated that it is the most robust, reliable and sensitive 

detector for close MW PEG oligomers signal detection if coupled with an 

appropriate gradient elution [201, 202, 204]. The HPLC apparatus (Agilent 1260 

infinity series, Agilent Corporation, USA) consisted of an autosampler (G1329B), 

a Colcom column oven (G1316A), a Quat pump (G1311B), a degasser and an 

Agilent data interface. The detection was performed utilising an Agilent ELSD 

(Agilent 1260 infinity G4260B, Agilent Corporation, USA) with drift temperature 

set up at 60℃. An Agilent Poroshell 120 EC-C18 column (4.6 mm length × 5.0 

mm I.D., 2.7 μm particle size) was used to achieve the separation of peaks with 

temperature set at 50℃. A flowrate of 1.0 mL min-1 was used with mobile phase 

A: acetonitrile and B: water. The gradient used to separate the individual peaks of 
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the PEG mixtures is presented in Table 4-4. A sample volume of 50 μL was 

injected throughout the whole work. The analysis was based on the peak areas and 

each peak corresponded to a PEG oligomer with a certain molecular weight. 

Table 4-4 HPLC gradient for the separation of PEG oligomer. 

Elution time/min Gradient A (acetonitrile)/vol. % Gradient B (water)/vol. % 

0 15 85 

2 25 75 

20 25 75 

92 50 50 

95 20 80 

4.8.11 Cross-flow Filtration and Electrical Tuneability under Applied 

Potential 

Fig. 4-5 shows the electrically connected cross-flow filtration setup. The setup is 

comprised of two custom made PTFE cross-flow electro-filtration cells (effective 

area of 14.6 cm2, Auckland Engineering workshop) based on metal cross-flow 

cells (METXF-2.5-041-01, stainless steel, Membrane Extraction Technology, UK) 

[6]. Two stainless steel membrane electrodes were employed in this study. A good 

electrical contact between the membrane surface and electrodes was ensured 

before each experiment. The operating pressure was supplied by a precision 

metering pump (Hydra-Cell seal-less diaphragm pump model G10XKSGHFEMH, 

Michael Smith Engineering, UK) and potential was provided by a variable power 

supply (413D, Weir, UK). Current was measured using a digital multi-meter 

(UT58C, Maplin, UK). The temperature was kept at 25°C by a water bath (SBB 

Aqua 12 Plus, Grant instrument, UK). 
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Fig. 4-5 (a) Schematic of the electrically connected cross-flow filtration rig, (b) labelled photo of 

the electrically connected cross-flow rig. 

In a typical experiment, PANI membrane was placed in the cross-flow membrane 

cell, and then 1.5 L of DI water or PEG solution (PEG 1000, 1500, 2000, 3000, 

4000 and 6000) was transferred to the reservoir tank. The flowrate was set at about 

1.2 L min-1 as too high flowrate might cause unstable operating pressure whereas 

too low flowrate might lead to membrane fouling. Permeate was collected at a 

constant pressure. 

To test the electrical tuneability, membrane filtration experiments were performed 

with different electrical potentials, with 0, 9 and 30 V for small acid doped 

membrane in Chapter 5 and 30 V for PAMPSA doped membranes in Chapter 7 

and 8. For the 0 V potential experiment, the first permeate sample (denoted t = 0 

min) was taken after constant pressure was continued. Further permeate samples 
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were taken at 30, 60 and 120 min intervals after this. The same procedure was also 

used to study the effect of electrical potential (9 and 30 V) on membrane filtration. 

The permeate samples were kept in HPLC vials for the HPLC-ELSD analysis and 

MWCO was determined for each permeate collected as detailed in Section 4.8.10. 

Membrane mass flux was calculated from the permeate mass versus time data 

recorded by using a computer operated digital mass balance (A&D Instruments, 

GR-300, UK). In order to avoid the effect of small acid leaching from the 

membrane (Chapter 5) during cross-flow filtration, the same membrane was 

redoped prior to the filtration for each electrical potential. In this study, at least 

two different membrane samples were used to characterise each type of membrane. 

4.9 Fouling test and Post-Fouling Characterisation 

4.9.1 Dead-end Filtration: Permeance Determination  

Four kinds of membranes were chosen for the subsequent fouling evaluation tests. 

Dead-end filtration was used to determine the permeance of virgin, BSA fouled 

and cleaned membranes. The membrane was firstly preconditioned with DI water, 

and then 200 mL of DI water was used to determine the flux of virgin membranes, 

after that 200 mL of 1.0 g L-1 BSA solution was added to the cell to foul the 

membrane, and then 200 mL of DI water was run again to measure the flux of 

fouled membranes. After cleaning with applied potential, the flux of cleaned 

membranes was measured with 200 mL of DI water. All the filtration was run at 

25°C with a stirring rate of 300 rpm. Permeate mass versus time was recorded by 

using a computer operated digital mass balance (Sartorius LC3201D-00M, 

Germany) to determine the permeate mass flux. 

4.9.2 Fouling Removal with Applied Potential 

Fig. 4-6 displays the setup used for the fouling removal of membranes under an 

applied potential at room temperature. Firstly, the membrane was immersed in 800 

mL water in a beaker, and then applied potential of 30 V was applied on the 

membrane and lasted for 2 h. The wash solution sample was taken at 0, 30, 60, 90 

and 120 min. In addition, the two control experiments were run on BSA fouled 

membranes in the absence of applied potential and unfouled membrane in the 

presence of applied potential. 
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Fig. 4-6 Setup for evaluating membrane fouling removal. 

4.9.3 UV-Vis of the Wash Solution: Component Identification Analysis 

UV-Vis was used to analyse the components of the wash solution (obtained from 

Section 4.9.2) to evaluate membrane defouling behaviour by the application of 

external potential. A calibration curve was built in order to measure the BSA 

concentration in the wash solution. Spectra were recorded in the range from 200 

to 900 nm.  

4.9.4 Confocal Scanning Laser Microscopy (CSLM): Visual Examination of 

Membranes 

CSLM (Carl Zeiss LSM, Germany) were utilised to visualise the BSA-fluorescein 

on the membrane surface and distinguish the membrane defouling action upon 

electrical stimulus. 

The membrane samples (virgin, fouled and cleaned by external potential) were 

stained using FITC dye for 1 h and then washed with phosphate-buffered saline 

(PBS) to remove extra dye, after that the sample was viewed at two different 

magnifications. 
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5 Electrically Tuneable PANI Membranes: Influence of Tpoly on 

in-filtration Electrical Tuneability of Flux and MWCO  

5.1 Introduction  

The high selectivity and flux needed for current membranes to outcompete other 

separation technologies is often limited by fouling and the inability to precisely 

fine tune flux and selectivity of these membranes. The development of smart 

membranes, where the selectivity and flux can be tuned by external stimuli during 

operation, has the potential to be the breakthrough solution to overcome these 

major challenges [6]. Polyaniline (PANI), a π-conjugated structure with alternating 

single and double bonds, is the most extensively studied intrinsically conducting 

polymer during the past decade [4, 5]. Its electrical properties can be varied and 

controlled by both oxidative and non-redox protonic acid doping reactions in the 

conjugated carbon backbone [69-71]. It has attracted considerable attention because 

of good environmental stability, distinct electrochemical properties, simple 

reversible acid/base doping chemistry as well as lower synthesis costs [66, 69]. 

PANI has been widely studied in membrane based separations, such as gas 

separation, pervaporation, selective ion separation and organic solvent 

nanofiltration during the past two decades [7, 81, 88, 94, 107, 148]. It has been shown that 

PANI membrane structure can be altered at a molecular level by controlling the 

incorporation or exclusion of ions from the dopant site - even after synthesis-  

which is very difficult to accomplish with conventional polymer membranes [3-5]. 

The controlled movement of ion solutes in aqueous systems through PANI and 

other conductive polymer membranes in permeation cells has been well studied 

[205, 206]. Despite extensive efforts in designing ion selective PANI membranes, 

there remains an insufficient understanding of electrically tuneable membranes for 

pressure filtration systems [15, 207], especially their impact on membrane 

performance for separations of non-ionic species in particular (with only two 

examples available in literature) [56].  

We have realised that an electrically conductive PANI membrane could possibly 

be dynamically responsive by applying an external electrical potential across the 

membrane, thus inducing several changes in membrane properties that could 

produce more general membrane tuneability beyond the ion separations that PANI 
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membranes have, in the main, been applied to thus far. These electrically induced 

changes include: changing surface charge controlling Donnan exclusion, change 

in pore size/free volume (via incorporation or expulsion of ions from the acid 

dopant site) controlling pore flow transport, and chemical property changes 

controlling solution diffusion and volume swelling. All these properties make 

polyaniline an excellent candidate for a more universally electrically tuneable 

membrane investigation. 

Previous studies in Patterson research group has found that the transport properties 

of conducting PANI membrane, such as permeance and selectivity, could be tuned 

in-situ during cross-flow pressure filtration by applying an electrical potential 

across acid doped PANI membranes [6, 208]. The electrical potential changes the 

interaction between PANI and acid dopants and thus modifying the membrane 

properties and allowing membrane permeance and MWCO to be tuned. These 

tuneable membranes can thus offer a promising solution to optimise and control 

the in-situ tuneable separation performance in relevant industrial operations.  

PANI can be synthesised by several methods, including chemical polymerisation, 

electrochemical polymerisation, photo-induced polymerisation, enzyme-catalysed 

polymerisation, plasma polymerisation and other special methods [4, 71, 73]. Among 

the employed synthesis methods, chemical oxidative polymerisation has the 

advantage of producing PANI on large scale more economically with good 

reproducibility and control, which allows for commercial application [4]. 

Many studies have focused on the optimum reaction conditions for the aniline 

polymerisation as well as the influence of the synthesis conditions on the PANI 

properties [73, 77, 79, 82, 84, 87, 209, 210]. Among these conditions, Tpoly plays a crucial 

role in the oxidative chemical polymerisation of PANI and it is known to influence 

the mechanical, chemical and electrical properties of PANI [79, 85, 86, 184]. A lower 

Tpoly favoured producing PANI with a higher molecular weight than room 

temperature, which was desirable to form a membrane with more interlinked 

structures and higher mechanical strength [81-83]. The relationship between Tpoly and 

electrically conductivity, however, is still ambiguous. Ohtani et al. and Lee et al. 

claimed that decreasing Tpoly was accompanied by an increase in conductivity, 

while Boara et al. found that high conductivity of PANI could be obtained even at 

60°C by optimising the reaction conditions [84-86]. Other studies reported that the 
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conductivity was independent of Tpoly 
[77, 79, 85, 87]. Stejska et al. studied the effects 

of Tpoly on properties of PANI and found that PANI prepared below 0°C showed 

an increase in molecular weight and crystallinity while little dependence of 

conductivity of PANI on the Tpoly 
[79]. While it is known that Tpoly affects the 

properties of PANI, there is no study that reports the effect of Tpoly on the transport 

properties and electrical tuneability (i.e. electrically tuneable permeance and 

selectivity)) of PANI in pressure driven filtration processes. As Tpoly affects the 

properties of PANI, it could subsequently influence the transport properties of 

PANI membranes and their electrical tuneability. Therefore, it is necessary to 

conduct a systematic evaluation of the effect of Tpoly on above mentioned 

membrane properties and their electrical tuneability.  

Consequently, this study is the first rigorous study on the effect of Tpoly on the 

properties of PANI membranes and its impact on the electrical tuneability of flux 

and MWCO during cross-flow filtration of neutral species. PANI was synthesised 

via chemical oxidative polymerisation at different Tpoly. Based on literature reports 

[211, 212], three Tpoly  (5°C, 15°C and 25°C) were chosen. Subsequently, flat sheet 

PANI membranes were prepared via NIPS method. The membrane properties 

(chemical, electrical, physical and mechanical) were investigated by a multitude 

of physicochemical techniques, e.g. FTIR, UV-Vis, DMA, FESEM, four-point 

probe conductivity, dynamic contact angle goniometry, membrane permeance and 

MWCO. Cross-flow filtration under applied potential was used to determine the 

change in membrane performance caused by external voltage changes. The 

membrane properties at different Tpoly were compared and an understanding of the 

relationships among Tpoly, membrane performance properties and electrically 

tuneability of membranes, were developed for the first time. 

5.2 The Effect of Tpoly on the PANI Powder Properties 

5.2.1 Yields of PANI Powder 

PANI-EB powder was synthesised from aniline monomer at 5°C, 15°C and 25°C. 

Table 5-1 describes the weights and yield of PANI powder versus Tpoly. It can be 

seen that each Tpoly produced similar weights and gave around 71% yield based on 

the aniline monomer. The result illustrates that Tpoly had no significant effect on 

the yields of PANI powder (P>0.05) as also observed in literature [78]. This 
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indicates that the synthesis undertaken can be benchmarked against other PANI 

synthesis work in the literature.  

Table 5-1 Weight and yield of PANI-EB powder obtained at different Tpoly. 

PANI-EB-TPoly(°C) Weight (g) Yield (%) 

PANI-EB-5 13.34±0.41 71.56±2.22 

PANI-EB-15 13.14±0.31 70.50±1.67 

PANI-EB-25 13.25±0.47 71.13±2.51 

5.2.2 UV-Vis and FTIR Analysis 

UV-Vis absorbance spectra of the PANI-EB samples with different Tpoly dissolved 

in NMP are shown in Fig. 5-1 (a). The spectra presented two significant absorption 

peaks at 330 and 639 nm respectively. The 330 nm band (B-band) corresponds to 

the π- π* transition associated with π electrons of benzenoid rings (B) [213]. The 

absorption in the visible range, at 639 nm (Q-band), is ascribed to excitation of an 

electron from the highest occupied orbital of benzenoid rings to the lowest 

unoccupied orbital of the quinoid rings (Q) [214]. The absorption of the Q-band 

reflects both intra- and inter-chain interaction; therefore, its absorption intensity 

and wavelength change with the EB chain configuration, which is affected by the 

solubility, additive, concentration, oxidisation level and molecular weight. On the 

other hand, the B-band is mainly a function of intra-chain interaction; therefore, 

the solution properties have a less impact on its intensity and wavelength [215, 216]. 

Therefore, the absorbance ratio of the Q-band and B-band, Q/B ratio, may be used 

to determine the oxidation level of PANI chains. The value of Q/B = 0.86 indicates 

an ideal PANI-EB while a Q/B below 0.69 typically indicates higher or lower 

levels of oxidation.  

For the powder synthesised, UV-Vis spectra of the three different PANI-EB forms 

(PANI-EB-5, 15 and 25) showed a slight decrease of Q/B absorbance ratio with 

increasing Tpoly, i.e., 0.88 for PANI-EB-5, 0.86 for PANI-EB-15 and 0.81 for 

PANI-EB-25 while the wavelength of Q-band and B-band remained almost 

constant. The differences in Q/B ratios are most likely related to the structural 

differences (i.e. oxidation state and molecular weight) of PANI-EB resulting from 

the different Tpoly 
[78]. Specifically, Yang et al. reported that when the MW of PANI 

was less than 30,000 g mol-1 the Q/B ratio decreased to 0.48 and increased as the 



 

67 

molecular weight increased becoming constant at 0.89 when the MW was greater 

than 30,000 g mol-1 [217]. Therefore, in the present case, a slight increase in the Q/B 

ratio at low Tpoly suggests that a lower Tpoly produces a higher molecular weight 

PANI-EB and/or PANI-EB with increased content of non-protonated Q units. This 

confirms other results in the literature [79, 87].  

 

Fig. 5-1 (a) UV-Vis absorbance spectra of PANI-EB at different Tpoly. (b) FTIR spectra of PANI-

EB powder synthesised at different Tpoly. 

Table 5-2 FTIR bands representing PANI at different wavelengths [184, 218]. 

PANI band Characteristics Wavelength (cm-1) 

C=C stretching vibrations of benzenoid rings 1485-1498 

C=C stretching vibrations of quninoid rings 1560-1598 

C-N-C stretching of secondary aromatic amine 1296-1286 

C-N+∙ stretching in polaron form of PANI (ES) 1231-1245 

-NH+= structure upon doping (Electronic like bands) 1145-1150 

C-H out of plane blending of 1,4-ring 815-830 

C-Cl stretching vibration 620-630 

Fig. 5-1 (b) shows FTIR spectra of the PANI-EB at different Tpoly, with 

characteristic peaks of PANI identified in Table 5-2. The spectra show the 

characteristic bands of PANI at 1590 cm-1 (stretching of N=Q=N), 1493 cm-1 

(stretching of N-B-N), 1296 cm-1 (C-N-C stretching of the secondary aromatic 

amine), 1160 cm-1 (C-H in plane blending of 1,4-ring) and 825 cm-1 (C-H out of 

plane blending of 1,4-ring) [184, 218]. The characteristic absorption peaks of PANI 

appeared in the UV-Vis and FTIR spectra, indicating that PANI-EB was indeed 

produced in the experiment [219].  
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The spectra of all PANI-EB samples were very similar but they slightly differed 

in the intensity of the shoulders occurring at 1116 and 1215 cm-1. The band at 1116 

cm-1 is assigned to the vibration mode of protonated units Q = NH+-B or B-NH+∙-

B present in PANI-EB [220]. As can be seen in Fig. 5-1 (b), the intensity of shoulder 

at 1135 cm-1 increased from PANI-EB-5 to PANI-EB-25, which indicates that the 

content of residual protonated units in a PANI-EB form is an increasing function 

of Tpoly. The band at 1215 cm-1 showed the opposite behaviour and decreased as 

Tpoly increased. In the literature, this band had been assigned to VCN + δCH modes 

in Q units and authors observed a decrease in this band intensity with increasing 

content of self-doped units in PANIs prepared with the FeCl3/H2O2 catalyst system 

[220]. The intensity decrease of the band at 1215 cm-1 implies a decrease in the 

content of non-protonated Q units with increasing Tpoly from 5°C to 25°C. These 

results are consistent with the UV-Vis results. 

5.3 The Effect of Tpoly on PANI Membrane Properties 

Membranes were prepared from PANI-EB powder synthesised at different Tpoly as 

detailed in Section 4.5. These membranes were then characterised using a range of 

techniques. Subsequently, a comparison was made to conclude the Tpoly which 

produce most optimal electrically tuneable membranes (aiming for robust, 

conductive membranes with widely tuneable flux and MWCO). 

5.3.1 PANI Membrane Morphology: Defect Analysis and FESEM Imaging 

A backlit LED light box was used to detect any visible defects, such as pinholes 

and cracks, on the membrane surface. Fig. 5-2 shows the images of Memb-EB and 

Memb-ES. Memb-EB-5 and Memb-ES-5 had smooth and shiny membrane 

surfaces without any visible cracks. Memb-EB-25 and Memb-ES-25 were brittle 

with defects and cracks formed on the surface, indicating that the membrane was 

likely to perform poorly in filtration experiments. As a stability test, membranes 

were kept at room temperature for a period of two months. Memb-EB-15 surface 

developed some cracks similar to Memb-EB-25; there were no visible changes to 

Memb-EB-5 during this time. 
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Fig. 5-2 Defects examination of membrane surfaces by light box: (a) Memb-EB-5 (purple bronze), 

(b) Memb-ES-5 (dark green), (c) Memb-EB-25 (purple bronze) and (d) Memb-ES-25 (dark green) 

Fig. 5-3 presents the effect of Tpoly on the membrane morphology. All the 

membranes displayed characteristic cross-sections of NF membranes, showing 

three layers [221]: a denser top skin layer, a transition region and a relatively porous 

layer of PANI on a support layer. Macrovoids are present in all membranes. In 

general, membrane structures depend on both the thermodynamic interactions 

between components in the casting solution, as well as on the phase inversion 

kinetics [222]. Structures with macrovoids are expected in the studied system due to 

the high mutual affinity between NMP and water, which generally leads to 

instantaneous demixing. NMP with higher density than water leads to the diffusion 

of water into the membrane, forming the finger-like voids. The presence of 

macrovoids is both desirable and undesirable: they are desirable as they can lead 

to high membrane fluxes by reducing the membrane diffusional resistance below 
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the dense active layer, whilst they are undesirable since they increase the 

compaction of the membrane at the elevated pressures during filtration [223].  

 

Fig. 5-3 FESEM images of (a, d, g) Memb-EB-5, (b, e, h) Memb-EB-15 and (c, f, i) Memb-EB-

25 at three different magnifications (magnifications refer to the original image when captured by 

the FESEM) showing the overall membrane structure (a-c), membrane layer (d-f) and detail of 

the top layer (g-h). 

The Memb-EB-15 had larger macrovoids, while Memb-EB-5 and Memb-EB-25 

had denser, more spongy structures, respectively. It is known that PANI 

synthesised at a lower Tpoly typically has a higher molecular weight [79, 87] . 

Increased molecular weight of PANI results in higher viscosities of casting 

solutions thus causes more entanglement of polymer chains in the casting solutions. 

This would slow down demixing during NIPS and would result in denser 

membranes with fewer macrovoids. Indeed, somewhat fewer macrovoids are 

present in Memb-EB-5 prepared from PANI polymerised at lower Tpoly. With more 

delayed demixing, the membrane morphology transitions from macrovoids to 

more spongy structures. However, Memb-EB-15 also had the longer macrovoids 

than Memb-EB-25. One possible reason could be that the smaller MW PANI 

polymers in Memb-EB-25 could also be more mobile during the phase inversion 

process and fill in some of the macropores formed.  
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Overall, the visual defect analysis and SEM results therefore indicate a new result 

for PANI membranes - that Tpoly directly affects PANI membrane morphology. 

5.3.2 FTIR and Colour Analysis of PANI Membranes 

Fig. 5-4 shows the FTIR spectra of Memb-EB and Memb-ES – again refer to Table 

5-2 for the characteristic peaks shown in the undoped and doped membranes. The 

bands at 1595 and 1498 cm-1 were assigned to C=C stretching vibration of both 

quinoid and benzenoid rings, respectively. The band at 1295 cm-1 corresponds to 

C-N stretching vibrations of secondary amine of PANI backbone. Doping of the 

PANI is confirmed to occur in all samples, since addition of the acid transforms 

the imine group (=N−) into amine groups (−N˙−). The absorption peaks of the 

quinoid and benzenoid rings were shifted from 1595 cm-1 and 1498 cm-1 to a lower 

wavelength on acid doping. Additionally, the protonation caused by acid doping 

can be identified by the presence of a strong peak for C-H aromatic amine appeared 

at approximately 1140 cm-1 in the Memb-ES, which is representative of an 

“electronic-like band”. This particular peak is also associated with a high degree 

of electron delocalisation and a high electrical conductivity [224, 225]. Meanwhile, 

the band at 620 cm-1 relates to C-Cl stretching vibration. 

 

Fig. 5-4 FTIR spectra of (a) Memb-EB and (b) Memb-ES as a function of Tpoly. 

The bands in the region 1400-1600 cm-1 were normalised so that the intensity ratios 

(Q/B) of quinoid and benzenoid peaks can be compared. The Q/B ratio can be used 

as a measure of the extent of oxidation of the PANI. Fig. 5-5 shows the degree of 

oxidation based on the Q/B in the PANI-EB and Memb-EB taken from the FTIR 

data. The Q/B value was calculated by the ratio of the peak height of 1595 cm-1 

(associated with Q) versus 1498 cm-1 (associated with B) from the FTIR spectra. 

PANI-EB samples showed a similar Q/B ratio (from FTIR data) as compared to 
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Q/B ratio calculated from UV-Vis results. Based on Q/B ratio, it can be concluded 

that all undoped PANI-EB samples have an oxidation degree lower than 0.8, 

indicating that the individual chains contain more benzenoid rings than quinoid 

rings.  

 

Fig. 5-5 (a) Q/B (oxidation degree) of the PANI-EB and Memb-EB samples. 

For the case of Memb-EB samples a peak appeared at 1678 cm-1 that corresponds 

to the C=O vibration coming from NMP, indicating that the carboxylic groups in 

NMP are involved in the interaction. For Memb-EB system, a significant decrease 

was also found in the Q/B ratio when dissolving PANI-EB in NMP solvent to 

prepare Memb-EB. The decrease in the Q/B ratio of Memb-EB can be related with 

the suppression of Q units by the NMP that would lead to increase in the B units 

[226, 227]. This can also be confirmed by the huge intensity increase of peak at 1498 

cm-1 (B units) in Memb-EB compared to the PANI-EB.    

Table 5-3 Image J derived colour data of Memb-EB and Memb-ES. 

Colour Red Green Blue 

Memb-EB-5 12.6 18.8 18.4 

Memb-ES-5 11.4 20.0 20.9 

Memb-EB-15 13.0 19.2 19.1 

Memb-ES-15 11.5 19.4 18.7 

Memb-EB-25 12.3 18.3 19.4 

Memb-ES-25 11.1 20.0 19.1 
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The colour of PANI films is characteristic of the PANI oxidation state. With 

doping, the PANI membranes produced change colour from a purple bronze when 

undoped (EB) to dark green when doped (ES). Colour quantification of these states 

is in Table 5-3. The increase in green and decrease in red for all membranes 

irrespective of Tpoly indicates that the membranes have been doped by acid, 

confirming the FTIR results. The doped membranes are therefore expected to be 

conductive. 

5.3.3 Electrical Conductivity  

Fig. 5-6 shows the electrical conductivity of doped PANI membranes as function 

of Tpoly. It can be found that the membrane conductivity increased with increasing 

Tpoly. Bhadra et al. reported that the electrical properties of PANI membrane could 

be influenced by four important factors including: oxidation state, doping degree 

and dopant type, crystallinity and molecular weight or chain length [66, 184]. The 

above mentioned UV-Vis and FTIR results indicate different extent of oxidation 

and molecular chain length of PANI-EB-5, PANI-EB-15 and PANI-EB-25. 

Theoretically electrical conductivity is very weakly dependent on the chain length 

of PANI [228]. In cases, when the charges hopping between different polymer 

chains are much faster in comparison with the life time of the charge on one chain, 

i.e. when the interchain transport happens more frequently than the intrachain one. 

In such cases, PANI would resemble an intermolecular conductor rather than an 

intramolecular one-dimensional conductor i.e. conjugated polymers (charge 

mobility along the chain). Thus, higher conductivity of PANI for higher Tpoly is 

not because of the larger chain lengths but because the polymer backbone has a 

higher structural regularity, i.e. the counter-ions are distributed along the backbone 

in a more regular way, increasing the charge carrier mobility. Thus, from the 

conductivity results, higher Tpoly was beneficial for the higher structural regularity 

of PANI-EB, leading to the increased electrical conductivity when formed in 

membranes. 

The PANI-EB-5 with relative longer chain lengths and more interlinked structures 

formed at a lower Tpoly is prone to forming a “compact coiled” conformation in the 

polymer solution with high concentration, which would restrict the electron 

delocalisation or hopping [229, 230].  
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Fig. 5-6 Surface conductivity of Memb-ES. 

5.3.4 PANI Membrane Robustness: Mechanical Strength and Tg 

Table 5-4 shows both tensile strength and elongation at break of Memb-EB 

decreased with increasing Tpoly. The decrease in tensile strength and % elongation 

can be attributed to the increased brittleness of the membranes. Mechanical 

properties are also closely related with the molecular weight of the polymer. Long 

chain polymers show improved mechanical properties compared to short chain 

polymers. Higher tensile strength and larger % elongation of Memb-EB is 

indicative of a higher molecular weight of PANI-EB prepared at low Tpoly, which 

would have a higher degree of entanglement between the polymer chains, a higher 

weak bonding interaction (Van der Waal interactions etc.), a higher molecular 

compaction and consequently are more resistant to tensile stress[231].  

When the PANI membranes are doped (Memb-ES), similar trends with increase 

in tensile strength and % elongation with Tpoly are still apparent. However, the 

tensile strength and % elongation decreased even further after the membranes were 

doped with acid. This can be related to the changes in intermolecular 

reconfiguration of PANI backbone by acid dopant. In doped PANI membranes the 

polymer chain experiences significant steric hindrance to chain movement thus 

making the polymer structure more rigid. In addition, PANI membranes were 

prepared using NMP as solvent and it would not be surprising that these 

membranes still contain residual amounts of NMP. This residual NMP has a 

plasticising effect on the Memb-EB structure. On the other hand, doping of Memb-

EB increases the free volume of the membranes thus removing the residual NMP 
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trapped in the empty pockets between polymer chains, making the membrane less 

flexible (plasticised) or more rigid. 

Table 5-4 Mechanical properties of membranes. 

Membrane Overall 

membrane 

appearance  

Tensile strength 

(MPa) 

Elongation 

at break (%) 

Memb-EB-5 Smooth surface 3.84±0.08 1.56±0.11 

Memb-EB-15 Smooth surface 3.71±0.05 1.22±0.02 

Memb-EB-25 Rough surface 3.43±0.02 1.04±0.06 

Memb-ES-5 Smooth surface 2.59±0.01 1.20±0.10 

Memb-ES-15 Smooth surface 2.98±0.03 1.09±0.24 

Memb-ES-25 Rough surface 2.46±0.03 0.89±0.27 

Table 5-5 gives the measured glass transition temperatures of membranes. The Tg 

of Memb-EB increased with the increasing Tpoly, indicating that higher Tpoly tend 

to increase the rigidity of the polymer chains, making membranes more brittle. 

This is consistent with the mechanical properties results.  

Table 5-5 Glass transition temperatures of membranes. 

Membrane Memb-EB-5 Memb-EB- 15 Memb-EB- 25 

Tg/°C 160 175 190 

(Note: The Memb-ES got damaged before getting the Tg point.) 

The combined results of Fig. 5-2, Table 5-4 and Table 5-5 illustrate that decreasing 

Tpoly produces more robust PANI membranes with fewer defects and better 

mechanical (tensile strength) properties that are desirable in a membrane 

application. It has been shown previously in the Patterson group [6] and by other 

authors [77, 81, 87] that lower Tpoly led to higher molecular weight of PANI. This 

produced PANI with longer polymer chains and more interlinked structures, with 

concomitant superior mechanical properties.  

The reason for the poor mechanical properties of Memb-EB-25, could be the lower 

degree of entanglement between the polymer chains and insufficient adhesion to 

the backing layer. At lower Tpoly, the improvement in mechanical properties is 

therefore likely due to the higher molecular weight PANI chains present, which 

entangle to a greater extent and has a higher weak bonding interaction (Van der 
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Waal interactions, etc.), a higher molecular compaction and consequently are more 

resistant to tensile stress [231]. 

Considering all of the above membrane characterisation results, it can be 

concluded that higher Tpoly showed higher membrane conductivity, which would 

result in a more electrically tuneable membrane structure but with poorer 

mechanical properties. Furthermore, the membranes prepared from PANI 

polymerised at 25°C had significantly lower mechanical stability and were found 

to be too brittle to be used for useful filtration to be obtained (in the main due to 

cracking). Therefore, henceforth membranes synthesised from PANI polymerised 

at 5°C and 15°C only are now further characterised. 

5.3.5 Initial Tuneability Assessment: Dynamic Droplet Penetration Analysis 

of Membranes 

Dynamic droplet penetration analysis using a contact angle goniometer was used 

to characterise the solute permeation rate through the conducting PANI membrane. 

The tuneability was determined by the change in effective contact angle and 

droplet height over time without and with applied potential of 9 V. Fig. 5-7 shows 

the changes in effective contact angle and droplet height of Memb-ES-5 and 

Memb-ES-15 over time at 0 and 9 V of applied potential. As the pH of the doping 

solution can influence the contact angle measurements [196], all membranes were 

doped under same conditions. 

 

Fig. 5-7 (a) The effective contact angle and (b) droplet height change of Memb-ES over time with 

and without potential. 

Memb-ES-5 shows a higher effective contact angle at a fixed time compared to the 

Memb-ES-15 (Fig. 5-7 (a)). The lower effective contact angle of water for Memb-

ES-15 suggests that the wetting of the water on Memb-ES-15 surface is better 
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compared to Memb-ES-5. This may be indicative of relatively stronger 

intermolecular attractions between water and the Memb-ES-15 hydrophilic surface. 

These results are qualitatively consistent with the relatively higher conductivity of 

Memb-ES-15 (Fig. 5-6). The decreased effective contact angle and droplet height 

for membrane surfaces under applied potential can be related with the increased 

surface energy or polarity of the surface [232]. The applied potential altered the 

dynamic wetting behaviour of water on the conducting surface by increasing the 

charge transfer by hopping between the conducting domains [56, 233, 234].   

The difference in overall rate of change of effective contact angle and droplet 

height with time between 0 and 9 V measurements gives a further quantitative 

indication of the electrical tuneability of the membranes. This shows that the 

applied potential has a significant effect on the surface energies of the membranes, 

with the rate of effective contact angle change from 4.1×10-2 θ s-1 to 4.7×10-2 θ s-1 

for Memb-ES-5 and from 4.3×10-2 θ s-1 to 5.6×10-2 θ s-1 for Memb-ES-15 (Fig. 5-7 

(a)). Moreover, the rate of change of droplet height increased from 3.6×10-4 mm s-

1 to 4.4×10-4 mm s-1 for Memb-ES-5 and from 3.7×10-4 mm s-1 to 4.9×10-4 mm s-1 

for Memb-ES-15 ((Fig. 5-7 (b)). This strongly indicates that the flux of a 

conducting PANI membrane can be tuned by applied electrical stimulus, with 

Memb-ES-15 being the most tuneable. The higher tuneability of Memb-ES-15 can 

be attributed to its higher electrical conductivity and optimal membrane 

morphology [6, 56, 235] and their relationship of the hypothesised tuneability of these 

membranes. Memb-ES-15 has a higher conductivity, which allows greater electron 

movement and creates a more hydrophilic membrane surface due to the greater 

mobility of charged ions in the membrane. In addition, the external potential could 

oxidise the conjugated structure and cause the movement of acid dopants, 

changing the dopants attachment or steric position in the polymer structure leading 

to a free volume change in membrane [236, 237]. Therefore, all three mechanisms of 

tuneability are potentially increased to a greater extent: surface charge controlling 

Donnan exclusion, change in pore size/free volume controlling pore flow 

transport, and chemical property changes controlling solution diffusion and 

volume swelling. 
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5.4 Electrical Tuneability of Flux and MWCO in Cross-flow Filtration 

5.4.1 Increasing the Mechanical Robustness of PANI Membranes: Effect of 

Doping Time 

The PANI-ES membranes characterised so far were sufficiently robust to handling 

and characterisation. However, it was found that the PANI-ES doped for 24 h were 

too brittle to survive the cross-flow testing. Therefore, the mechanical robustness 

of the membranes was examined to overcome this issue. 

Doping time of the membrane is an important parameter to ensure the 

transformation of EB to ES form that could influence the performance properties 

of the PANI-ES membranes and so was explored to determine if this could be used 

to produce less brittle membranes. Currently, there is no clear information on this 

topic in the literature. In order to find an optimum doping time and to study the 

effect of doping time on PANI membranes, PANI-EB membranes (purple bronze 

colour) were doped with 1.0 M HCl for 2, 6 and 24 h to convert them into PANI-

ES form (dark green colour). For this purpose, only Memb-ES-15 was studied at 

different doping times. 

Mechanical testing was performed on Memb-ES-15 from the different doping 

times (Table A1, Appendix A). Memb-ES-15 with doping time of 2 h showed the 

highest tensile strength and Young’s modulus. At higher doping times of 6 and 24 

h, Memb-ES-15 showed similar tensile strength while lower Young’s modulus for 

24 h Memb-ES-15. In addition, the % elongation decreases as the doping time 

increases. All above mechanical properties showed that at longer doping times the 

membranes become more brittle compared to a shorter doping time of 2 h. To 

determine why this the chemical groups present (by FTIR) and conductivity were 

examined at different doping times. 

Fig. A1 (Appendix A) shows the FTIR spectra of Memb-ES-15 as a function of 

different doping times. The FTIR spectra show no significant changes in the 

chemical structure of the PANI with doping time. Fig. A2 (Appendix A) shows 

the effect of doping time on the conductivity of Memb-ES-15. The membranes 

showed a similar conductivity for all doping times. This indicates that doping time 

does not affect the tuneability of the membranes (which is related to conductivity), 

but does effect mechanical properties. This may indicate that longer doping times 
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disrupt the inter-polymer interactions (perhaps decreasing entanglement) rather 

than changing the PANI itself. 

The protonation of polyaniline doped by HCl is believed to give rise to a polaronic 

conduction band leading to a metallic state that enhances the conductivity of the 

PANI. The imine sites are believed to be protonated in preference, which gives the 

bipolaron form. However, this undergoes dissociation and proportionate to form a 

delocalised polaron lattice or polysemiquinone form. It has been reported that the 

protonation consists of both chemical and diffusion processes [238]. The chemical 

reaction occurs between the proton in the aqueous acidic solution and the nitrogen 

atom on the imine unit of the PANI chains to form a polysemiquinone. On the 

other hand, diffusion processes correspond to diffusion of proton and counter-ions 

from an aqueous acidic solution into the membrane. Wan et al. reported that the 

doping processes at the initial stage were controlled by a chemical reaction, 

whereas the doping processes at the later stage were dominated by a diffusion 

processes [238]. In addition, it was found that the protonation processes became 

independent of the doping time when doping time is over a critical doping time – 

this would be when the chemical reaction is complete and sufficient diffusion has 

taken place to the doping sites. In our particular case, we have thin film membranes 

which would allow swift diffusion – allowing the acid to affect the inter-polymer 

interactions (making the polymer more brittle) once doping has completed. Thus, 

it can be concluded that the doping time of 2 h is already over the critical doping 

time of PANI membranes by 1.0 M HCl solution. 

Considering the mechanical property, electrical conductivity and FTIR results, it 

can be concluded that the doping time of 2 h is the best choice (not affecting key 

properties but making the membranes more mechanically robust) and therefore 

was selected as the minimum doping time for the membranes for used for cross-

flow testing. 

5.4.2 Membrane Electrical Tuneability under Cross-flow Filtration 

The conductive Memb-ES-5 and Memb-ES-15, doped for only 2 h, were tested to 

determine the effect of Tpoly on the membrane tuneability under pressure and flow 

conditions in electrically connected cross-flow cells. 
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Permeance changes with applied potential: An electrically neutral PEG mixture 

mixed with deionised water was used as feed and the change in flux and MWCO 

under applied potential was examined. Table 5-6 and Fig. 5-8 shows that the 

permeance with the PEGs slightly decreased and the current increased with the 

increased potential. The current and the permeance of Memb-ES-15 were always 

higher than that of Memb-ES-5. These results from PEG mixtures filtration also 

indicated that the membranes became tighter under applied potential. At the end 

of 30 V run, the permeance reduced by 24.8% for Memb-ES-5 and 30.8% for 

Memb-ES-15 (Table 5-6), slightly higher reduction compared to the water 

permeance. This may be related to slight membrane fouling. 

Table 5-6 PEG mixtures permeance of membranes under applied potential. 

Membrane 

0 V 9 V 30 V 

Permeance (L m-2 h-1 bar-1) 

Memb-ES-5 4.0±0.4 3.4±0.5 2.8±0.2 

Memb-ES-15 4.9±0.5 4.5±0.2 3.7±0.4 

 (Note: The first highest point was not included in the permeance calculation.) 

 

Fig. 5-8 (a) Permeance and (b) current of Memb-ES under applied potential from 0 to 30 V (20 

bar, 25℃, PEG mixtures). 

MWCO changes with applied potential: Table 5-7 summarises the overall 

MWCO results after 120 min filtration – the trend in MWCO at different voltages 

and filtration sample times can be seen in Fig. 5-9 and Fig. 5-10. It can be observed 

that a higher potential led to a lower MWCO of membranes. This indicates a 

tightening of the membrane leading to a reduced transport of high MW PEG 

oligomers through the membrane structure, concomitant with the decrease in 

permeance. Furthermore, Memb-ES-15 showed lower MWCO compared to 
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Memb-ES-5 under the same applied potential. This could again be related with the 

electrical conductivity of the membrane as the higher current passed though 

Memb-ES-15 than Memb-ES-5, leading to more significant MWCO change of 

Mem-ES-15. The potential mechanisms for this will be discussed below. 

Table 5-7 MWCO change of membranes after filtration time of 120 min under applied potential. 

Membrane 

0 V 9 V 30 V 

MWCO (g mol-1) 

Memb-ES-5 >6,000 5,400±200 3,750±150 

Memb-ES-15 >6,000 4,800±800 2,800±200 

 

 

Fig. 5-9 The rejection of Memb-ES-5 in different filtration time (0, 30, 60 and 120 min) under 

applied potential of 0, 9 and 30 V (20 bar, 25℃, PEG mixtures). 
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Fig. 5-10 The rejection of Memb-ES-15 in different filtration time (0, 30, 60 and 120 min) under 

applied potential of 0, 9 and 30 V (20 bar, 25℃, PEG mixtures). 

Electrical tuneability membranes with pure water flux: Control experiments 

were undertaken using DI water as feed, and the permeance and current passing 

though the membranes under applied potential (from 0 and 30 V) were shown in 

Table 5-8 and Fig. 5-11. At the end of 30 V run, water permeance decreased by 

17% for Memb-ES-5 and 22% for Memb-ES-15, compared to 0 V run. This shows 

that the water permeance also slightly decreases with the applied potential, again 

indicating that the membrane structure became tighter with higher applied 

electrical potential.  

Table 5-8 Water permeance of membranes under applied potential. 

Membrane 
0 V 9 V 30 V 

Permeance (L m-2 h-1 bar-1) 

Memb-ES-5 5.57±0.30 5.05±0.44 4.61±0.60 

Memb-ES-15 5.86±0.42 5.84±0.78 4.56±0.61 

 (Note: The first highest point was not included in the permeance calculation.) 
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Fig. 5-11 (a) Water permeance (b) current of Memb-ES under applied potential from 0 to 30 V 

(20 bar, 25℃, DI water). 

The current passing through the membrane significantly increased with the 

increased potential from 9 to 30 V. Memb-ES-15 showed higher current compared 

to Memb-ES-5 under the same applied potential, which can be explained by the 

higher electrical conductivity of Memb-ES-15. It was also found that the current 

of each run decreased significantly during the first 15 minutes attributed to 

membrane equilibration and leaching of some of the acid dopant. After that, the 

current became stable as the residue acid dopant kept membrane conductive. The 

FTIR, colour change results showed that the acid leached out from the membrane 

during the long time filtration (Fig. A3 and Table A2, Appendix A). Therefore, the 

membrane was redoped in HCl after each run. This is also the reason for the spikes 

in the current and permeance values at the start of each fixed electrical potential 

run. Fig. A4 and A5 (Appendix A) shows that the membrane permeance stays 

stable in time at a fixed electrical potential eliminating the effect of dopant 

leaching in time. 

The permeance of Memb-ES-15 was always higher than that of Memb-ES-5 for 

both the PEG and DI water filtrations (which is also consistent with the dead-end 

filtration results without applied potential in Fig. A6 (Appendix A). This is 

therefore a membrane structural and native surface charge issue (since it is present 

without applied potential) and so can be explained by the presence of larger 

macrovoids and thinner membrane thickness of Memb-ES-15 (Fig. A7, Appendix 

A), leading to decreased membrane diffusion resistance during filtration. 

Membrane hydrophilicity also plays an important role on the water transport 

resistance as more hydrophilic membranes tend to have higher permeance. As 
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from contact angle results, we know that Memb-ES-15 showed relative higher 

hydrophilicity than Memb-ES-5, thus leading to lower water transport resistance 

and higher permeability. 

5.4.3 MWCO and Flux Electrical Tuneability Mechanism 

It has been shown through electrically stimulated cross-flow filtration that the 

permeance/flux and MWCO can be tightened with increasing applied voltage in 

these PANI MWCO membranes, which is best for the 15°C synthesised PANI. 

This leads to the question what allows this to be the best polymerisation conditions 

in this case and what mechanisms cause this filtration tuneability?   

Zhou et al., studied the  FTIR of dried PANI membranes and reported that external 

voltage could produce large average hopping energy, which allowed the charge 

transfer by hopping between the conducting domains during 0-75 V while the 

Joule heating effect (dopant displacement) resulted in the deprotonation of PANI 

at voltages from 75 to 175 V [239]. As the maximum potential applied in this study 

was much less than 75 V, we can eliminate the presence of joule heating effects 

(dopant displacement) and propose that membrane swelling is the dominant 

phenomenon in reducing the PANI membrane permeance. There is no published 

literature that discusses the effect of higher potential (above 1.2 V) on the chain 

structure and membrane morphology of PANI.  

In this absence, we propose that high potential can cause the movement of acid 

dopants, changing the dopants attachment or steric position in the polymer 

structure that would slightly swell the polymer chains. Thus, reducing the free 

volume/pore size of the membrane and posing an extra resistance to water 

transport [236, 237]. Therefore, it is likely that change in membrane volume has a 

significant effect on the transport properties, however all three mechanisms of 

tuneability are potentially still having an effect here: surface charge controlling 

Donnan exclusion (which would interact with the dipole of the water), change in 

pore size/free volume controlling pore flow transport, and chemical property 

changes controlling solution diffusion and volume swelling. This is inconsistent 

with dynamic droplet penetration results, but it can be concluded that the decrease 

in contact angle and droplet height were because of increased wetting or 
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hydrophilicity of the membrane surface and not because of increased permeation 

rate through the membrane. 

This work demonstrates that an optimal Tpoly exists (here 15°C), which is related 

in part to the higher PANI molecular weight that lower Tpoly should produce, and 

to a higher electrical conductivity from PANI synthesised at higher Tpoly. It is clear 

that optimising the in-filtration electrical tuneability of flux and MWCO of HCl 

doped conductive polyaniline membranes will not be via increasing or decreasing 

one parameter to produce the most versatile electrically regulated separation 

changes. Instead, as in this study, a range of synthesis, doping and external 

stimulus parameters and factors will need to be simultaneously studied and 

optimised to fully understand, optimise and control the in-situ tuneable separation 

performance of these membranes. More work is underway to study and understand 

the detailed mechanism of PANI membrane transport under high applied potential 

and its effect on the dedoping behaviour, membrane solute transport and electrical 

resistance (impedance) during filtration and on the development of non-ideal joule 

heating effects. 

5.5 Conclusions 

The effect of Tpoly of PANI on the membrane properties and their impact on the 

electrical tuneability of flux and MWCO during cross-flow filtration were 

investigated in this paper. PANI was synthesised via chemical oxidative 

polymerisation at three different TPoly (5°C, 15°C and 25°C) and flat sheet 

membranes were prepared using NIPS technique. Tpoly was found to influence the 

molecular structure, morphology, thermal, mechanical and electrical properties of 

PANI membranes. The results showed that the lower Tpoly of 5°C and 15°C formed 

membranes with improved mechanical properties, relatively lower electrical 

conductivity and fewer macrovoids. While the higher TPoly (25°C) produced 

membranes with highest electrical conductivity but rough surface, relatively brittle 

membranes with lower tensile strength, which could not be used in the pressure 

driven filtration experiments.  

The trans-membrane flux and MWCO of PANI membranes were measured for 

neutrally charged PEG feed solutions as a function of the applied potential from 0 

to 30 V. The doped PANI membranes showed the highest MWCO (< 6000 g mol-

1 at zero applied potential), irrespective of Tpoly. These membranes showed a 
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decrease in permeance and MWCO under the applied potential in the PEG cross-

flow filtrations, with Memb-ES-15 showing the greatest decrease, in permeance 

(30.8 %) and MWCO (down to 2800 g mol-1) at 30 V compared to 0 V. This may 

be attributed to movement of acid dopants or dopants steric position in the polymer 

structure that would slightly swell the polymer chains. The greater tuneability was 

found to be related to the membranes with relatively higher electrical conductivity. 

Considering the mechanical robustness, membrane performance and electrical 

membrane tuneability, Memb-ES-15 provided the best performance compared to 

other two membranes, Memb-ES-5 and Memb-ES-25. 

This work demonstrates that the polymerisation conditions producing PANI need 

to be carefully controlled in order to optimise the properties affecting the in-

filtration electrical tuneability of flux and MWCO of HCl doped conductive 

polyaniline membranes produced from them. 
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6 A Higher Resolution One-filtration MWCO Method for 

Aqueous Based NF and UF Membranes Using PEGs 

6.1 Introduction 

Pressure driven membrane separations have been widely applied in many 

industries as they enable separations to become more energy efficient and 

environmental friendly [201, 202]. It is of great importance to understand the 

membrane transport properties and separation ability when using a commercial 

membrane or developing a new membrane. The MWCO of a membrane is defined 

as the molecular weight (MW; also known as molecular mass) value where a 90% 

rejection of the filtered solutes through the membrane is obtained. It is a 

universally applied parameter to evaluate and benchmark membrane selection 

properties [240]. A reliable technique for measuring MWCO values is crucial to 

provide an indication of the potential selectivity for end users to make an 

appropriate choice of membrane in order to buy, test and apply over the wide range 

of applications, solvents and solutes that are wanted for a particular membrane [31, 

241]. 

A range of methods and MWCO molecular probes are currently used, including 

styrene oligomers [7, 31, 94], PEGs [201, 242-244], dextrans [245-250], alkanes [251, 252], 

sugars [253, 254], dyes[255], acids [243], and others [254, 256-258]. These existing methods, 

however, have several limitations:  

(1) The detection of multiple compounds in a single filtration is difficult to 

accomplish, thus most of the methods require multiple and repetitive test filtrations 

of individual solutes to obtain the MWCO curve, which is both time consuming 

and costly compared to a single filtration method [31, 201, 258, 259].  

(2) In terms of the available MWCO molecular probes, pure alkanes and dextrans 

are only commercially available with MW of below 400 g mol-1 and above 1000 

g mol-1, respectively. Styrene oligomers are expensive in comparison to all other 

molecules used and therefore this limits their application at a larger scale. Dyes 

are mainly charged molecules and therefore will also potentially be rejected by 

Donnan Exclusion, which does not reflect the MW (size/mass) based separation 

that MWCO should primarily reflect. Furthermore, it is not easy to source a 

suitable variety of dyes with similar molecular structures and that have a similar 

interaction with the membrane. Other solutes, like alkane and polypropylene 



 

88 

glycol, have limited solubility in water, especially at higher MWs, which limits 

their use [202, 255].  

(3) Some of the methods are for organic solvent based separations and limited to 

the nanofiltration (NF: 200-2000 g mol-1) range and, due to limited water solubility 

of the probe, cannot be directly employed in aqueous systems [31, 201, 259]. For 

aqueous systems, many of the methods that have been developed only have a 

limited range of MWs that can be probed, with many mainly focused on the NF 

range [202, 260, 261]. This limits the potential membranes that can be screened and 

characterised, for example low MWCO ultrafiltration membranes have attracted 

considerable attention as they are widely used in oil/organic solvent separation [262], 

food industry for sweeteners purification [189], metal ions removal [263] and drinking 

water treatment [264]. Moreover, when a new membrane is synthesised and the 

MWCO is unknown, a method that allows a wide range of MWs to be tested with 

relative precision and resolution would allow a faster characterisation time, which 

in turn provides faster feedback in order to speed up development time – something 

needed for high throughput synthesis of membranes, for example [265]. 

Consequently, it is of importance to develop an approach for the MWCO 

determination of both NF and low UF membranes over the widest possible MW 

range with the highest possible resolution between adjacent MWs.  

Therefore, this research aims to develop a reliable, cost effective, high resolution, 

single filtration MWCO evaluation method covering a wider MW range than any 

other MWCO method for aqueous based NF and low MWCO UF membranes.  

6.2 HPLC-ELSD Characterisation of the Single PEG and PEG Mixtures 

Each of commercial PEGs from PEG 1000 to 6000 was run using HPLC-ELSD to 

separate peaks. Higher MW PEG oligomers displayed longer retention times. This 

can be explained by the separation mechanism based on the competition between 

the solubility of PEG oligomers in the mobile phase and the selective adsorption 

on the C18 column [202]. Higher MW PEGs with longer non-polar chains tended to 

be retained in the C18 column, thus prolonging the elution time. Fig. 6-1 shows 

that the HPLC method could separate the individual oligomers in each commercial 

PEG mixture apart from PEG 6000. Therefore, the method gave finely resolved 

PEG oligomer peaks from PEG 1000 to 3000 with straight and stable baselines. 

The peaks of PEG 4000 were also well separated although a level baseline could 
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not be achieved. The unseparated PEG 6000 oligomers were eluted separately and 

so was regarded as one peak representing an average MW of 6000 g mol-1. This 

new method presents a significant improvement on baseline stability and the wide 

range of MW oligomers resolved and identifiable compared to previous methods 

[201, 202]. 
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Fig. 6-1 HPLC-ELSD characterisation of the single PEGs from 1000 to 6000 g mol-1. 

When all of these commercial PEGs are mixed together and a sample run using 

HPLC method, the individual peaks could still be resolved with a clear and stable 

baseline, as shown in Fig. 6-2. Varying the concentration of the PEG mixture (for 

calibration curves – see Fig. B1 in Appendix B), it was found that the peak area 

increased with increased mixture concentration without losing the baseline 

resolution. It can therefore be concluded that the employed ELSD was applicable 

for practical analysis of PEG mixtures. 
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Fig. 6-2 The oligomer peak separation and detection in the PEG mixture (400 mg L-1 for PEG 

1000 and 1600 mg L-1 for PEG 1500-6000) by the developed HPLC-ELSD method. 

6.3 Identification of Individual PEG Oligomers 

A purer PEG 1000 standard was used to positively identify peaks within the PEG 

mixture. In the PEG 1000 standard chromatogram, four consecutive peaks with 

retention time of 5.73, 5.98, 6.25 and 6.57 min displayed the first four highest 

peaks (Table B1 in Appendix B). The supplier declared Mn range of the purer PEG 

1000 standard was 950 to 1050 g∙mol-1, which therefore identified these four peaks 

as corresponding to PEG oligomers with MWs of 942, 986, 1030 and 1074 g∙mol-

1. In the PEG mixture, the four closest corresponding peaks (with retention times 

of 5.71, 5.96, 6.23 and 6.53 min) were assigned these MWs (Table B1 and B2 in 

Appendix B).  

In order to further guide the MW identification of each peak, the highest response 

peaks from each individual commercial grade PEG (PEG 1000-6000) were 

identified in the HPLC chromatogram of the PEG mixture as shown in Fig. 6-3. 

This highest peak will approximately correspond to the PEG oligomer MW that is 

closest to the average MW (Mn) of commercial grade PEGs given by the 

manufacturer. Although this does not give a direct identification of the oligomers 

MWs (since there are no pure PEG oligomers with MW of 1000, 1500, 2000, 3000, 

4000 and 6000 g mol-1),  this method however does help guide the assignment of 

the peaks to those close to that MW [202]. 
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Fig. 6-3 The oligomer peaks of each single commercial grade PEGs (400 mg L-1 for PEG 1000 

and 1600 mg L-1 for PEG 1500-6000). 

Using the four identified peaks as a starting point, the remaining MWs were 

assigned by adding the 44 g mol-1 difference above and below to each oligomer 

peak (which is the MW associated to the repeating structural unit of CH2-O-CH2 

in the PEG). The average MW of the commercial grade PEGs (as per Fig. 6-3) was 

then used as a confirmation that this process yielded accurate peak MW 

assignment – there was good correspondence between the peak MW expected at 

these highest peaks within the assignment process indicating that the peak MW 

assignment was accurate (as summarised in Table 6-1). Fig. 6-4 summarises the 

identified and assigned MWs of each peak in the PEG mixture. 
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Table 6-1 Summary of the retention time and peaks with the identified molecular weight. 

Retention time of the highest peak (min) 5.96±0.02 11.53±0.10 35.29±0.25 48.25±0.077 56.08±0.071 65.88±0.35 

Commercial PEGs Mn from suppliers (g mol-1) 950-1050 1450-1500 1800-2200 3000 3600-4400 5400-6600 

Finalized PEG mixture oligomers’ MW (g mol-1) 986 1470 2174 3142 4110 6000 

 

Fig. 6-4 Identification of individual PEG oligomers mixture from 678 to 6000 g mol-1. 
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6.4 Obtaining Calibration Curves 

As discussed in Section 4.8.10, the PEG mixture concentration used for the 

calibration curve covered a broad range from 75-1200 mg L-1 for PEG 1000 and 

300-4800 mg L-1 for PEG 1500 to 6000. Based on this, different mixture 

concentrations were analysed to establish a set of external calibrations for each 

PEG oligomer. One complication identified is shown in Fig. 6-3, where some 

peaks from oligomers were present in two adjacent commercial PEGs from PEG 

1000 to PEG 4000. These peaks are called “crossover” or “combined” peaks, 

whose peak area is a combination of the concentration of that oligomer in both 

adjacent commercial PEGs in the mixture. The “crossover” peaks have been 

mentioned in a previous study in this research group [202]: the equations and 

methods to deal with them have been directly adopted from this work. 

Consequently, the equations used in this study are listed in Equation B1 and B2 in 

the Appendix B. Using all of this information and procedures, a calibration curve 

for each PEG oligomer was established – detailed information is presented in Fig. 

B1 in Appendix B.  

Generally, a linear response between peak area and concentration is preferable for 

routine quantitation of concentration [204]. In this study, a linear relationship could 

be obtained for all the PEG oligomers with the correlation coefficients (R2) 0.98 

and above. However, it is noticeable that the response became slightly non-linear 

at lower concentrations, especially for higher MW PEG oligomers. MWCO curves 

are a plot of rejection (Equation 4.5) vs MW. So, despite a high R2, extensive 

testing and comparison of predicted MWCO to expected MWCO of commercial 

membranes (work not presented) has shown that the difference between the 

correlations at the lower concentrations (i.e. permeate concentration in Equation 

4.5 and higher concentrations (i.e. feed concentration in Equation 4.5 in for these 

PEG oligomers can lead to over or under prediction of the rejections and therefore 

the MWCO. Therefore, to ensure the rejection of each MW PEG oligomer is 

calculated from an equivalent part of the calibration curves it is recommended that 

the feed and permeate concentration used come from the same section of the 

calibration curve. To ensure this, calibration curves are divided into two ranges: 

the high concentration range and low concentration range (Fig. 6-5). The range to 

use in the rejection calculation for a particular membrane is decided by comparing 
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the overall ELSD response of the permeate with that of the feed. If the membrane 

rejects much of the PEG mixture, resulting in a permeate ESLD response that is 

approximately below 1/3 of the feed ELSD response (for ease, this can be 

qualitatively assessed by comparing the resulting HPLC chromatograms of the 

ELSD response), it is considered to be part of the low concentration range. In this 

case, the feed needs to be diluted to be closer to the permeate concentration to 

avoid calibration error. Otherwise, if the permeate response is within a similar 

concentration range to the feed (i.e. in the high concentration range in Fig. 6-5, the 

response from both can be used directly without need for feed dilution.  

 

Fig. 6-5 Example of the two ranges of concentration that need to be considered to minimise 

rejection calculation error: high concentration range and low concentration range. Feed samples 

must be diluted to within the permeate concentration range if the ELSD response is 

approximately more than 2/3 higher than the permeate response. 

6.5 Determination of MWCO in Commercial Membranes 

Commercial membranes were characterised to benchmark the MWCO using the 

developed PEG method. An example of the HPLC chromatograms of the feed, 

permeate and retentate samples that are obtained for a membrane (a GE 

Osmonics™ GH) that is within the MWCO range of the method are given in Fig. 

6-6. The resulting HPLC chromatograms from all of the other commercial 

membranes are given in Fig. B2-B7 in Appendix B. For all, the ELSD response of 

permeate was always lower than that of the feed and the ELSD response for the 

retentate was always higher than that of the feed, suggesting the membrane 

separation was as expected. The permeate ELSD response for the GE Osmonics™ 

GE and GH, Millipore Ultracel PLAC04310 and PLBC04310 were all lower than 

1/3 of the feed ELSD response, therefore for these the feed was diluted into the 

permeate range for the rejection calculations for the MWCO curves. The permeate 
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of GE Osmonics™ GK exhibited an ELSD response of more than 1/3 of feed, and 

so the feed response was directly used for the rejection calculation without dilution.  

 

Fig. 6-6 HPLC chromatograms of feed, permeate and retentate from GE Osmonics™ GH. 

The permeance of the membranes with pure water and the PEG mixture (Table 

6-2) differed slightly, indicating that for the concentrations used there may be some 

unavoidable concentration polarisation, which is likely inevitable when using a 

mixture of soluble polymers with NF/low UF membranes.  

Rejection of each of the PEG oligomers as a function of the corresponding MW 

were plotted to give MWCO curves for each of the membranes as shown in Fig. 

6-7. The MWCO from these were compared to the information provided by the 

manufacturer and in literature (Table 6-2). Table 6-2 shows that five of the six 

membranes tested (GE Osmonics™ GE, GK and GH; Millipore Ultracel 

PLAC04310 and PLBC04310) gave MWCOs that are in good agreement with the 

manufacturers values – all of which will have been determined using a different 

MWCO analysis than this. This indicates that this MWCO method is robust and 

accurate for most membranes. 
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Fig. 6-7 MWCO curves of commercial membranes using the HPLC-ELSD method. 

However, what about the one membrane that deviated? The TriSep UA60 

membrane gave a zero ELSD response for all permeate samples, with the retentate 

giving the strongest ELSD response of the six commercial membranes. This 

indicates a 100% rejection of all MWs in the PEG mixture, with the TriSep UA60 

therefore having a MWCO lower than 678 g mol-1 (the lowest MW PEG oligomer 

in the method). This is unexpected, since the MWCO according to the 

manufacturer is expected to be 1000-3500 g mol-1. Therefore, Rose Bengal was 

also used to determine the membrane rejection and the permeate was colourless 

(Fig. B8 in Appendix B). A high rejection indicated that the MWCO of TriSep 

UV60 is less than 974 g mol-1 (the MW of Rose Bengal) confirming this result. 

Based on these two separate and different MWCO tests, it is assumed that the 

MWCO of the TriSep UA60 stated by the manufacturer is incorrect for the 

membranes supplied. It is recommended that the manufacturer retest their 

membrane MWCO, perhaps using the method in this work.   

Therefore, overall these results confirm that the newly developed one-filtration 

PEG method is accurate and comparable to MWCO determined by other methods 

used by membrane manufacturers. Moreover, this new method gives the widest 

MWCO range with the highest resolution for aqueous based membranes in a single 

filtration so far, and so it is recommended that it could be adopted as the new 

standard MWCO test for NF and low UF membranes for aqueous based 

separations. 
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Table 6-2 Membrane separation properties (Permeance and MWCO) of different commercial membranes obtained using the methods outlined in this paper compared with 

MWCO from the membrane manufacturers. 

Membrane type 
Permeance in water 

(L m-2 h-1 bar-1) 

Permeance in PEG 

(L m-2 h-1 bar-1) 

Permeance in water supplied by 

manufacturer 

(L m-2 h-1 bar-1) 

MWCO measured 

(gmol-1) 

Nominal MWCO range   

(gmol-1) 

GE Osmonics™ GE 1.9±0.1 1.1±0.1 1.1 1294±20 1000 [186, 187] 

GE Osmonics™ GH 3.2±0.2 1.7±0.1 3.3 1866±373 1000-2500 [186, 188-190] 

GE Osmonics™ GK 9.3±1.0 5.6±0.5 5.7 3956±716 2000-3500 [186, 188, 189, 191] 

TriSep UA60 9.4±0.7 5.1±0.4 7.9 <678 1000-3500 [192] 

Millipore Ultracel PLAC04310 2.5±0.1 2.0±0.02 --- 1030±62 1000 [193] 

Millipore Ultracel PLBC04310 7.0±0.7 4.6±0.4 --- 1404±31 1000-3000* [194, 195] 

* Manufacturer states a MWCO of 3000 but notes that the MWCO could be 2-3 times smaller than the molecular weight of the solute to be retained when using regenerated 

cellulose.
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6.6 Conclusions  

A reliable, cost effective, single filtration method for evaluating the MWCO of 

aqueous based NF and low MWCO UF membranes has been developed. This 

method covered the MW range from 678 to 4594 g mol-1 with a difference of just 

44 g mol-1 and further extended to 6000 g mol-1. Utilising the HPLC-ELSD 

technique allows a single filtration of individual PEG oligomers and can be easily 

run to characterise the MWCO of membranes. MWCO determination of five 

commercial membranes from GE Osmonics™ and Millipore showed good 

agreement with manufacturer and literature values, confirming the accuracy of the 

method. The MWCO for a TriSep UA60 membrane was lower than that stated by 

the manufacturer (< 678 g mol-1), however a rejection test with Rose Bengal (MW 

of 974 g mol-1) indicates that it may be that the MWCO of the supplied membranes 

is in fact incorrect. It is recommended that the manufacturer retests their membrane 

MWCO, perhaps using the method in this work. 

Consequently, this work is a significant extension to the MWCO method arsenal, 

with the single filtration MWCO range significantly extended from 678 to 4594 g 

mol-1 with a MW difference of just 44 g mol-1 and an additional MW at 6000 g 

mol-1. This new method therefore gives the widest MWCO range with the highest 

resolution for aqueous based membranes in a single filtration so far. 
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7 Fabrication and Characterisation of Stimulating Responsive 

PAs Doped PANI Membranes 

7.1 Introduction 

In Chapter 5, it was found that applying an electrical potential across HCl doped 

PANI membranes (Memb-HCl) changed the interaction between HCl and PANI, 

thereby changed the membrane properties allowing membrane selectivity and 

permeability to be tuned. However, two main problems exist in the small acid 

doped PANI membranes: (i) the acids used for doping PANI membranes leach out 

from the membrane during filtration, leading to decreased conductivity; (ii) small 

acid doped membranes are brittle and severely limit the successful utilisation in 

real filtration systems [9, 11, 13, 150].  

To overcome these two challenges, various PAs have been used as dopants, 

including poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPSA) [152, 

153], poly(acrylic acid) (PAAc) [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] and polyamidosulfonic acid [152, 158]. 

PAs enable the formation of a double-stranded structure with PANI due to the 

strong intermolecular interactions between them. In comparison with small acids 

which only form a single-stranded structure with PANI, the double-stranded 

structure can reduce acids leaching and display good stability of the conductive 

state [14]. In addition, PAs can be expected to improve the flexibility and 

mechanical properties of PANI membranes, making these membranes easy to be 

handled and used [9, 266]. As mentioned in Section 2.4.4, chemical oxidation of 

aniline whereby PAs serve as templates is one of the most common ways to 

incorporate PAs into PANI structure. This approach ensures the binding of PAs 

into PANI to obtain PAs doped PANI complexes. 

Acids doped PANI membranes have been conventionally prepared by different 

approaches, such as blending undoped PANI powder with acids before membrane 

fabrication, adding acids in the casting solution during membrane preparation and 

secondary doping with acids after membrane preparation [8, 85, 92-94, 108, 150]. The 

methods, such as blending undoped PANI powder with acids and secondary 

doping need to firstly dedope emeraldine salt (PANI-ES) by ammonia and then 

redope emeraldine base (PANI-EB) by the desired acids. Such methods are time 
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consuming and complicated. Adding acids in the casting solution during 

membrane preparation generally produces a membrane with disordered polymer 

packing and random distribution of acids [88]. 

To overcome these issues, in this chapter, a new membrane preparation method to 

prepare polymer acid doped membranes is proposed. PANI-PA complexes are 

firstly prepared by chemical oxidation of aniline on the templates of PAs which 

are directly used as the membrane materials. In contrast to blending undoped PANI 

powder with acids and secondary doping, the new developed approach could 

eliminate the subsequent dedoping and redoping processes. Compared with adding 

acids in the casting solution, the proposed method is expected to grow polyaniline 

along the acids template and produces more ordered packing of the PANI-PA 

structure [176]. 

Therefore, the aims of this chapter are to: 

 Design a feasible route to fabricate PAs doped PANI membrane by 

incorporating different PAs during the PANI synthesis. 

 Investigate the properties (chemical, electrical, physical and mechanical) of 

PAs doped PANI membranes as well as the in-situ tuneable separation 

performance under applied potential.  

Four types of polymer acids were employed in the preparation of PA-doped PANI 

membranes, namely PAMPSA, PSSA, PAAc and PMVEA. Their properties are 

given in Table 7-1.  
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Table 7-1 The properties of polymer acids. 

Polymer acids Chemical structure MW (g mol-1) Physical form pH (0.1 M) 

PAMPSA 

 

800, 000 10 wt% in water 2.0±0.1 

PSSA 

 

75, 000 18 wt% in water 1.4±0.1 

PAAc 

 

450, 000 powder 2.5±0.1 

PMVEA 

 

80, 000 powder 2.9±0.1 

The properties of the PANI-PA complexes and their membranes were investigated 

by means of FTIR, SEM, four-point probe conductivity meter, dynamic contact 

angle goniometry. The membrane filtration performance (permeance and rejection) 

was characterised by dead-end filtration. A bespoke in house cross-flow filtration 

rig with external conductive probes in contact with the surface of the membrane 

was used to investigate the membrane tuneability by external voltage under 

industrially relevant membrane filtration conditions.  

7.2 PANI-PA Complex Powder Properties 

7.2.1 Morphology of PANI-PA Complexes Powders 

Fig. 7-1 shows the FESEM images of PANI-PA complexes obtained from the 

chemical oxidation of aniline in the presence of PAs. Incorporation of polymer 

acids into the PANI structure resulted in different morphologies which were 

unique to each type of PANI-PA complex. In particular, the PANI-PAMPSA 

complex (Fig. 7-1 (a)) produced a fibrous network with good adhesion to PANI, 

which may be due to the formation of hydrogen bonding between the –NH groups 

of PAMPSA with the unsaturated nitrogen atoms of PANI (–NH∙∙∙N=) [12]. PANI-

PSSA (Fig. 7-1 (b)) showed the largest particle size compared to the other PANI-

PA. It was reported that the size of PANI-PA complex could be controlled by the 

acidity of solutions and a stronger acid generally led to a larger size [267]. PSSA 
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with sulfonic acid groups was a stronger acid than PAAc and PMVEA with 

carboxylic acid groups, and thus resulting in a larger particle size [10].  

PANI-PAAc (Fig. 7-1 (c)) showed uneven particle sizes with loose structures, 

likely due to the irregular aggregation of aniline on the PAAc template. During the 

chemical oxidation of aniline on the template of polymer acids, aniline interacted 

with polymer acids to form aniline-PA complex by the ionic attractions between 

positively charged anilinium and negatively charged counter ions. The oxidant 

ammonium persulfate attacked the aniline to initiate the polymerisation. PAAc 

with weak negatively charged ions formed weak ionic interactions between acid 

groups and aniline, thereby leading to the loose anchoring of PANI on the PAAc 

template [268]. PANI-PMVEA (Fig. 7-1 (d)) showed a uniform globular 

morphology and a much more intense and compact structure than undoped PANI 

(PANI-EB) (Fig. 7-1 (e)). The reason is that PMVEA created templates for the 

polymerisation of aniline and formed new nucleation sites for PANI deposition [12]. 

It was observed in the experiment that the PANI-PA complexes with sulphonic 

acids groups were harder to grind and much more rigid than PANI-PA complexes 

with carboxylic acids groups, which may be due to the stronger interaction 

between the sulphonic acids and conjugated structure of PANI. The different 

morphologies formed by the incorporation of different PAs are expected to bring 

novel properties to the membrane materials. 



 

107 

 

Fig. 7-1 FESEM of PANI-PA complexes (a) PANI-PAMPSA, (b) PANI-PSSA, (c) PANI-PAAc, 

(d) PANI-PMVEA and (e) undoped PANI (for comparison). 

The elemental compositions of the PANI-PA complexes were determined using 

EDS analysis as shown in Fig. 7-2. All PANI-PA complexes possessed a much 

higher O content compared with PANI-EB as a result of the incorporation of the 

sulfonic acid and carboxylic acid groups, confirming the incorporation of polymer 

acids into the PANI structure. PANI-PAMPSA and PAN-PSSA also showed 

higher S content due to the incorporation of sulfonic acid groups. PANI-PSSA 

showed higher C content compared with other PANI-PA complexes due to the 

benzenoid ring in the PSSA. S content was also found in the PANI-PAAc and 

PANI-PMVEA. The reason is probably that the reduction of ammonium persulfate 
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produced counter ions (HSO4
-/SO4

2-), which were incorporated into PANI 

structure to maintain a charge balance during the polymerisation [170]. This is 

undesirable as it may affect the ionic interaction between polymer acids and PANI, 

giving PANI with a lower doping level of PAs. 

 

Fig. 7-2 EDS analysis of PANI-PA complexes. 

7.2.2 FTIR Analysis of PANI-PA Complexes Powders 

Table 7-2 shows the characteristic peaks presented in the PANI-PA complexes. 

Fig. 7-3 shows the FTIR spectra of the PANI-PA complexes powders. The 

presence of the peaks from polymer acids confirms their successful incorporation 

into PANI structures. Two main peaks of PANI-EB at 1491 cm-1 and 1588 cm-1 

corresponded to the benzenoid and quinoid rings of PANI [212]. The peak of PANI-

PAMPSA at approximately 1030 cm-1 corresponded to the symmetric stretching 

of -SO2-, which was representative of sulfonate salts. The peak near 1653 cm-1 was 

assigned to the C=O stretching in PAMPSA [12]. In the PANI-PAAc complex, the 

characteristic bands at 1245 cm-1 and 1702 cm-1 were ascribed to the absorption 

carboxylic acid group [8, 10]. In the PANI-PSSA complex, S=O stretching of 

sulfonic acid group was present at 1028 cm-1. The benzenoid bands at 1491 cm-1 

shifted to lower wavelength, probably due to the partial overlapping by the benzene 

ring in PSSA structures. In the PANI-PMVEA, the C-O and C=O stretch of 

carboxylic acid group appeared at 1241 cm-1 and 1712 cm-1, respectively. The peak 

at 1412 cm-1 can be ascribed to the interaction between C-O stretch and C-O-H in-

plane bending of the carboxylic acid group of PMVEA [150]. 
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Table 7-2 Band characteristics of PANI-PA complexes presented in FTIR spectra. 

Compound Band Characteristics Wavelength (cm-1) 

PANI-EB [124, 140, 269] 

C=C stretching of benzenoid rings 1491-1497 

C=C stretching of quninoid rings 1588-1594 

C-N stretching of benzenoid rings 1284-1286 

C=C stretching of quninoid rings 1102-1104 

PANI-PAMPSA [12, 141, 270, 

271] 

 

S=O stretching of sulfonic acid group 1028-1032 

symmetric -SO2 stretching of sulfonic acid 

group 
1150-1152 

asymmetric SO3
- stretching of sulfonic salts 1173-1174 

C=O stretching of amide group 1644-1653 

PANI-PSSA S=O stretching of sulfonic acid group 1028-1032 

PANI-PAAc [8] C=O stretching of carboxylic acid group 1702-1713 

 C-O stretching of carboxylic acid group 1225 -1245 

PANI-PMVEA [8] C=O stretching of carboxylic acid group 1702-1713 

 C-O stretching of carboxylic acid group 1225 -1245 

 

Fig. 7-3 FTIR spectra of the various PANI-PA complexes powders. 

It is also interesting to observe that the quinoid ring peak at 1590 cm-1 in the PANI-

EB showed a noticeable shift to approximately 1564 cm-1, 1561 cm-1, 1563 cm-1 

and 1569 cm-1 in PANI-PAMPSA, PANI-PSSA, PANI-PAAc and PANI-PMVEA, 

respectively. This indicates that there was an interaction between π-conjugated 
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quinoid structure of PANI and polymer acids, associated with the degree of charge 

delocalisation on the polymer backbone [124]. Previous studies reported that the 

weak shoulder at around 2500 cm-1 was assigned to the stretching mode of 

protonated imine nitrogen ions (NH+) while the abroad absorption bands close to 

2735 cm-1 was ascribed to the stretching of protonated amine nitrogen ions (NH2
+) 

[8]. In all the PANI-PA complexes, the peaks were around 2500 cm-1, indicating 

that the protonation took place preferentially on imine nitrogen atoms. This is 

consistent with previous studies, confirming that the imine nitrogen atoms of PANI 

were preferentially protonated compared to amine nitrogen atoms of PANI [8].   

7.2.3 Electrical Conductivity of PANI-PA Complexes 

Fig. 7-4 shows the surface electrical conductivity of the PANI-PA complexes as 

measured using a four-probe conductivity meter. The protonation of PANI by 

polymer acids formed conductive PANI-PA complexes. This suggests that 

delocalised polarons were formed in the PANI-PA complexes and charge transfer 

occurred along the polymer chains. It was observed that PANI-PA with sulfonic 

acid groups showed higher conductivity compared to PANI-PA with carbolic acid 

groups. PANI-PSSA showed higher conductivity than PANI-PAMPSA. PANI-

PMVEA, which has the PMVEA moiety working as a binary carboxylic acid, 

exhibited higher conductivity than PANI-PAAc as the PAAc moiety functions as 

a monoacid. 

 

Fig. 7-4 Conductivity of polymer acids doped PANI complex. 

Electrical conductivity is dependent on the oxidation state, doping degree and 

dopant types, crystallinity and molecular weights or chain length [66, 184]. The 
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structure of the polymer acid templates used in this study plays a crucial role in 

determining the electrical conductivity of the final complex. Previous studies 

indicated that the doping became increasingly inefficient with increasing 

molecular weights because of the mass transfer limitation of high molecular weight 

polymers [153], which are in line with the current results, where PSSA with the 

smallest molecular weight and highest acidity produces the most conductive 

PANI-PA complex.  

PAMPSA with the largest molecular weight gave the next highest complex 

conductivity. PAMPSA possesses a highly flexible backbone of which its 

conformation can be adjusted to match the rigid conjugated macromolecule of 

PANI [152, 158]. This allows the PAMPSA chain to form a stronger interaction with 

PANI during in-situ polymerisation of aniline. In this respect, it would be 

advantageous to provide a high local concentration of protons and form regular 

and uniform chain structures. 

The conductivity of carboxylic acid doped PANI was lower than sulfonic acid 

doped PANI. The reason is that the conductivity of doped PANI is dependent on 

the pKa of the acids [272]. Lower pKa exhibits a higher efficiency to donate H+ and 

induces crystalline domains, which promotes electron mobility along the polymer 

backbone and results in high conductivity [196, 273]. The PAAc formed PANI-PAAc 

with the lowest conductivity among the four types of PAs, indicating PAAc was 

not an effective dopant for PANI, confirming previous studies [8, 150]. This previous 

work suggested that the PAAc chain could not form conformation adaptabilities 

with PANI backbones to align an ordered structure of PANI-PAAc due to its 

conformational hindrance and bulkiness [88, 150]. Considering all of the above 

results, it can be stated that the conductivity of PANI-PA complex is closely 

related to the properties of the PAs. Higher acidity, flexible backbone and smaller 

molecular weights of polymer acids are desirable to produce highly conductive 

PANI-PA complexes. 

It is also noticed that it was ineffective to incorporate polymer acids into the PANI 

structure by immersing PANI-EB in the polymer acid solution at room temperature. 

The conductivity of obtained powder was two or three orders of magnitude lower 

than that formed by in-situ polymerisation. As discussed in Chapter 5, the 

protonation process through immersion uptake consists of both a chemical reaction 
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and a diffusion process. The reaction occurs at the initial doping stage between 

acid group and imine nitrogen of PANI chains. Diffusion occurs at the middle and 

final stage through the diffusion of proton and counter ions from an aqueous acidic 

solution into the membrane [238]. In the reaction stage, doping generally takes place 

in a random packing between the large structure of acids and rigid chain of PANI 

[176]. In the diffusion stage, it is difficult for the polymer acids with large molecular 

weights to be incorporated into the PANI structure through immersion uptake due 

to the mass transfer limitation and potential steric hindrance [150, 153]. On the 

contrary, the chemical oxidation of aniline whereby PAs serve as templates 

ensures that polyaniline grows along the acid templates and forms confined 

structures in an ordered packing [176]. This experiment confirms that the chemical 

oxidation of aniline templated with polymer acids is more effective at 

incorporating polymer acids into the PANI structure. 

7.3 PA doped PANI Membrane Characterisation 

7.3.1 Preparation of PA doped PANI Membranes 

All four types of PANI-PA complexes powders were used in the preparation of 

conductive membranes via NIPS method. Table 7-3 summarises the results of 

membrane preparation using the different PANI-PA complexes.  

PANI-PAMPSA formed a viscous solution in the solvent and produced a flat and 

shiny membrane surface when immersed in the water bath.  

PANI-PSSA was not stable during the non-solvent phase separation and broken 

into smaller fragments in the water bath after a short time and consequently 

delaminated from the backing layer.  

PANI-PAAc was not completely soluble in the solvent and became aggregated, 

thus cannot form solid film after 24 h immersion in the water bath.  

PANI-PMVEA formed brittle membranes with cracks and defects on the 

membrane surface.  
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Table 7-3 Lists of membrane fabrication results by different PANI-PA complexes. 

Sample 
Membrane 

preparation Results 

Images of 

membranes in water 

bath 

Images of 

membranes after 

NIPS 

PANI-

PAMPSA 

Flat membrane with 

smooth surface 

 

 

PANI-PSSA 
Not stable to water non-

solvent immersion 

 

 

PANI-PAAc Insoluble in the solvent 

 
 

PANI-

PMVEA 

Brittle membrane with 

surface cracks 

 

 

Based on the different membrane preparation results, several possible reasons are 

found to explain the phenomenon according to the different PANI-PA complexes 

used. 

(1) The polymer acids have different functional groups, leading to different 

hydrophilicities of the different PANI-PA complexes [153, 274, 275]. The selection of 

polymer/solvent/non-solvent systems in the NIPS method is key to form 

membranes with the desired performance [105]. If the polymer has affinity to the 

non-solvent system, then the nucleation and growth of polymer-rich or polymer-

lean phase will be suppressed when immersing polymer solution in the non-solvent 

bath [276]. In terms of PANI-PSSA (with the highest conductivity), it is expected 

that the PANI-PSSA complex had a strong affinity to water by cation or anion 

exchange in aqueous solutions, which is less suitable for NIPS method [176]. 
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(2) Generally, non-conducting PANI can be readily processed in NMP as solvent 

while the conducting PANI is found to be insoluble in most solvents [66, 274]. 

Finding an appropriate solvent is of great importance to form films with the desired 

properties. Although PANI is modified by incorporating dopant acids with 

different substituents to make them more solution processable, suitable solvents 

are still limited and the presence of substituents also has reducing effect on the 

PANI conductivity [270, 275, 277]. Typically, a “good” solvent can change the 

molecular conformation of doped PANI from “compact coil” structures to more 

expanded structures [160, 278, 279]. This can reduce π-conjugation defects in the 

polymer backbone and increase the regularity of chain structure, thus promoting 

greater charge mobility and higher conductivity [229]. In the case of PANI-PAAc, 

it could be attributed to the weak interaction between the polymer chain and NMP 

solvent, leading to the tendency of PANI-PAAc chains to aggregate in the NMP 

[150, 229]. The insolubility of PANI-PAAc in solvent makes it not suitable to form 

the soluble polymer solution for the preparation of flexible membranes. 

(3) Polymer acids serve as templates for aniline polymerisation and attract aniline 

by columbic attraction or hydrogen bonding. The ionisation degree of the polymer 

acids influences the distribution of anilinium on the acid backbones and strong 

ionisation forms a highly organized assembly [151]. In the case of PANI-PMVEA, 

the lower ionisation degree may lead to a less regular arrangement of polymer 

chains – arrangements with a random and amorphous structure. It could be the low 

degree of entanglement between polymer chain and the ordered packing which 

hindered the formation of membranes with high mechanical strength. 

Among the four types of PANI-PA complexes, PANI-PAMPSA alone, under the 

casting conditions and solvents considered was able to form a membrane with a 

flat and rubbery surface. Therefore, all following studies focused on the fabrication 

and characterisation of PAMPSA doped PANI membranes (Memb-PAMPSA). 

7.3.2 Memb-PAMPSA Robustness Analysis  

The membrane surface analysis, mechanical strength and glass transition 

temperature were determined in this study to provide an evaluation of the stability 

of Memb-PAMPSA. Fig. 7-5 (a) and (b) show the images and RGB colour index 

of Memb-PAMPSA. The membrane was smooth with a shiny top surface. The 
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RGB index of Memb-PAMPSA was higher than undoped (Memb-EB) and small 

acid doped PANI membranes (Memb-HCl), showing that the polymer acid doped 

membrane was much darker. In the case of Memb-EB, the R:G:B value ratio was 

0.25: 0.38: 0.37. After being doped by HCl, the R:G:B value ratio changed to 

0.23:0.39:0.38 with a slightly higher green value than blue value. However, the 

R:G:B value ratio of Memb-PAMPSA was 0.22:0.35:0.43 with a much lower 

green colour than blue colour. The colour of Memb-EB generally changed from 

purple bronze to dark green after acid doping. The blue colour in Memb-PAMPSA 

was much higher than the green colour, indicating the Memb-PAMPSA was not 

fully doped (i.e. only partially doped). 

 

Fig. 7-5 (a) images and (b) RGB colour index of Memb-PAMPSA. 

Fig. 7-6 shows the tensile strength and Young’s modulus of Memb-HCl and 

Memb-PAMPSA. Compared to small acid doped membranes, Memb-PAMPSA 

displayed increased tensile strength and Young’s modulus, suggesting an 

improvement in the mechanical strength. This can be explained by the SEM 

images in Fig. 7-9, showing that the finger-like voids in the Memb-PAMPSA were 

reduced compared to small acid doped membranes. As discussed in Chapter 5, 

finger-like voids were undesirable as they weakened the membrane mechanical 

strength and resulted in their collapse at high operating pressures [105]. Another 

possible contributing factor is the plasticising effect of residual NMP on the 

Memb-PAMPSA. The membranes were prepared using NMP as solvent and it is 

possible that these membranes still contained residual amounts of NMP. This 

residual NMP can have a plasticising effect on the membrane structure [227]. On 

the other hand, doping of the membranes with small acids would remove some if 
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not all of the residual NMP trapped in the space between the polymer chains, 

making the membrane more rigid/ less flexible [150]. 

It was also observed during the experiment that the Memb-PAMPSA was less 

brittle and much easier to handle in comparison with small acid doped membranes. 

The improved durability and flexibility were also reported by previous researchers, 

showing that the polymer acid doped PANI membranes exhibited good elastic 

behaviour due to the ionic bonds and double-stranded network between polymer 

acids and PANI chains [9]. 

 

Fig. 7-6 Tensile strength and Young’s modulus of Memb-HCl and Memb-PAMPSA. (A=Memb-

HCl (2 h doping time); B= Memb-HCl (6 h doping time); C= Memb-HCl (24 h doping time); D= 

Memb-PAMPSA) 

The Tg of Memb-PAMPSA was determined by dynamic mechanical analysis in 

Fig. 7-7 to understand the membrane physical properties. In Fig. 7-7, the first drop 

at 132°C was due to the backing layer (PP/PE mixture), and the second drop at 

163°C showed the Tg of Memb-PAMPSA, which was slightly lower than small 

acid doped membranes in Chapter 5. This gives more evidence on the improved 

membrane properties in terms of flexibility and elasticity [150, 266]. Above all, it can 

be concluded that the produced Memb-PAMPSA possesses good mechanical 

strength: it was less brittle and more flexible than small acid doped membranes. 
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Fig. 7-7 Dynamic mechanical analysis of Memb-PAMPSA. 

7.3.3 FTIR of Memb-PAMPSA 

To further understand PAMPSA doped membrane properties, FTIR was employed 

to investigate the chemical structure in the membrane. FTIR spectra in Fig. 7-8 

shows the spectra of Memb-PAMPSA and Memb-EB. The main absorption peaks 

of the quinoid and benzenoid rings appeared at 1495 cm-1 and 1598 cm-1 in Memb-

EB, and at 1495 cm-1 and 1590 cm-1 in Memb-PAMPSA. The quinoid ring was 

found to shift by approximately 30 cm-1 compared to Memb-EB with fully small 

acid doped membranes (Memb-HCl) in Chapter 5. In the case of Memb-PAMPSA, 

the shift of quinoid rings was not as significant as the fully doped membranes, 

again indicating that the Memb-PAMPSA was not fully doped (i.e. only partially 

doped). The peaks in Memb-PAMPSA at approximately 1030 cm-1 and 1653 cm-

1 corresponded to the S=O stretching of sulfonic acid group and C=O stretching, 

respectively. The peak at 1158 cm-1 was assigned to asymmetric SO3
- stretching, 

which was representative of sulfonate salts. This peak was broader, probably due 

to the overlapping with the vibrational band of the nitrogen quinone [176]. Overall, 

the presence of characteristic FTIR peaks of Memb-PAMPSA confirms the 

incorporation of PAMPSA into PANI membranes through the interactions 

between the imine nitrogens of PANI and the sulfonic acid groups of PAMPSA. 



 

118 

 

Fig. 7-8 FTIR spectra of Memb-PAMPSA and Memb-EB. 

7.3.4 Morphology of Memb-PAMPSA 

The surface and cross-section of Memb-PAMPSA are shown in Fig. 7-9. It can be 

observed that the Memb-PAMPSA surface was rougher compared to that on 

Memb-EB in Chapter 5. This indicates that NMP was not a “good” membrane film 

making solvent for the PANI-PAMPSA. Other solvents such as DMF and DMAc 

were also used in the study, but were not as effective as NMP due to the poorer 

solubility of PANI-PAMPSA in these solvents. As can be seen from the cross-

section, Memb-PAMPSA shows highly porous and loose structures. This suggests 

that the use of larger dopants produced greater intermolecular spacing between 

PANI polymer chains and clusters and therefore expanded the membrane pore 

structures, and facilitated the formation of a loose membrane with higher porosity 

and larger free volume. 

Compared with Memb-EB, the growth of finger-like macrovoids was restricted in 

the Memb-PAMPSA. Generally, the formation of finger-like macrovoids can be 

hindered by increasing the polymer concentration in the polymer solution, 

increasing solvent evaporation time and/or choosing a solvent/non-solvent pair 

with low miscibility [280]. The same evaporation time and solvent/non-solvent pair 

were used in the phase inversion procedure in all experiments unless stated 

otherwise. Although the same concentration of polymer was used, the PANI-

PAMPSA formed a more viscous casting solution than PANI-EB, which is in part 

due to a different dissolution in the solvent. Compared to PANI-PAMPSA, PANI-
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EB was more easily dissolved in the solvent and the casting solution flowed more 

quickly than PANI-PAMPSA. The viscosity of solution plays an important role in 

the formation of microstructures by influencing the convective flows and demixing 

process. Greater viscous hindrance forces slow down the precipitation rate, 

inhibiting the formation of finger-like macrovoids [280]. Another contributing factor 

is that PANI-PAMPSA was more hydrophilic than the PANI-EB, and needed a 

longer time to coagulate in the water bath to form films. Slower coagulation rate 

is desirable to form membranes with “sponge-like” substructures [105]. Generally, 

finger-like macrovoids are undesirable because they weaken the mechanical 

strength of membrane. Possible compaction or collapse would take place when the 

membrane is used in high operating pressure [281, 282]. These results therefore 

further confirm that incorporating PAMPSA into PANI membranes can improve 

their mechanical properties.  

 

Fig. 7-9 The surface (top) and cross-section (bottom) of Memb-PAMPSA 

7.3.5 Permeance and Rejection of Memb-PAMPSA  

Permeation of Memb-PAMPSA and Memb-HCl tested by water and the PEG 

MWCO mixture solution is shown in Fig. 7-10 (a). The permeance of Memb-

PAMPSA with water and PEG mixture as feed was 202±12 and 180±16 L·m-2·h-
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1·bar-1, respectively compared to Memb-HCl with 5.6±0.2 and 4.9±0.5 L·m-2·h-

1·bar-1, respectively. Dynamic droplet penetration results in Section 7.3.8 confirm 

this result that Memb-PAMPSA is more permeable. The higher permeance of 

Memb-PAMPSA can be explained by two reasons. Firstly, excess pendent sulfonic 

acid groups of PAMPSA can increase the membrane hydrophilicity [153]. Secondly, 

Memb-PAMPSA exhibits a loose microstructure with larger free volume and 

higher porosity as a result of the incorporation of large acids, as shown in Fig. 7-9, 

which is expected to lead to an increased permeance if pore flow dominates 

transport. Hence, water molecules can permeate rapidly through the porous 

membrane structure, leading to an enhanced water permeance [98]. 

 

Fig. 7-10 (a) Permeance of Memb-PAMPSA and Memb-HCl and (b) PEG MWCO mixture 

rejection of Memb-PAMPSA in dead-end filtration. 

In addition, Memb-PAMPSA showed a rejection of PEG 1000–6000 with 10%–

30%. The low rejection of the PEG mixture may be caused by the larger free 

volume and higher porosity of Memb-PAMPSA if pore flow is the main transport 

and rejection mechanism. Complete rejection of BSA (MW of 66, 000 g mol-1) 

was achieved by the Memb-PAMPSA, indicating that the MWCO of Memb-

PAMPSA was much higher than 6000 g mol-1 but lower than 66, 000 g mol-1 with 

the BSA as MWCO probe. 

7.3.6 Stability of Memb-PAMPSA in Filtration 

In order to test the membrane stability during dead-end filtration, pHs of the 

membrane permeate during different filtration stages were measured to determine 

the extent of acid dopant leaching. Fig. 7-11 shows the pHs of the permeate (before 

filtration, after preconditioning and after the actual filtration) in dead-end filtration. 

The permeate pHs of Memb-HCl decreased during filtration, indicating that HCl 
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had leached from the membrane. However, the permeate pHs of Memb-PAMPSA 

were stable, indicating that this new generation PANI membrane overcame the 

acid leaching problem and was therefore more stable in filtration. This is likely 

because PAMPSA has a flexible backbone and it can adapt its flexible-chains to 

the rigid conjugated structure of polyaniline [152]. Accordingly, an interwoven 

and/or double-stranded structure in a side-by-side chain configuration can be 

formed between PANI and PAMPSA chains [14, 152]. Compared to the traditional 

single-stranded configuration in Memb-HCl, the stronger double-stranded and/or 

interwoven structure between PAMPSA and PANI chains leads to increased 

chemical stability of Memb-PAMPSA. Additionally, the leaching of PAMPSA 

can be more difficult on account of the mass-transfer limitations of high molecular 

weight acids leaving the membrane porous structure [11]. The PAMPSA is expected 

to be confined locally in the double-stranded structure, making leaching more 

difficult to happen. 

 

Fig. 7-11 pH change of Memb-HCl and Memb-PAMPSA in dead-end filtration. 

7.3.7 Electrical Conductivity of Memb-PAMPSA 

In terms of the actual tuneability evaluation of Memb-PAMPSA in Section 7.3.8 

and 7.3.9, dry membranes were used in the dynamic droplet penetration analysis 

while wet membranes were used in the electrically connected cross-flow filtration. 

Based on this, the surface electrical conductivity was measured in both a dry and 

wet state to match the membrane conductive properties with the actual tuneability 

test. 
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The conductivity of Memb-PAMPSA in a dry and wet state was measured to be 

(8.56±1.01) ×10-7 and (8.68±0.89) ×10-4 S cm-1, respectively. It is not surprising 

that the conductivity in a wet state was higher (as a result of the adsorbed moisture) 

than that in a dry state. The presence of moisture would act as carriers and solvate 

the counter anions, leading to better mobility of charged ions and greater 

delocalisation of polarons. Moreover, additional protonation might occur with the 

exposure to water, promoting more efficient charge transfer along the polymer 

chains and increasing the electrical conductivity [150, 273].  

It was observed that the conductivity of Memb-PAMPSA was significantly lower 

than Memb-HCl in Chapter 5. This is consistent with the previous research, 

showing that small acid doped PANI membranes displayed significantly higher 

conductivities than polymer acid doped PANI membranes [88, 279, 283]. There are 

several reasons associated with the lower conductivity of polymer acid doped 

membranes.  

(1) NMP is a basic, polar solvent and can form strong hydrogen bonding with acids, 

so there exists a competition between base-acid reactions of PANI with polymer 

acids and hydrogen bonding of NMP with acids. This results in an equilibrium and 

coexistence of doped and undoped PANI in the NMP solvent [226]. In addition, the 

conductivity of the Memb-PAMPSA was several orders of magnitude lower than 

the PANI-PAMPSA powder. This indicates that the dedoping happened when 

dissolving PANI-PAMPSA powder in NMP. FTIR and colour characterisation 

results in Section 7.3.2 and 7.3.3 also show that the Memb-PAMPSA was not fully 

doped after being cast from NMP solvent. Although it was reported less dedoping 

occurred in the more concentrated polymer solution, the PANI with more compact 

packing could cause a coiled confirmation to be formed, which is unfavorable for 

charge transfer [226]. These all contribute to the low conductivity when the 

membrane was cast from NMP. 

(2) The polymer acid chain is long (since PAMPSA with a large molecular weight 

was used) and tends to be more tangled with a more expanded lattice, thus forming 

a PANI-PAMPSA complex with higher amorphous content and lower crystallinity, 

affecting the charge delocalisation [284]. It was reported that PANI produced on the 

template of PAMPSA with a molecular weight of 724, 000 g mol-1 had the 

tendency to form “compact coil” structures [153]. This structure exhibits a narrow 
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polaron interband transition and decreased conjugation length which limits the 

charge delocalisation of the protonated imines. In terms of the membranes 

produced in this work, the molecular weight of PAMPSA used was 800, 000 g 

mol-1 – an even larger structure – so it is deduced that the “compact coil” structures 

exist in the PANI-PAMPSA complex.  

The membrane conductivity can be further improved to different extent by 

secondary doping with different acids. The conductivity (measured at a dry state) 

improved by only one order of magnitude after being doped by PAMPSA, while 

three orders of magnitude improvement was found by secondary doping with 

DBSA. The reason is assumed to be the mass-transfer limitations of the large 

structure of PAMPSA in comparison with the long chain DBSA. This also 

indicates that the efficiency of secondary doping depends on the dopant types (i.e. 

molecular weight, dopant structure).  

7.3.8 Initial Tuneability Assessment: Dynamic Droplet Penetration Analysis 

As in Chapter 5, the solute permeation rate through acid doped membranes with 

or without applied potential was used to characterise the membrane initial 

tuneability. The change of effective contact angle and droplet with time indicates 

the solute permeation rate. Considering the low conductivity of Memb-PAMPSA, 

the highest voltage (30 V) used on the small acid doped membrane was applied on 

Memb-PAMPSA to determine the effect of applied potential on the membrane 

transport properties. Fig. 7-12 shows the effective contact angle and droplet height 

change with time at 0 and 30 V of applied potential. As can be seen, the applied 

potential did not have a significant effect on the water permeation rate through 

Memb-PAMPSA, with effective contact angle of 2.2×10-1 θ s-1 at 0 V and 2.1×10-

1 s-1 at 30 V, and the droplet height of 3.6×10-3 mm s-1 at 0 V to 4.1×10-3 mm s-1 at 

30 V. 

As stated in Chapter 5, the solute permeation rate change with or without applied 

potential is affected by the membrane conductivity. Small acid doped membranes 

with higher conductivity can produce more active electron movement under 

applied potential and thus enhance the charge transfer between the conducting 

domains. This produces stronger intermolecular attractions and further alters the 

dynamic wetting behaviour between water and membrane surface.  
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Applying this here: despite the strong bonding between polymer acids and PANI, 

the conductivity of Memb-PAMPSA was much lower than small acid doped 

membranes. It is not surprising that the mobility of delocalised charge and electron 

movement were weak under applied voltage. Another possible reason is that the 

solute permeation rate through Memb-PAMPSA was much higher than small acid 

doped membranes. Considering the accuracy limitation of the equipment, it is not 

easy to detect the difference of dynamic contact angle when the membrane 

tuneability was not significant but the solute permeation rate was fast. 

It is also found that the solute permeation rate of Memb-PAMPSA was much faster 

than the small acid doped membrane, with effective contact angle change of 0.2 θ 

s-1 for Memb-PAMPSA compared to 4.3×10-2 θ s-1 for small acid doped membranes. 

This is consistent with membrane permeance results in the dead-end filtration, 

indicating an increased attracting force across the interface between water and 

Memb-PAMPSA. Acid dopants namely PAMPSA and HCl possess different 

chemical structures, which may be responsible for the different surface energies 

and polarities between Memb-PAMPSA and Memb-HCl [196]. PAMPSA with 

amide group can form additional hydrogen bonding with water, thus enhancing the 

water permeation rate [153].  

 

Fig. 7-12 The effective contact angle and droplet height change of Memb-PAMPSA over time 

with and without potential (30 V). Error bars represent ± SE. 

7.3.9 Electrically Connected Cross-flow Filtration  

Electrically connected cross-flow filtration is a main way to conduct a critical 

evaluation on the tuneable properties of Memb-PAMPSA in the absence and 
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aqueous PEG MWCO mixtures were chosen as feed. Considering the loose 

structure of Memb-PAMPSA, PEG mixtures used for low UF membranes were 

applied in the electrically connected cross-flow filtration.  

Electrical tuneability of PEG mixture: Fig. 7-13 shows the rejection of Memb-

PAMPSA in different filtration time (0, 30, 60 and 120 min) under applied 

potential of 0 and 30 V (2 bar, 25°C, PEG mixtures). It can be found that the 

rejection of PEG solute mixtures decreased in the presence of external electrical 

stimulus. Fig. 7-14 shows the water permeance and current of Memb-PAMPSA 

with PEG UF mixture as feed under applied potential in the absence and presence 

of applied potential (2 bar, 25°C, PEG mixtures). A slightly faster permeance was 

found when voltage was applied on the membrane. Moreover, the current passing 

through Memb-PAMPSA kept stable when applied potential was used. 

 

 

Fig. 7-13 The rejection of Memb-PAMPSA in different filtration time (0, 30, 60 and 120 min) 

under applied potential of 0 and 30 V (2 bar, 25°C, PEG mixtures). 
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Fig. 7-14 Water permeance and current of Memb-PAMSA under applied potential of 0 and 30 V 

(2 bar, 25°C, PEG mixtures). 

Electrical tuneability of pure water: In order to evaluate the effect of voltage on 

the membrane permeance, DI water was used as the feed, and the permeance and 

current passing though the membranes under applied potential were recorded with 

time (2 bar, 25°C, water). Fig. 7-15 shows that the water permeance increased from 

248±3 to 261±7 L·m-2·h-1·bar-1 when the external potential was applied. Another 

cycle was also tried to test the repeatability of membrane tuneability, and the 

permeance changed from 244±3 L·m-2·h-1·bar-1 without applied potential to 255±3 

L·m-2·h-1·bar-1 with applied potential. This indicates that the membrane structure 

became looser under applied potential. It is also found that the current passing 

through the membrane was lower than small acid doped membrane but did not 

decrease at a fixed 30 V voltage, indicating that the polymer acid doped membrane 

was less conductive but more stable than small acid doped membranes. These 

correlates well with the previous membrane conductivity and filtration stability 

results in this work. 
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Fig. 7-15 Water permeance and current of Memb-PAMSA under applied potential of 0 and 30 V 

(2 bar, 25°C, water). 

It is hypothesised that several properties changes in Memb-PAMPSA contribute 

to the tuneable separation under applied potential. Solution-diffusion, pore-flow 

and Donnan exclusion are the three main models to describe the transport 

mechanisms of solutes through NF and UF membranes. 

Solution-diffusion is widely used to describe the transport of small molecular 

weights of solutes through dense membranes [27]. The applied potential is expected 

to facilitate the electron movement along the polymer chain, generating the charge 

transfer between conducting domains. This would affect the interaction between 

the solutes and membranes, making the solutes sorption, diffusion and desorption 

process easier to happen. 

Pore flow is believed to occur when the large solutes permeate through tiny pores 

in the membrane [285, 286]. The applied potential facilitates the mobility of charged 

ions in the membrane, which in turn changes the free volume in the membrane 

structure. The changeable structure influences the selectivity and transportation of 

neutral solutes, producing membranes with tuneable separation [6]. The presence 

of acids in the membrane makes free volume potentially available, resulting in a 

tuneable permeability. Compared with small acids, PAMPSA as a flexible polymer 

acid with large benzene ring sulfonyl groups, allows a larger void formation 

associated with greater free volume when it arranges its structure under electrical 

potential. Greater free volume provides more space for the solutes to pass through 

the membrane, producing the decrease in rejection. 
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Donnan exclusion describes the behaviour of charged ions passing through 

membranes [285]. The applied potential facilitates the charge transfer and electron 

movement through the membranes, potentially increasing the polarity of 

membrane surface, thus water transport through membrane would be increased 

due to its dipole.  

All of the above results indicate that the Memb-PAMPSA has a limited tuneable 

permeance and selectivity in non-ionic species under applied potential. The 

conductivity needs to be increased to improve this and this will therefore be the 

focus of the next chapter. 

7.4 Conclusions 

In order to overcome the two challenges (acid leaching and membrane brittleness) 

of small acid doped PANI membrane, this chapter develops a feasible route to 

fabricate PAs doped PANI membrane and investigates the properties of the new 

generated membrane. This is a new way to prepare acid doped PANI 

membranes by allowing PAs to be primary dopants and polymerising aniline 

on the template of PAs. 

The results show that: 

 Among the four types of PANI-PA complexes (PANI-PAMPSA, PANI-PSSA, 

PANI-PAAc and PANI-PMVEA), PANI-PAMPSA produced the optimal 

practical membranes with smooth and shiny surface under the casting 

conditions and solvents considered. 

 The in-situ synthesised PANI-PAMPSA complex produced smooth and 

integral membranes that addressed two of the main problems with 

conventional mineral acid doped PANI membranes: brittleness and leaching 

of acid dopant. The Memb-PAMPSA had a Young’s modulus and tensile 

strength twice that of mineral acid doped PANI membranes and permeate pH 

during filtration remained relatively constant compared to conventional 

mineral acid doped PANI membranes. 

 Memb-PAMPSA exhibited a limited tuneable permeance and selectivity in 

non-ionic species under applied potential. A higher permeance and lower 

rejection in non-ionic species was observed under applied potential, 
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suggesting that the membrane structure can be tuned to be looser by the 

external stimuli. 

 The electrical conductivity of Memb-PAMPSA was much lower than small 

acid doped membranes, with (8.56±1.01) ×10-7 and (8.68±0.89) ×10-4 S cm-1 

measured in a dry and wet state, respectively, indicating the next step is to 

improve the conductivity of polymer acid doped membrane. 
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8 Enhancing Memb-PAMPSA as a Stimulating-responsive 

Membrane by EG Incorporation and DBSA Treatment 

8.1 Introduction 

Compared to small acid doped membrane, PA doped membrane displayed 

improved mechanical strength and filtration stability. However, the major 

limitation of PA doped membrane is that the membrane was not fully doped after 

casting it from NMP and the electrical conductivity was significantly lower than 

small acid doped membrane. This leads to poor membrane tuneability (permeance 

and selectivity change) under applied potential. In terms of the overall objective 

of this research to develop unique conducting PANI membranes that can be 

electrically tuneable to different fluxes and selectivity and to apply these to control 

membrane fouling, it is of great importance to improve the electrical conductivity 

of current PA doped membranes. 

Graphite is a layered carbon material with higher electrical conductivity than 

activated carbon and relatively lower price than carbon nanotubes [127, 128]. It has 

been found that the intercalation of PANI into graphite at certain ratios exhibited 

conductivities greater than the individual PANI [129]. However, it is difficult to 

prepare conductive PANI/graphite complex by direct intercalation as a result of 

the small interlayer space of graphite layers. Accordingly, a certain chemical or 

physical modification is needed to prepare expandable graphite or exfoliated 

graphite with increased interspace compared to neat graphite [127]. The formed EG 

nanosheets with a loose and porous structure can intercalate aniline monomer or 

PANI polymer into the interspacing of graphite layers [130]. EG nanosheets can 

serve as conductive bridges connecting PANI conducting domains and increase 

the charge transfer mobility, resulting in an enhanced conductivity [120, 128, 129].  

Thus far, incorporating conducting polymers like PANI into the interlayer spacing 

of carbon materials like EG has attracted considerable attention as a result of the 

high electrical conductivity [120, 126]. Numerous potential applications have focused 

on supercapacitors [138], sensors [287], rechargeable batteries [288], conductive inks 

[289] and microbial fuel cells [145], etc. To the best of our knowledge, there have 

been no reports of incorporating EG into PA doped PANI membranes to improve 

the membrane conductivity, and then realise the aqueous tuneable separation under 

applied potential. Therefore, studies of combining EG with PA doped PANI 
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membrane have the potential to be the breakthrough solution to overcome the 

challenge of low membrane conductivity. This will also potentially open new 

applications of electrically tuneable membrane separation beyond the traditional 

applications. 

In Chapter 7, PAMPSA as a primary dopant was incorporated into PANI structure 

during the chemical polymerisation of aniline. When PANI-PAMPSA was cast 

with NMP as a solvent, the doping level of resulting membranes reduced, 

suggesting that not all imine nitrogens were protonated by PAMPSA. With this 

concern, another promising way to improve the membrane conductivity is to 

perform a secondary doping. Secondary dopants, applied to a primary-doped PANI, 

can further dope the PANI and induce dramatic conformation change in the 

molecular network of PANI, resulting in an increased electrical conductivity [229]. 

It was reported that the conductivity of PAMPSA doped PANI can be improved 

by more than two orders of magnitude by dichloroacetic acid (DCA) treatment. 

DCA induced the structural rearrangement of PANI-PAMPSA from “compact coil” 

to “extended chain”. These structural relaxations promoted more efficient charge 

transport, which was responsible for the improvement in the electrical performance 

of PANI membrane [290]. However, DCA as a small acid, could also leach out 

during the filtration process. On the other hand, a long chain acid namely DBSA 

possesses some attractive advantages like strong acidity, effective doping and 

plasticisation for PANI, thereby can be considered as a promising secondary 

dopant for primary polymer acid doped PANI [291, 292]. 

Considering this, EG was incorporated into PAMPSA doped PANI membrane for 

the first time in this study, aiming at achieving membranes with a high electrical 

conductivity and stable performance. Three different methods of incorporating EG 

into PANI were used including in-situ polymerisation of aniline, mechanical 

mixing of EG and PANI-PAMPSA powder and solution mixing. Solution mixing 

was further divided into two different ways of adding EG. In addition, the formed 

membrane was doped by a secondary dopant DBSA to further improve the 

electrical conductivity. The properties of obtained polymers and membranes were 

investigated by different characterisation techniques, e.g. SEM, FTIR and four-

point probe conductivity. The dead-end filtration was used to determine the 

membrane filtration performance (permeability and selectivity). The electrically 
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connected cross-flow filtration was applied to investigate the membrane 

tuneability by external voltage under industrially relevant membrane filtration 

conditions. 

8.2  Incorporating EG into Memb-PAMPSA by Three Different Methods 

As stated in Section 4.7, three different approaches were used to incorporate EG 

into Memb-PAMPSA to enhance the electrical conductivity. The resulting 

membranes were then screened to choose the one with the highest electrical 

conductivity for the evaluation of membrane performance (i.e. transportation, 

tuneability, etc.). 

8.2.1 Method 1: In-situ Polymerisation 

(1) Weight and Yield of PANI-PAMPSA-EG composites 

Table 8-1 describes the weight and yield of PANI-PAMPSA-EG composites. The 

yield increased by increasing the EG content, from 77.7% in PANI-PAMPSA-

25%EG to 87.5% in PANI-PAMPSA-75%EG. This could be related to the better 

interaction between π- conjugated structure of the EG and the quinoid ring of 

PANI-PAMPSA which could reduce the loss of PANI-PAMPSA or EG during the 

washing process. It is noted that different weight percentages of EG with respect 

to aniline were used in Method 1. However, different weight percentages of EG 

with respect to PANI-PAMPSA were utilised in Method 2 (Section 8.2.2) and 

Method 3 (Section 8.2.3). Therefore, the corresponding EG/PANI-PAMPSA ratio 

in Method 1 was calculated in order to obtain a parallel comparison among 

different methods. 

Table 8-1 Weight and yield of PANI-PAMPSA-EG composites. 

Composites 
EG weight 

(g) 

Product 

weight (g) 

Yield  

(%) 

EG/PANI-PAMPSA 

(%) 

PANI-PAMPSA-25%EG  1.40 7.85 77.7 21.7 

PANI-PAMPSA-50%EG  2.80 9.50 82.6 41.8 

PANI-PAMPSA-75%EG  4.20 11.3 87.5 59.3 

(Note: Aniline=5.59 g, PAMPSA=3.11 g, wt% EG with respect to aniline.) 

(2) Method 1: Morphology and particle size of EG 

Fig. 8-1 describes the morphology of EG prepared by treating graphite using H2O2 

- H2SO4 methods, followed by 2 h ultrasonic treatment in isopropyl alcohol 
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solution. As can be seen in Fig. 8-1, EG was torn into multilayer graphite 

nanosheets with interspace between different layers. Such a laminated morphology 

is desirable as it can provide interlayer spacing for aniline monomer to polymerise 

and facilitate the formation of conductive networks in the polymer matrix [293]. 

Previous studies pointed out that there were correlations between the shape of 

graphite particles and electrical conductivity [294, 295]. Flake-type particles were 

found to result in higher conductivities than sphere-type particles due to their large 

specific surface areas and effective surface-to-surface contact [294, 295]. Based on 

this, the obtained flake-type particles in the study were expected to provide 

effective conducing networks which could promote the charge transfer along the 

polymer matrix. 

  

  

Fig. 8-1 SEM images of EG at different scale bars. 

Fig. 8-2 displays the particle size of EG measured by two approaches: mastersizer 

laser diffraction and SEM image calculation. In terms of laser diffraction, two 

types of dispersion solvents including water and isopropanol were utilised. The 

particle size distribution was found to be related to the dispersion solvent, with D 

(V, 0.1) = 4.7±0.03 µm, D (V, 0.5) =11.1±0.1 µm and D (V, 0.9) = 24.0±0.7 µm 

in isopropanol dispersion and D (V, 0.1) = 6.1±0.1 µm, D (V, 0.5) =15.3±0.8 µm 

and D (V, 0.9) = 68.5±8.9 µm in water dispersion. The smaller particle size in 
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isopropanol was likely due to the stronger isopropanol-EG interfacial interaction, 

which could prevent the EG agglomeration and allow better dispersion in 

isopropanol [296]. Image calculation results of SEM (Fig. 8-1) show that the average 

sheet diameter of EG is 12.0±0.4 µm, similar to the mastersizer laser diffraction 

results.  

 

Fig. 8-2 (a) Average article size of EG measured by mastersizer laser diffraction and SEM image 

calculation, (b) particle size distribution in isopropanol as a dispersion solvent and (c) water as a 

dispersion solvent. 
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It has been reported that the particle size of conducting particles plays an important 

role in the electrical conductivity. Generally, a small particle size is desirable to 

form enhanced conductive networks by efficiently connecting the conductive 

pathways, but powders with a small particle size tend to aggregate, thereby 

increasing voids and porosity in the polymer system [295, 297]. In terms of this, 

getting good dispersion of EG in the polymer dope solution is a key factor to obtain 

membranes with desired performance and minimum defects. 

 (3) Method 1: FTIR of PANI-PAMPSA-EG composites 

Fig. 8-3 (a) shows FTIR spectra of the neat graphite and EG. The spectrum of EG 

did not exhibit new peaks compared to neat graphite. This would indicate that 

heating EG in a furnace at 700℃ removed all the sulfonic acid groups that were 

used for the exfoliation of neat graphite. Fig. 8-3 (b) displays the spectra of PANI-

PAMPSA-EG powder synthesised at different percentages of EG. The main 

absorption peaks of quinoid and benzenoid rings appeared at 1562 cm-1 and 1485 

cm-1 in the PANI-PAMPSA-EG composites. The absorption peaks of the quinoid 

rings shifted by 28 cm-1 in comparison with 1590 cm-1 in the undoped PANI in 

Chapter 5, indicating that the imine nitrogen of PANI interacted with PAMPSA 

and EG. The peaks at approximately 1031 cm-1 and 1650 cm-1 were assigned to the 

S=O stretching of sulfonic acid group and C=O stretching, respectively. The 

broader peak at 1168 cm-1 which overlapped with vibrational band of nitrogen 

quinone was assigned to the asymmetric SO3
- stretching of sulfonate salts [176]. The 

presence of a strong peak at approximately 1140 cm-1 was representative of an 

“electronic-like band”, indicating that charge-transfer occurred between EG and 

the quinoid unit of PANI [143]. 

 

Fig. 8-3 FTIR spectra of (a) neat graphite/EG and (b) PANI-PAMPSA-EG composites (with 

different EG ratio to aniline). 
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(4) Method 1: Morphology of PANI-PAMPSA-EG composites 

Fig. 8-4 illustrates the morphology of PANI-PAMPSA-EG composites (with 

different EG ratio to aniline). As stated in Chapter 7, PANI-PAMPSA exhibits a 

fibrous network. After introduction of EG, the PANI-PAMPSA molecular chain 

formed on the EG nanosheets and intimately intertwined and linked to the EG. It 

can also be observed that the aniline monomers were polymerised not only on the 

surface of EG, but also in the interspace of EG during the in-situ polymerisation, 

which was similar to the previously reported data [127]. Binding PANI-PAMPSA 

and EG together was beneficial for the charge transfer along the polymer chain. It 

can be deduced that PANI chains formed along the acid template by ionic 

interaction or along EG through π-π interaction. With the increased amounts of 

EG, more surface area was provided for aniline to be polymerised around EG [146]. 

The incorporation of EG into PANI was expected to form the electrical conductive 

network which could accelerate the charge transfer process and improve the 

electrical performance. 

Fig. 8-4 also shows that the particle sizes of PANI-PAMPSA-EG composites 

increased by increasing EG content, with particle sizes at approximately 16 µm for 

PANI-PAMPSA-25%EG, 36 µm for PANI-PAMPSA-50%EG and 88 µm for 

PANI-PAMPSA-75%EG. This indicates that PANI-PAMPSA-EG composites 

were more prone to aggregate with increased EG content. The aggregation of 

composites was undesirable as it might decrease the mechanical strength of the 

polymer systems. Moreover, aggregation could result in poor powder dispersion 

in the solvent; cracks can easily propagate through the area where there was no 

good adhesion between PANI-PAMPSA and EG in the polymer matrix [298]. 
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PANI-PAMPSA 

    

PANI-PAMPSA-25%EG  
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PANI-PAMPSA-50%EG  

    

PANI-PAMPSA-75%EG  

Fig. 8-4 Morphologies of PANI-PAMPSA-EG prepared by in-situ polymerisation (with different EG ratio to aniline). 
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(5) Method 1: Electrical conductivity of PANI-PAMPSA-EG composites 

Fig. 8-5 shows the electrical conductivity of PANI-PAMPSA-EG as a function of 

EG ratio. It can be clearly observed that the presence of EG improved the electrical 

conductivity of the composites, suggesting the successful intercalation of 

conducting polymers into the interlayer space of EG nanosheets. It was reported 

that the π-bonded surface of EG could interact with the conjugated structure of 

PANI through the quinoid ring, and EG served as “conducting bridge” connecting 

conducting domains of PANI and facilitated charge transfer [132]. In addition, the 

electrical conductivity of PANI-PAMPSA-EG composites was found to increase 

by increasing EG ratio. The reason was that enhancing EG ratio could promote 

more activated electrons, which enabled to enhance the electron transfer and 

charge mobility through the polymer structure [127]. 

  

Fig. 8-5 Electrical conductivity of PANI-PAMPSA-EG composites prepared by in-situ 

polymerisation (with different EG ratio to aniline). 

It was found in few previous studies that the intercalation of conducting polymers 

into the interlayer space of EG at certain ratios exhibited electrical properties 

greater than the individual pure components [143]. However, this phenomenon was 

not observed in the present case, and the conductivity showed an improvement, 

but was still much lower compared to the high conductivity of EG. Several 

possible reasons could explain the observed conductivity: 

(1) It has been reported that the interaction of graphite with aniline during the in-

situ polymerisation induced defects on the graphite, resulting in a less ordered 
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structure for final composites [129]. Based on this, the possible disorder in the EG 

lattice may lead to a lower conductivity. 

(2) Carbon materials were found to serve as dopants for PANI to improve the 

electrical conductivity through doping effects or charge transfer interaction 

between basal plane of EG surfaces and quinoid ring of PANI chain [143, 146]. EG 

may have competition with the sulfonic acid group of PAMPSA during the 

interaction with conjugated structure of PANI. The competing phenomenon has 

been found in other studies, for example carbon nanotubes competed with HCl, 

perturbing the hydrogen bonding between the acid and PANI [132]. This is 

undesirable as it would to some extent affect the acid doping level of PANI. 

(3) In general, the overall electrical conductivity of composite materials depends 

on the less conductive component. In terms of PANI-PAMPSA-EG composites, 

PANI-PAMPSA possessed lower conductivity and the weak charge mobility could 

restrict the electron transfer between the doped PANI and EG [132].  

(4) The steric hindrance caused by the large size of PAMPSA and EG particles 

could also affect their interaction with PANI, thereby reducing the doping level of 

PANI. These all factors could be associated with the low conductivity of PANI-

PAMPSA-EG composites. 

8.2.2 Method 2: Mechanical Mixing 

(1) Electrical conductivity of PANI-PAMPSA and EG mixture  

In contrast to Method 1 incorporating EG into PANI through in-situ 

polymerisation of aniline, mechanical mixing of PANI-PAMPSA and EG was 

used in Method 2. Fig. 8-6 displays the conductivity of PANI-PAMPSA and EG 

mixture by mechanical mixing. The conductivity did not change much with the 

EG content of 25%, which indicated that a certain amount was needed for the 

sufficient dispersion of EG throughout the polymer matrix to form conductive 

networks [298]. It is not surprising to find that the conductivity increased by 

increasing the EG content from 25% to 50%. Compared with the conductivity of 

PANI-PAMPSA-EG composites at 41.8 % and 59.3 % of EG content with respect 

to PANI-PAMPSA in Method 1 (Fig. 8-5), the conductivity of PANI-PAMPSA 

and EG mixture at 50% of EG content to PANI-PAMPSA was much higher. This 

indicated that mechanical mixing was more effective in enhancing the composites 
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conductivity in comparison with in-situ polymerisation. Full analysis of the 

resulting powders (as per Method 1) is not presented because the EG used was 

characterised in Method 1 and PANI-PAMPSA was characterised in Chapter 7. 

 

Fig. 8-6 Conductivity of PANI-PAMPSA and EG mixture by mechanical mixing. 

8.2.3 Method 3: Solution Mixing by Two Ways  

In Method 3, solution mixing by two ways was used to incorporate EG into Memb-

PAMPSA. One way (Method 3A) was to disperse EG in NMP with ultrasonication 

and then add PANI-PAMPSA into the solution portion by portion to make a 

homogenous solution. The other way (Method 3B) was to separately disperse EG 

with ultrasonication and PANI-PAMPSA in NMP and then mix them together. 

Previous studies reported that NMP was the most promising solvent to disperse 

EG and the applied ultrasonication during dispersion process was favourable to 

prevent aggregation [293, 299, 300]. These two ways of solution mixing were found to 

form stable suspension of EG and produced homogenous casting solution, which 

was expected to form strong networks between polymer matrix and EG filler.  

With this method, EG as per Method 1 was used and mixed with the PANI-

PAMPSA powder that was fully characterised in Chapter 7. No further analysis of 

the powder or EG is therefore needed – only the resulting membranes differ from 

previously presented results. 
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8.3 Membrane preparation results: Methods 1, 2 and 3 

8.3.1 NIPS Observations and Electrical Conductivity 

The PANI-PAMPSA-EG composites prepared by Method 1 and PANI-PAMPSA 

and EG mixture made by Method 2 were dissolved in NMP solvent and then 

formed into membranes by NIPS method. The casting solution in Method 3 was 

used to make membranes by the same preparation method. The prepared 

membranes (Memb-PAMPSA-EG) from the above different approaches were then 

doped in DBSA for 24 h to obtain secondary doped membranes (Memb-PAMPSA-

EG/DBSA).  

Table 8-2 Lists of membrane fabrication results and conductive properties of different methods. 

Method used Results 

Electrical conductivity (S cm-1) 

Water bath Secondary doping 

Method 1  
Not stable to water 

non-solvent immersion 

<10-7 (1.38±0.24) ×10-4  

Method 2 
Not stable to water 

non-solvent immersion 

<10-7 (2.10±0.40) ×10-4 

Method 3A 
Stable to water non-

solvent immersion 

(2.47±0.47) ×10-5 (5.10±0.27) ×10-4 

Method 3B 
Stable to water non-

solvent immersion 

(2.24±0.40) ×10-5 (4.32±0.19) ×10-4 

 

Table 8-2 describes the membrane preparation results as well as the electrically 

conductive properties from different methods. The phase separation in Method 1 

and 2 was not stable as the composites from Method 1 and mixture from Method 

2 partially leached into the coagulation bath and the water as non-solvent changed 

brown in colour. These were clearly more water soluble and so water as non-

solvent bath resulted in release of polymer composites into it. 

It was observed that the phase separation in Method 3 (A and B) was feasible to 

make membranes. Method 3B had slight EG loss during the solution transfer 

process. The highest conductivity was found in the membrane prepared by Method 

3A, and the electrical conductivity increased by two orders of magnitude compared 

with Memb-PAMPSA in Chapter 7. Some possible reasons for the feasible phase 

separation and high membrane conductivity in Method 3 are: 
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(1) NMP is a promising solvent to disperse carbon materials and the strong 

interaction between NMP and EG could further exfoliate EG [301, 302]. The applied 

sonication also enabled further break-up of the macroscopic aggregates of EG to 

form a more homogeneously dispersed solution than with the other methods [301]. 

Such dispersion allowed the subsequent combination of PANI-PAMPSA with EG, 

possibly promoting the intercalation of conducting polymers into the interlayer 

space of EG. Therefore, solution mixing in Method 3 allows the better dispersion 

of EG and PANI-PAMPSA, and gives a more ordered and better distributed 

polymer dope solution compared to Methods 1 and 2 [292]. 

(2) It was also observed that the casting solution of Method 3 became more viscous 

with the addition of EG, which made the casting process more difficult. Previous 

work in the literature [303, 304] also found that the viscosity of the polymer solution 

increased with nanoparticles loading. It was suggested that the increased viscosity 

was due to the strong interaction of nanoparticles and polymer blends. The viscous 

casting solution in Method 3 implied that a good interaction between EG and 

PANI-PAMPSA occurred during the solution mixing stage. 

(3) The EG in Method 3 (with high specific surface area, surface activity and 

adsorption properties) facilitated the intercalation of PANI-PAMPSA into its 

nanosheets in the solution mixing process and so was able to quickly reach an 

equilibrium state [305, 306]. Some studies have shown that PANI-PAMPSA can 

function as an acceptor compound via the radical cations generated by PAMPSA 

and graphite can act as the electron donor [126]. The strong interaction between 

PANI and the basal plane of EG surfaces led to charge stabilisation and an 

increased tendency for PANI-PAMPSA to coat on the EG to form a stable 

composite [134]. This can also make PANI-PAMPSA contact intimately with EG 

layers, facilitating a larger charge transfer and thus a higher conductivity. 

It can be concluded that solution mixing was the most promising method of the 

three examined to incorporate EG into PAMPSA doped membranes. As discussed 

in Chapter 7, there exists a competition between base-acid reaction of PANI with 

acid and hydrogen bonding of NMP with acid, suggesting the dedoping of PANI-

PAMPSA in NMP solvent. By introducing a secondary dopant into membranes 

(prepared by Method 3), it was observed that the electrical conductivity was further 

improved by approximately twenty times. This implies that a bonding between 
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sulfonic acid group of DBSA and unsaturated imine nitrogen of PANI was formed, 

thereby favouring a better electron delocalisation and charge transfer. 

Some studies showed that secondary dopants can strongly interact with the PANI 

backbone and/or primary dopant, and decrease structural defects and polarisation 

by creating an ordered structure [291]. In addition, secondary doping induced 

structural relaxations and promoted more efficient charge transfer, contributing to 

an improvement in membrane conductivity. The secondary dopant DBSA 

improved the conductivity of PANI composites and electron transfer between 

secondary doped PANI and EG became less restricted compared to primary PA 

doped PANI with EG. Therefore, it could lead to an improvement in both the 

carrier number and charge mobility, contributing to an overall enhancement of 

electrical conductivity [143]. The increased conductivity due to secondary doping 

also implies that the conducting PANI part plays an important role in the 

conductivity of Memb-PAMSPA-EG [143]. The ability to improve the electrical 

conductivity of the acid doped PANI part could be advantageous to the overall 

membrane conductivity enhancement. The solution mixing (Method 3A) produced 

membranes with the highest electrical conductivity, so the following studies 

focused on the investigation of the obtained Memb-PAMPSA-EG and Memb-

PAMPSA-EG/DBSA. 

8.3.2 Membrane Robustness Analysis 

As in previous chapters a backlit LED light box was used to detect any visible 

defects, such as pinholes and cracks, on the membrane surface (Fig. 8-7 (a)). It 

was observed that the EG was dispersed evenly on the membrane and formed a 

rougher surface than Memb-PAMPSA. After secondary doping, the membrane 

exhibited a relatively smoother surface and seemed to be more relaxed compared 

to Memb-PAMPSA-EG.  

RGB colour index was again utilised to characterise the membrane colour change 

(Fig. 8-7 (b)). It was found that the RGB value of Memb-PAMPSA-EG was higher 

than Memb-PAMPSA, suggesting that the membrane became darker in colour. 

This confirmed the incorporation of black EG into the membrane. As discussed in 

Chapter 7, the R:G:B value ratio of Memb-PAMPSA was 0.22:0.35:0.43. The 

R:G:B value ratio of Memb-PAMPSA-EG and Memb-PAMPSA-EG/DBSA was 
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0.23:0.34:0.43 and 0.23:0.36:0.41, respectively. The green colour value increased 

and blue colour value decreased after DBSA doping, suggesting an improved 

PANI doping level caused by the incorporation of DBSA. These also implied that 

the Memb-PAMPSA-EG was not fully doped (i.e. only partially doped), therefore 

secondary doping can be considered as a promising way to further improve the 

membrane conductivity combined with primary polymer acid doping.   

 

Fig. 8-7 (a) images and (b) RGB colour index of Memb-PAMPSA-EG and Memb-PAMPSA-

EG/DBSA. 

Fig. 8-8 shows the Young’s modulus and elongation at break of Memb-PAMPSA, 

Memb-PAMPSA-EG and Memb-PAMPSA-EG/DBSA. The Young’s modulus 

did not show any significant changes with the addition of EG but elongation at 

break showed a decrease, which suggested the membrane flexibility decreased 

with the addition of EG. This decreased flexibility might be caused by the 

brittleness and rigidity of EG which was also found in some other studies [298, 307, 

308]. Additionally, no significant difference of mechanical strength was found after 

secondary doping by DBSA, suggesting that DBSA as a secondary dopant was 

desirable to further improve the membrane conductivity without losing the 

mechanical strength. 

Memb-PAMPSA Memb-PAMPSA-EG           Memb-PAMPSA-EG/DBSA
0

15

30

45

60

75

90
 

 

 R

 G

 B

Memb-PAMPSA-EG Memb-PAMPSA-EG/DBSA 

a b 

5m
m 



 

148 

  

Fig. 8-8 Membrane mechanical properties for Memb-PAMPSA, Memb-PAMPSA-EG and 

Memb-PAMPSA-EG/DBSA: Young’s modulus and elongation at break (%). 

8.3.3 FTIR Analysis of Membranes 

FTIR spectra in Fig. 8-9 indicates the chemical groups that are present in Memb-

PAMPSA, Memb-PAMPSA-EG and Memb-PAMPSA-EG/DBSA. In the three 

membrane samples, the peaks at 1030-1037 cm-1 and 1154-1158 cm-1 were 

assigned to S=O stretching of sulfonic acid group and asymmetric SO3
- stretching 

of sulfonate salts, respectively. The peak at 1653-1657 cm-1 corresponded to C=O 

stretching of PAMPSA. The presence of these peaks was indicative of the 

incorporation of PAMPSA into membranes. Generally, the characteristic bands of 

benzenoid and quinoid rings appeared at approximately 1495 cm-1 and 1598 cm-1 

in undoped PANI membrane (Chapter 5). Upon the incorporation of PAMPSA, 

the quinoid stretching mode of PANI red shift from 1598 cm-1 to 1590 cm-1, 

implying the interaction between sulfonic acid and imine nitrogens of PANI. 

Memb-PAMPSA was only partly doped as mentioned in Chapter 7. Upon the 

addition of EG, the quinoid stretching mode at 1590 cm-1 further red shift, likely 

indicating that the undoped imine nitrogen interacted with the basal plane of EG 

surfaces by π-π interaction [309] . 

As in Chapter 5, the PANI oxidation state is reflected by the ratio of quinoid and 

benzenoid (Q/B) structure, which can be calculated by the corresponding peak 

height ratio [310]. The Q/B ratio calculated from FTIR was 0.31 for Memb-

PAMPSA, 0.76 for Memb-PAMPSA-EG and 0.83 for Memb-PAMPSA-

EG/DBSA. By the incorporation of EG and DBSA, the Q/B ratio of the 
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corresponding membrane was much nearer to unity, suggesting an increased 

conductivity [310]. This is consistent with the improved conductivity of Memb-

PAMPSA-EG and Memb-PAMPSA-EG/DBSA compared to Memb-PAMPSA in 

Section 8.3.1. 

 

Fig. 8-9 FTIR spectra of Memb-PAMPSA, Memb-PAMPSA-EG and Memb-PAMPSA-

EG/DBSA. 

8.3.4 Morphology of the Membranes 

Fig. 8-10 shows the surface morphology of Memb-PAMPSA-EG and Memb-

PAMPSA-EG/DBSA. It can be seen that the EG nanosheets were uniformly 

dispersed in the matrix and a good interfacial contact was established at the 

interface, forming a conducting network. Some studies showed that the graphite 

particles aggregated into larger clusters but this was not observed here. As 

previously outlined, EG was better dispersed in NMP with the aid of 

ultrasonication [301]. After doping by DBSA, the membrane surface became 

smoother, consistent with the membrane appearance in Fig. 8-7 (a). This was likely 

due to DBSA doping changing the molecular conformation of PANI-PAMPSA 

from “compact coil” to expanded chain [311]. It has been reported that the packing 

of particles influenced the macroscopic conductivity [312]. Inter-particle 

conductivity is dependent on the connectivity by direct contact among the particles 

while intra-particle conductivity is related to the conductive path length along the 

crystal domains of particles. Intra-particle conductivity is dominant when 

conducting particles are fully compacted [295]. In terms of the packing of EG on the 
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membrane surface, it can be assumed that the intra-particle conductivity plays a 

significant role in the macroscopic conductivity of membranes. 

   
Memb-PAMPSA-EG 

   
Memb-PAMPSA-EG (DBSA) 

Fig. 8-10 Surface morphology of Memb-PAMPSA-EG (top) and Memb-PAMPSA-EG/DBSA 

(bottom). 

Fig. 8-11 shows the cross-section of Memb-PAMPSA and Memb-PAMPSA-EG. 

Memb-PAMPSA-EG consisted of a dense top layer, a transition region and a 

porous layer with large macroscopic-voids. This indicates rapid demixing during 

the phase inversion process compared to the more uniform structure of Memb-

PAMPSA, which is indicative of slow demixing. This also implies that EG had a 

considerable impact on the phase inversion process. Another important 

observation was that EG appeared to make the membrane more porous. The 

increased porosity was likely caused by the dislocation of EG in PANI-PAMPSA-

EG composites during the solvent exchange process, leading to more cavities in 

the membrane structure [51]. Also, rapid demixing generally leads to more porous 

structures and if there are defects during solidication caused by poor contact 

between the solids and polymers, this makes the membrane more porous. 
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Memb-PAMPSA 

  

Memb-PAMPSA-EG  
 

Fig. 8-11 Cross-section of Memb-PAMPSA (top) and Memb-PAMPSA-EG (bottom). 

8.3.5 Transport Properties of Membranes  

Initial permeance and selectivity of Memb-PAMPSA-EG and Memb-PAMASA-

EG/DBSA were conducted in dead-end filtration and BSA nanoparticles were 

utilised to evaluate the membrane rejection. Fig. 8-12 (a) illustrates the permeance 

of Memb-PAMPSA-EG and Memb-PAMPSA-EG/DBSA. Upon the addition of 

EG, the membrane permeance increased to 399±19 L·m-2·h-1·bar-1, which was 

twice higher than Memb-PAMPSA. One possible reason was that the presence of 

EG opened the pores of membranes and resulted in higher porosity, which was 

evidenced by the membrane morphology in Fig. 8-11. Another possible reason was 

due to the more hydrophilic membrane surface as a result of EG incorporation [303, 

304]. The effective contact angle in Fig. 8-14 was found to change from 62±2o in 

Memb-PAMPSA to 54±2o in Memb-PAMPSA-EG, illustrating the surface of 

Memb-PAMPSA-EG was more hydrophilic. The increased membrane permeance 

results were consistent with the dynamic contact angle results in Fig. 8-14, 

implying that the introduction of EG resulted in a higher solute permeation rate. 
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In terms of secondary doping with DBSA, the membrane permeance slightly 

decreased to 357±24 L·m-2·h-1·bar-1. The possible reason was that the free volume 

between polymer chains was filled with long chain acids (DBSA), which made the 

diffusion of water solute more difficult [313]. Fig. 8-12 (b) illustrates the BSA 

rejection of Memb-PAMPSA-EG and Memb-PAMPSA-EG/DBSA. Both the 

Memb-PAMPSA-EG and Memb-PAMPSA-EG/DBSA exhibit above 90% 

rejection of BSA (MW= 66, 000 g mol-1), which suggested that the MWCO of 

membranes was less than 66, 000 g mol-1 with BSA as the MWCO probe. 

 

Fig. 8-12 (a) Permeance and (b) BSA rejection of Memb-PAMPSA-EG and Memb-PAMPSA-

EG/DBSA (A= Memb-PAMPSA; B=Memb-PAMPSA-EG; C= Memb-PAMPSA-EG/DBSA). 

As in Chapter 7, in order to test the membrane stability during filtration, the pHs 

of the membrane permeate during different filtration stages were measured. Fig. 

8-13 presents the pHs of water permeate (before filtration, after preconditioning 

and after the actual filtration) in the dead-end filtration. The permeate pH in the 

preconditioning stage slightly varied with higher pH in Memb-PAMPSA-EG and 

lower pH in Memb-PAMPSA-EG/DBSA. The higher pH in Memb-PAMPSA-EG 

could be due to the residual NMP entrapped in the membrane. As discussed in 

Chapter 5 and 7, PANI membranes were prepared using NMP as a solvent and 

therefore it would not be surprising if these membranes still contained residual 

amounts of NMP. Doping of Memb-PAMPSA-EG with DBSA could remove the 

residual NMP trapped in the space between polymer chains. The slightly lower pH 

in Memb-PAMPSA-EG/DBSA was likely due to the redundant DBSA which 

stayed on the membrane surface going into the permeate during filtration, but this 

can be regarded as negligible compared to the leaching of small acids as stated in 

Chapter 5. 



 

153 

 

Fig. 8-13 pH change of Memb-PAMPSA-EG and Memb-PAMPSA-EG/DBSA in dead-end 

filtration. 

It is expected that the DBSA leaching would not be a problem in this study for two 

reasons:  

 DBSA, with long alkyl side chains, had weak molecular mobility compared to 

small acids, making leaching more difficult to happen.  

 The interaction of DBSA with PAMPSA and PANI could immobilise and 

entangle DBSA in the chain structure [314].  

In the actual filtration stage, the pHs of Memb-PAMPSA-EG and Memb-

PAMPSA-EG/DBSA permeate kept stable, which indicated that both membranes 

were more stable in filtration compared with Memb-HCl in Chapter 5. 

8.3.6 Initial Tuneability Assessment of Membranes 

As in previous chapters, in order to determine the membrane initial tuneability, 

dynamic droplet penetration through the membranes with or without applied 

potential was examined. The variation of effective contact angle and droplet height 

with time indicated the solute permeation rate. Fig. 8-14 shows the effective 

contact angle and droplet height change with time at applied potential of 0 and 30 

V. As can be seen, the applied potential had a significant impact on the water 

permeation rate through both membranes. The effective contact angle varied from 

1.1 to 1.8 θ s-1 for Memb-PAMPSA-EG and from 1.3 to 2.0 θ s-1 for Memb-

PAMPSA-EG/DBSA. The droplet height changed from 1.6×10-2 to 2.3×10-2 mm 

s-1 for Memb-PAMPSA-EG and from 1.7×10-2 to 2.4×10-2 mm s-1 for Memb-
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PAMPSA-EG/DBSA. Compared to Memb-PAMPSA whose effective contact 

angle did not change between 0 and 30 V measurements, the significant dynamic 

contact angle change of Memb-PAMPSA-EG and Memb-PAMPSA-EG/DBSA 

gives a further quantitative indication of the electrical tuneability of these 

membranes. 

It was also found that the solute permeation rate was much faster by the addition 

of EG, with effective contact angle change of 1.1 θ s-1 for Memb-PAMPSA-EG 

compared to 2.1×10-1 θ s-1 for Memb-PAMPSA. This was consistent with 

membrane permeance results in dead-end filtration (Fig. 8-12), indicating that the 

presence of EG formed a more hydrophilic membrane surface and promoted an 

increased attracting force across the interface between membranes and water. 

Furthermore, the membrane became more porous due to the addition of EG, as 

outlined in Section 8.3.4, resulting in a faster permeation rate. 

 

Fig. 8-14 (a) The effective contact angle and (b) droplet height change of Memb-PAMPSA-EG 

and Memb-PAMPSA-EG/DBSA over time with and without potential (30 V). 

As discussed in Chapter 7, an applied potential can bring about several changes 

that could produce a more general membrane tuneability beyond ion separations. 

These include: changing surface charge controlling Donnan exclusion, change in 

pore size/free volume (via incorporation or expulsion of ions from the acid dopant 

site) controlling pore flow transport, and chemical property changes controlling 

solution diffusion. Applying an electrical potential to the membrane resulted in a 

transition to a higher water permeation rate, indicating the bulk volume swelling 

and water dipole interaction are likely to be the main reason for the increased 

permeation rate. Some previous studies [307] reported that the applied potential 

could oxidise the membrane, leading to the expansion of membranes. As graphite 
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had little or no volume change under applied potential, the film expansion was 

mainly due to the conformational changes of the doped PANI chain.  

EG possesses highly mobile electrons that results in a high electrical conductivity. 

Compared to Memb-PAMPSA, the incorporation of EG into membranes 

facilitated the rapid charge transport and electron delocalisation between the PANI 

backbone and the aromatic structure of EG as discussed previously. Applying an 

external potential, more polarons were formed to move along the polymer 

backbone, causing a greater motion of anions or cations on the polymer chains. 

This created more voids or free volume, allowing more water to pass through the 

membrane [60]. It can be concluded that membrane with higher conductivity 

displayed more significant dynamic contact angle change under applied potential. 

This is consistent with the results in Chapter 5, implying that the initial significant 

tuneability in the dynamic droplet penetration was closely related to the high 

membrane conductivity. 

8.3.7 Electrically Connected Cross-flow Filtration of Membranes  

Electrically connected cross-flow filtration was used to quantify under realistic 

filtration conditions the tuneability of membrane flux and selectivity at a fixed 

applied potential compared to zero applied potential. As mentioned in Chapter 7, 

neutral PEG UF mixture was utilised as feed to evaluate the effect of voltage on 

the membrane selectivity. However, the membrane structures are very porous and 

loose due to the incorporation of EG. No significant difference was observed on 

the PEG rejection of Memb-PAMPSA-EG and Memb-PAMPSA-EG/DBSA with 

and without applied potential (Fig. C1 and C2, Appendix C). The MWCO 

technique used is for NF/low UF membranes and therefore does not have the 

ability to resolve this change in MWCO pattern, which is significantly outside of 

the intended range. A different technique was not used to quantify this either, since 

the membranes wanted for this project should be in the NF/low UF MWCO range. 

In terms of the permeance of Memb-PAMPSA-EG and Memb-PAMPSA-

EG/DBSA under applied potential of 0 and 30 V with PEG UF mixture as feed, 

the membranes are too permeable for any of the tuneability mechanisms to have a 

significant effect on the bulk flow of solvent through the membrane (Fig. C3, 

Appendix C). Again, there is no real discernible effect on the permeance with DI 
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water as feed with voltage (Fig. C4, Appendix C), which again can be attributed 

to the very porous nature of the membranes studied compared to those in previous 

chapters.  

 It was observed that the Memb-PAMPSA-EG/DBSA displayed higher current in 

comparison with Memb-PAMPSA-EG (Fig. C3, Appendix C), which was in good 

agreement with the electrical conductivity results. The current passing through the 

membrane was found to remain stable, indicating good membrane stability during 

filtration.  

In summary, the addition of EG has made the PAMPSA doped membrane too 

porous (increasing their MWCO) for the electrical tuneability effects to be 

observed in the MWCO range wanted for these membranes (i.e. in the NF/low UF 

MWCO range). This indicates that although the addition of EG increased the 

conductivity and consequently should increase the electrical tuneability of the 

membranes according to the findings of Chapter 6 and 7, it also unfortunately 

made the membranes looser in terms of MWCO) – the opposite effect to what was 

wanted based on the conclusions of Chapter 7. Therefore, work needs to be done 

to find a solution to tightening the MWCO of the PANI-PAMPSA membranes – 

this will be covered in Chapter 9. 

The current membranes however will have sufficiently low MWCO to be used for 

large molecule filtrations – such as with a model foulant such as BSA. Therefore, 

these membranes will be used to determine their potential as anti-fouling 

membranes. This is covered in Chapter 10. 

8.4 Conclusions 

In order to enhance the electrical conductivity of Memb-PAMPSA, EG and 

secondary dopant DBSA were utilised to incorporate into the membrane in this 

chapter. The results showed that: 

 Different methods, including incorporating EG in the in-situ polymerisation of 

aniline, mechanical mixing of EG and PANI-PAMPSA powder and solution 

mixing were chosen to incorporate EG into Memb-PAMPSA. Among these 

methods, solution mixing was found to be an efficient way to incorporate EG 

into the membrane.  
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 The conductivity of PAMPSA doped membrane could be improved by two 

orders of magnitude by the incorporation of EG, and further enhanced by 

twenty times using a long chain acid DBSA as a secondary dopant without 

losing the mechanical strength.  

 Compared with Memb-PAMPSA (contact angle of 62±2o), the surface of 

Memb-PAMPSA-EG became more hydrophilic (contact angle of 54±2o) and 

the membrane permeance doubled as a result of the incorporation of EG. 

 Dynamic droplet penetration showed that Mem-PAMPSA-EG and Mem-

PAMPSA-EG/DBSA exhibited enhanced membrane permeation rate under 

applied potential. Compared to Memb-PAMPSA whose effective contact 

angle did not change between 0 and 30 V measurements, the significant 

dynamic contact angle change of Memb-PAMPSA-EG and Memb-PAMPSA-

EG/DBSA gives a further quantitative indication of the electrical tuneability 

of these membranes. 

 The addition of EG has made the membrane too porous (lower PEG rejection) 

for the electrical tuneability effects to be observed in the MWCO range wanted 

for these membranes (i.e. in the NF/low UF MWCO range). Further work is 

needed to tighten the MWCO of these membranes. Also, the overall objective 

is to test the tuneability of the conducting PANI membranes. Therefore, large 

molecule filtrations – such as BSA will be used to further determine the 

responsiveness of the current membranes (even though the membrane 

produced showed high flux and low selectivity). 
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9 The Effect of Co-Solvent and Evaporation Time on the 

Performance of Memb-PAMPSA 

9.1 Introduction  

Compared to undoped PANI membranes, the incorporation of PAMPSA into a 

PANI network formed a more open pore structure with higher porosity and larger 

free volume. These membranes were found to be within the loose UF range based 

on the PEG mixture and BSA rejection determined in Chapter 7. These membranes 

however were not conductive enough to produce a significant change in selectivity 

and permeance with applied potential and were not at a tight enough MWCO range 

as desired (NF range membranes are wanted). To increase conductivity, EG was 

added which increased conductivity but also decreased the rejection. Therefore, 

the major challenge for Memb-PAMPSA is to tighten the MWCO. 

In order to investigate whether the membranes can be tightened to the same 

MWCO range as the small acid doped membranes in Chapter 5, attempts have 

been made by changing the membrane preparation parameters. Therefore, the aims 

of this chapter are to: 

 Investigate the effect of membrane preparation parameters on the tightening of 

Memb-PAMPSA. 

 Study the effect of co-solvent and evaporation time on the properties of Memb-

PAMPSA. 

This work however is not complete due to time limitations at the end of the 3year 

funded PhD period and therefore will only give an initial indication of the 

feasibility of this method.  

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

a change in the membrane morphology and performance [105, 113]. Addition of co-

solvents can alter the instantaneous demixing behaviour, trigger the formation of 

a tighter skin layer and change the membrane morphology from finger-like voids 

to sponge-like microstructures [114, 115]. THF and acetone are commonly applied 

highly volatile co-solvents used in membrane fabrication through the NIPS method 

[114, 117, 315]. The evaporation of co-solvents prior to immersion into the coagulation 

bath and different demixing rate during NIPS produce a region with locally 

increased polymer concentration, desirable for the formation of a tighter defect-
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free skin layer [114, 316, 317]. On the other hand, the evaporation time plays a crucial 

role on the thickness and porosity of the formed skin layers of membranes [117, 318]. 

In general, 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].  

In order to investigate the effect of membrane preparation parameters on the 

tightening of Memb-PAMPSA, different co-solvents (THF and acetone) and 

evaporation times were selected in this study. The effect of adding volatile co-

solvents on the final membrane properties was determined by different 

characterisation techniques. SEM was employed to analyse the fabricated 

membrane morphologies. Dead-end filtration was utilised to determine the 

membrane separation performance. FTIR, four-point probe conductivity meter and 

the electrically connected cross-flow filtration were applied to further investigate 

the membrane tuneability in terms of the overall objectives of the thesis. 

9.2 Membrane Preparation 

Table 9-1 displays the notation and preparation conditions of membranes used in 

this study. As it is well known, 4-MP, as a secondary amine additive, plays a 

crucial role in the enhancement of PANI dissolution [50, 106]. It can form hydrogen 

bonding between the hydrogen of the amine and the imine nitrogen of polyaniline. 

The sufficient steric bulk can inhibit the gelation in concentrated PANI solutions 

[200, 319]. However, 4-MP is found to be correlated with polymer degradation, which 

could result in the low conductivity and poor mechanical strength [200, 320]. 

Therefore, decreasing the content of 4-MP in the casting solution was crucial to 

avoid the drawback of using secondary amines. The 4-MP used in the previous 

chapters was in the molar ratio of 1.2:1 to PANI tetrameric repeat unit. It was 

observed (Table 9-1) that decreasing the amount of 4-MP led to gelation of 

membrane preparation solution. Just like PANI, the PANI-PAMPSA solution was 

also observed to become a gel at a high polymer concentration in the absence of 

an anti-gelling agent (e.g. 4-MP). The casting solution (mass ratio of 

NMP/Acetone at 70/30) became a gel at a molar ratio of 4-MP/PANI tetrameric 

repeat unit of 0.5/1. Therefore, the molar ratio of 4-MP to PANI tetrameric repeat 

unit was kept at 1.2/1 for the following membrane preparation. 
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In terms of THF and acetone as co-solvents, it was found that acetone led to gel 

formation, while THF formed a viscous solution that could be cast into membranes. 

Based on the experimental phenomenon, it was observed that THF was a relatively 

weak solvent for PANI-PAMPSA compared to NMP while acetone was a strong 

non-solvent for PANI-PAMPSA. Hence, adding acetone into the solvent led to the 

agglomeration of PANI-PAMPSA particles (gelation); this can be attributed to 

hydrogen bonding between the PANI chains. This gelation made the attempts to 

prepare PANI-PAMPSA membranes with acetone as a co-solvent unsuccessful. 

On the other hand, the addition of THF produced a viscous polymer solution: 

therefore, membranes were cast at different evaporation times and investigated 

further. 
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Table 9-1 Preparation parameters (composition of casting solution, evaporation time) and resulted membrane solution. 

Membrane 

notation  

Solvent/co-solvent (mass 

ratio) 

Gel inhibitor Evaporation 

time (s) 

Result 

M1 NMP  No 4-MP --- 60%-70% dissolved 

M2 DMF No 4-MP --- 40%-50% dissolved 

M3 DMAc No 4-MP --- 60%-70% dissolved 

M4 NMP 4-MP (4-MP/PANI tetrameric repeat unit molar ratio=1.2:1) 0 s Viscous solution, able to cast 

M5 NMP/Acetone (70/30) 4-MP (4-MP/PANI tetrameric repeat unit molar ratio=1.2:1) --- Gels 

M6 NMP/THF (70/30) 4-MP (4-MP/PANI tetrameric repeat unit molar ratio=0.5:1) --- Gels 

M7 NMP/THF (70/30) 4-MP (4-MP/PANI tetrameric repeat unit molar ratio=1.2:1) 0 s Viscous solution, able to cast 

M8 NMP/THF (70/30) 4-MP (4-MP/PANI tetrameric repeat unit molar ratio=1.2:1) 10 s Viscous solution, able to cast 

M9 NMP/THF (70/30) 4-MP (4-MP/PANI tetrameric repeat unit molar ratio=1.2:1) 20 s Viscous solution, able to cast 

M10 NMP/THF (70/30) 4-MP (4-MP/PANI tetrameric repeat unit molar ratio=1.2:1) 30 s Viscous solution, able to cast 

M11 NMP/THF (70/30) 4-MP (4-MP/PANI tetrameric repeat unit molar ratio=1.2:1) 45 s Viscous solution, able to cast 

M12 NMP/THF (70/30) 4-MP (4-MP/PANI tetrameric repeat unit molar ratio=1.2:1) 60 s Viscous solution, able to cast 

M13 NMP/THF (70/30) 4-MP (4-MP/PANI tetrameric repeat unit molar ratio=1.2:1) 120 s Viscous solution, able to cast 

* Temperature: 22-23℃. Humidity: 40-50% 
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9.3 Cross-section Morphologies of Memb-PAMPSA/THF 

To explore the influence of THF on the membrane morphology, membrane cross-

sections were investigated using SEM as shown in Fig. 9-1. It was observed that 

the distinguishable skin layer was formed by adding THF into the casting solution, 

indicating a delayed demixing process. THF can be driven off under forced 

convection conditions, resulting in a loss of the co-solvent from the outermost 

membrane surface. This behaviour led to the coalescence and rapid vitrification of 

polymer-rich regions and thus formed an oriented skin layer [276]. The skin layer 

acting as a barrier slowed down the counter-diffusion between the solvent and non-

solvent, leading to a slower demixing process in the coagulation bath. Furthermore, 

the membranes prepared under a longer evaporation time (namely 45, 60 and 120 

s) exhibited a thicker skin layer, followed by a transition region with a porous 

structure. This reduced the tendency of forming defects and pinholes on the 

membrane surface. However, membranes prepared using a shorter evaporation 

time (namely 0 s) displayed a thinner skin layer followed by a finger-like void 

morphology, which could cause the formation of pinholes on the membrane 

surface [315]. In terms of the overall aims of this project, membranes prepared at 

the evaporation time of 60 s, being the best performing membranes, were 

employed to investigate the impact of co-solvent on the membrane properties 

including transport properties, electrical conductivity and tuneability. 

 



 

166 



 

167 

 
    

M7 (Memb-PAMPSA/THF 0 s) M10 (Memb-PAMPSA/THF 30 s) M11 (Memb-PAMPSA/THF 45 s) M12 (Memb-PAMPSA/THF 60 s) M13 (Memb-PAMPSA/THF 120 s) 

     
M7 (Memb-PAMPSA/THF 0 s) M10 (Memb-PAMPSA/THF 30 s) M11 (Memb-PAMPSA/THF 45 s) M12 (Memb-PAMPSA/THF 60 s) M13 (Memb-PAMPSA/THF 120 s) 

     
M7 (Memb-PAMPSA/THF 0 s) M10 (Memb-PAMPSA/THF 30 s) M11 (Memb-PAMPSA/THF 45 s) M12 (Memb-PAMPSA/THF 60 s) M13 (Memb-PAMPSA/THF 120 s) 

Fig. 9-1 Cross-section morphologies of Memb-PAMPSA/THF at different evaporation times. 
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9.4 Memb-PAMPSA/THF Robustness Properties 

Fig. 9-2 (a) and (b) show the membrane image and RGB colour index of Memb-

PAMPSA/THF (evaporation time of 60 s), respectively. The membrane surface 

was smooth and shiny, very similar to the Memb-PAMPSA in Chapter 7. The RGB 

index of Memb-PAMPSA/THF was found to be higher than Memb-PAMPSA, 

showing that the addition of THF produced denser and darker membranes. It was 

observed that PANI-PAMPSA exhibited lower dissolution in THF compared to 

NMP, and the formed casing solution was more viscous. The higher viscosity of 

PANI-PAMPSA solution would result in a denser membrane compared to Memb-

PAMPSA without THF as a co-solvent. 

 

Fig. 9-2 (a) images and (b) RGB colour index of Memb-PAMPSA/THF. 

The tensile strength and Young’s modulus of Memb-PAMPSA and Memb-

PAMPSA/THF are depicted in Fig. 9-3. Memb-PAMPSA/THF displayed a slight 

improvement in the tensile strength and Young’s modulus, implying an 

enhancement in the mechanical strength compared to Memb-PAMPSA. This can 

be explained by the formation of a denser skin layer by utilising THF as a co-

solvent (Fig. 9-1). In addition, the entanglement of polymer chains in a more 

viscous solution was favourable to form membranes with minimum defects [118]. 

These all contributed to the relatively high mechanical strength of Memb-

PAMPSA/THF. 
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Fig. 9-3 Tensile strength and Young’s modulus of Memb-PAMPSA and Memb-PAMPSA/THF. 

9.5 Surface Morphology of Memb-PAMPSA/THF 

The surface morphology of Memb-PAMPSA/THF is shown in Fig. 9-4. Similar to 

the Memb-PAMPSA in Chapter 7, the surface was observed to be rough with 

aggregates. NMP was relative a “good” solvent for the PANI-PAMPSA in 

comparison to DMF and DMAc as mentioned in Chapter 7. The roughness was 

probably due to the undissolved clusters of PANI-PAMPSA. This indicated that a 

better dissolution method or a longer dissolution time is needed to better dissolve 

the PANI-PAMPSA complex powder.  

   

Fig. 9-4 Surface morphology of Memb-PAMPSA/THF. 

9.6 Permeance and Rejection of Memb-PAMPSA/THF 

Fig. 9-5 shows the permeance and rejection of Memb-PAMPSA/THF tested by 

water and PEG mixture solution. Compared to Memb-PAMPSA, the permeance 

of Memb-PAMPSA/THF with water and PEG mixture as feed was decreased by 

59.6% and 61.8%, respectively. The rejection of PEG 1000-6000 was 30%-40% 

for Memb-PAMPSA/THF, in comparison with 10%-30% for Memb-PAMPSA. 

This suggested that the membrane was slightly tightened after adding THF as co-

solvent. This is most likely due to the formation of denser skin layer contributed 

to the decreased permeance and increased rejection. However, Memb-
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PAMPSA/THF cannot be tightened into the MWCO range of small acid doped 

membranes, indicating that the increased porosity in Memb-PAMPSA was mainly 

due to the large MW of PAMPSA, which creates a greater free volume in the 

membrane structure. 

 

Fig. 9-5 (a) Permeance and (b) PEG rejection of Memb-PAMPSA/THF. 

9.7 Electrical Conductivity of Memb-PAMPSA/THF 

Fig. 9-6 illustrates the electrical conductivity of Memb-PAMPSA and Memb-

PAMPSA/THF. Addition of co-solvent THF decreased the electrical conductivity 

of membranes. A possible explanation for this is a conformation change of the 

PANI polymer chain in the presence of THF. Results may support this – for 

example a more viscous solution was observed to form by the addition of THF into 

the polymer solution. It is likely that the aggregation of PANI-PAMPSA was 

enhanced as a result of polymer chain entanglement in the viscous solution, 

forming “compact coil” structures [113, 321]. The PANI-PAMPSA with a “compact 

coiled” conformation is closely associated with the low electrical conductivities 

[322]. 
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Fig. 9-6 Electrical conductivity of Memb-PAMPSA and Memb-PAMPSA/THF. 

9.8 Electrically Connected Cross-flow Filtration  

Electrically connected cross-flow filtration is employed to conduct a critical 

evaluation on the tuneable properties of produced membranes. It is expected that 

these membranes will have poor tuneability due to the low electrical conductivity, 

however for completeness experiments were run to confirm this. 

Fig. 9-7 shows the rejection of Memb-PAMPSA/THF at different filtration times 

(0, 30, 60 and 120 min) under an applied potential of 0 and 30 V (2 bar, 25℃, PEG 

mixtures). There was no difference in the rejection of PEG solute mixtures with 

and without electrical potential. Fig. 9-8 shows the water permeance and current 

of Memb-PAMPSA/THF with and without applied potential. Similarly, no 

significant permeance change was observed in the presence and absence of applied 

potential. The current passing through Memb-PAMPSA/THF was also lower than 

Memb-PAMPSA in Chapter 7, consistent with the lower conductivity of Memb-

PAMPSA/THF. This all demonstrates again that high conductivity is key to high 

membrane tuneability. It is possible that the entanglement of the polymer chains 

in the Memb-PAMPSA/THF caused inefficient charge delocalisation and electron 

transport [322]. The weak mobility of delocalised charge and electron movement 

might be responsible for the loss of membrane tuneability. 
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Fig. 9-7 The rejection of Memb-PAMPSA/THF at different filtration times (0, 30, 60 and 120 

min) under applied potential of 0 and 30 V (2 bar, 25℃, PEG mixtures). 

 

Fig. 9-8 Water permeance and current of Memb-PAMPSA/THF under applied potential with and 

without potential (30 V). 

These results show that a denser membrane top layer is not sufficient to improve 

the MWCO, conductivity and electrical tuneability of the selectivity and 

permeance of these Memb-PAMPSA/THF. Combined with the inability of EG 

incorporation with and without secondary doping with DBSA to produce high 

conductivity membranes with MWCO in the NF/low UF range, it is clear that 
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another approach is needed in future work to achieve the membranes required. 

This may include the following: 

 Incorporation of a smaller polymer dopant, which could be a smaller MW 

PAMPSA or another polymer dopant altogether. 

 Incorporation of smaller conductive particles into the PANI membrane that do 

not in themselves introduce macro porosity like the EG does. This may include 

small particles of graphene, carbon nanotubes and/or metal and/or 

semiconductor/conductive micro and nanoparticles. 

 The use of another volatile co-solvent other than THF which does not decrease 

the conductivity of the resulting PANI membrane. This could be dioxane – a 

common solvent used as a volatility enhancer in membranes cast with DMF as 

a solvent. 

9.9 Conclusions 

Highly volatile solvents, THF and acetone, were selected as co-solvents in an 

attempt to tighten the MWCO of Memb-PAMPSA into the range of small acid 

doped membranes. The results in this chapter showed that: 

 THF as a co-solvent produced a more viscous solution while acetone as a co-

solvent led to gelation of casting solution which could not be casted into 

membranes. Membranes prepared by THF as a co-solvent with a longer 

evaporation time exhibited a thicker skin layer, followed by a distinguishable 

transition region with a porous structure, compared to a shorter evaporation 

time.  

 Memb-PAMPSA/THF (mainly the membrane prepared at an evaporation time 

of 60 s) showed a slight enhancement in the mechanical strength compared to 

Memb-PAMPSA. This can be explained by the formation of denser skin layer 

by utilising THF as a co-solvent. 

 Compared to Memb-PAMPSA, the water permeance of Memb-PAMPSA/THF 

decreased by 59.6% and the rejection of PEG 1000-6000 improved to 30%-40% 

from 10%-30% of Memb-PAMPSA.  

 However, the membranes cannot be tightened into the MWCO range of small 

acid doped membranes, indicating the increased porosity in Memb-PAMPSA 

was mainly due to the incorporation of large MW of acid dopants. Furthermore, 
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the membrane displayed decreased electrical conductivity which probably 

caused the loss of electrical tuneability under applied potential. 
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10 Stimuli-Responsive Composite PANI Membranes to Solve 

Fouling 

10.1 Introduction 

Fouling is one of the main challenges in pressure-driven membrane processes, 

hampering practical implementations [60]. Generally, fouling is induced by the 

accumulation of colloids, particles, salts and bacteria on the membrane surface or 

within the pores [49]. Fouling reduces membrane flux and degrades the quality of 

the permeate produced. Fouling propensity is closely related to the physical or 

chemical interaction between foulants and membrane surface. Previous studies 

have focussed on pre-treatment of the feed, modification of the membrane surface, 

physical or chemical cleaning to control or reduce fouling to some extent [49, 323]. 

Among these techniques, pre-treatment generally comes at a great cost with 

limited effect [47]. Chemical cleaning removes fouling to a degree at the expense 

of interrupting the filtration process [48]. Surface modification has a significant 

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

in fouling suppression once the surface is covered by deposited foulants [49].  

Regardless of all the mentioned approaches, the membrane would eventually be 

contaminated during filtration. In this regard, it is of great interest to develop 

tuneable membranes with switchable separation properties which allow the 

cleaning of fouled membranes in-situ upon external stimuli [51]. 

At present, the fabrication of electrically conductive membranes with tuneable 

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

Many studies have focused on the anti-fouling behaviour of such membranes using 

external electrical potential on the membrane surface [61-63]. Polyaniline is a 

conjugated polymer which has the ability to reversibly switch between doping and 

undoping states, providing a convenient way to modify the separation properties 

[148]. In the previous chapters, it has been demonstrated that the transport properties 

(e.g. permeance and selectivity) of electrically conductive PANI membranes can 

be tuned in-situ by applying an electrical potential. The applied potential can cause 

the rearrangement of polymer structures, changes the charge and electric field in 

and on the membrane, changes the membrane chemical properties and brings about 

changes on the membrane free volume and the interaction between the solutes and 

solvents and the membranes. This gives a promising solution to in-situ membrane 
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fouling removal by tuning the membrane separation performance using external 

stimuli.  

The overall aim of this research is to develop unique conducting PANI membranes 

that can be electrically tuneable to different fluxes and selectivity. The target 

application is in a membrane reactor, where the primary aim of the new generated 

tuneable membrane is to allow the fouling layer to be pushed off/through 

membrane by external potential. Based on this, the fabricated four kinds of 

conductive PANI membranes from the three previous chapters were applied, 

including small acid doped PANI membrane (Memb-HCl), PAMPSA doped PANI 

membrane (Memb-PAMPSA), Memb-PAMPSA incorporated with EG (Memb-

PAMPSA-EG) and Memb-PAMPSA-EG secondary doped by DBSA (Memb-

PAMPSA-EG/DBSA). 

BSA is one of the most commonly used foulants for fouling studies of membranes 

and membrane reactors [61, 324]. It was chosen as a model foulant in this chapter to 

determine the fouling removal ability of the aforementioned membranes under 

applied potential. The concentration of BSA in the wash solution was measured 

using UV-Vis. Dead-end filtration was conducted to determine the membrane 

permeance recovery corresponding to the applied electrical potential. All the 

membranes (virgin, BSA fouled, cleaned) were characterised by FTIR, SEM and 

CSLM to further evaluate the performance of in-situ fouling removal under applied 

potential. 

10.2 Possible Mechanisms of Fouling Reduction 

Previous studies pointed out that an externally electrical potential triggered in-situ 

fouling removal on the electrically conductive membranes and there were two 

major mechanisms contributed to the electricity driven fouling reduction [60, 309, 325].  

(1) The electrically conductive membrane serves as working electrodes by the 

application of electrical potential. The water can be electrolysed into hydrogen and 

oxygen molecules upon electrical potential. The generated gas bubbles at the 

interface of foulants and membranes can force the deposited BSA to detach from 

the solid-liquid interface, and attach to the liquid-vapour interface. In this way, the 

protein at the liquid-vapour interface can be washed away while the protein at the 

solid-liquid interface stays on the membrane surface [325, 326]. 
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(2) The applied current across the conductive membrane provides a large number 

of free electrons, causing direct or indirect oxidation of foulants (e.g. BSA) on the 

membrane surface [327]. The electrolytic oxidation can lead to the degradation or 

dehydration of foulants like protein, resulting in the release of deposited 

contaminants from membranes. 

However, since these membranes are electrically tuneable (as discussed in 

previous chapters), three additional mechanisms may also help remove the foulants. 

An electrically conductive PANI membrane could possibly be dynamically 

responsive by applying an external electrical potential across the membrane, thus 

inducing several changes in membrane properties that could produce more general 

membrane tuneability beyond the ion separations that PANI membranes have in 

the main been applied to thus far. These electrically induced changes include: 

changing surface charge controlling Donnan exclusion, change in pore size/free 

volume (via incorporation or expulsion of ions from the acid dopant site) 

controlling pore flow transport, and chemical property changes controlling 

solution diffusion and volume swelling. Combined, these make polyaniline an 

excellent candidate for a more universally electrically tuneable membrane 

investigation. 

These all indicated that acid doped PANI membranes are very promising 

candidates for in-situ removal of fouling. 

10.3 Electrical Conductivity of Membranes 

In terms of the four kinds of membranes used for the fouling removal detection, 

Fig. 10-1 presents the electrical conductivities of these membranes. Memb-HCl 

possessed the highest electrical conductivity while Memb-PAMPSA exhibited the 

lowest conductivity. The electrical conductivity of Memb-PAMPSA was 

improved by two orders of magnitude with the addition of EG, and could be further 

enhanced by twenty times using a long chain acid DBSA as a secondary dopant. 

As discussed in previous chapters, the membrane tuneable separation properties 

(permeance and selectivity) were closely related to the electrical conductivity. A 

higher electrical conductivity resulted in a more significant change in membrane 

permeance and rejection under applied potential. In terms of in-situ defouling by 

the application of electrical stimulus, it is assumed that the different electrical 

conductivities can result in different membrane defouling ability. 
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Fig. 10-1 Electrical conductivity of the four different kinds of PANI membranes compared. 

(A=Memb-HCl; B=Memb-PAMPSA; C=Memb-PAMPSA-EG; D= Memb-PAMPSA-

EG/DBSA) 

10.4 Memb-HCl Fouling Removal 

Memb-HCl exhibited a reduced permeance and MWCO in the presence of applied 

potential in the electrically connected cross-flow filtrations in Chapter 5. It was 

proposed that electrical stimulus could trigger the movement of acid dopants, 

changing the dopants attachment or steric position in the polymer structure that 

would slightly swell the polymer chains. This behaviour would reduce the pore 

size of Memb-HCl and result in a tighter structure. Taking this initial tuneability 

proof into account, an applied potential was utilised to further investigate its 

influence on fouling removal of Memb-HCl. 

10.4.1 BSA Concentration in the Wash Solution 

Measuring BSA concentration in the wash solution is a direct way to evaluate the 

foulants washed away from the membrane. As shown in Fig. 10-2, Memb-HCl 

showed fast fouling removal response in the first 30 min under applied voltage, 

and the removal efficiency decreased with time. The rapid defouling response was 

likely to be induced by the high electrical conductivity of Memb-HCl. As observed 

in Chapter 5, the small acid leached out from the membrane during a long-term 

operation. It was deduced that the decreased fouling reduction efficiency was due 

to the dopant loss, resulting in less significantly tuneable properties with time.  

A B C D

1E-6

1E-5

1E-4

1E-3

0.01

0.1

1

C
o

n
d

u
c

ti
v

it
y

 (
S

 c
m

-1
)

  

 

 



 

181 

 

Fig. 10-2 BSA concentration in the wash solution of Memb-HCl with time. 

For the mechanism of fouling removal on Memb-HCl, it was observed that some 

bubbles were produced around the membranes (Fig. D1, Appendix D) and the 

colour of BSA in the wash solution slightly altered to light yellow (Fig. D2, 

Appendix D). It should be noted that these phenomena occurred in all the four 

kinds of membranes. Therefore, it was hypothesised that the bubble generation and 

BSA oxidation were two main reasons for the membrane defouling behavior. In 

the case of Memb-HCl, the membrane structure was found to get tightened in the 

presence of applied voltage as mentioned in Chapter 5. Consequently, it was less 

likely for the foulants trapped inside the pores to be washed out when voltage was 

applied. 

In addition, two control experiments were run on BSA fouled Memb-HCl in the 

absence of applied potential and BSA fouled Memb-EB in the presence of applied 

potential, and BSA was not found in the wash solution of both cases. This confirms 

that the fouling removal only occurred on the conductive membrane under applied 

potential (Fig. D3, Appendix D). 

10.4.2 Permeance Recovery in Dead-end Filtration  

To better understand the defouling action upon electrical potential, dead-end 

filtration was used to assess the permeance recovery of Memb-HCl. Fig. 10-3 

shows that the membrane permeance reduced after BSA fouling as expected, from 

3.7±0.1 to 1.9±0.3 L·m-2·h-1·bar-1. Although it was found that the some BSA had 

been removed using the applied electrical potential in Fig. 10-2, there was no 
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significant permeance recovery after the cleaning process. The membrane fouling 

was induced by the deposited BSA on the membrane surface as well as the particles 

trapped within the pores. It was deduced that the cake layer formed on the 

membrane surface became detached under applied potential and could be removed 

with time. On the other hand, it was difficult for the foulants within the pores to 

be washed out and these foulants could cause more serious pore clogging due to 

the tightened membrane structure by the application of electrical potential. This 

can be considered as irreversible fouling, which affected the permeate recovery. 

 

Fig. 10-3 Permeance of Memb-HCl (virgin, BSA fouled, after fouled and cleaned). 

10.4.3 FTIR and Colour of Memb-HCl (virgin, fouled and cleaned) 

Fig. 10-4 (a) shows the FTIR spectra of BSA. There are two regions in the BSA 

spectra, namely 1700-1600 cm-1 and 1550-1500 cm-1, unique to the protein 

secondary structure amide I and amine II, respectively. The amine I region is 

typically used for BSA structure analysis due to signal intensity [328]. Therefore, 

this region would be used for fouling study in this research. It can be observed 

from Fig. 10-4 (b) that there was no obvious variation in the spectra between virgin 

Memb-HCl and control test of 30 V without fouling. This showed that the applied 

voltage of 30 V did not deteriorate Memb-HCl. The presence of a peak at 1700-

1600 cm-1 in fouled Memb-HCl shows that BSA fouling formed on the membrane 

surface. After cleaning by the application of electrical stimulus, the peak intensity 

at 1700-1600 cm-1 became weak, implying that BSA fouling on the membrane 

surface was reduced. Moreover, the quinoid ring shifted from 1567 to 1597 cm-1 

after BSA fouling, indicating that acid leaching occurred during filtration. Colour 
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analysis in Fig. 10-4 (c) presents that the membrane colour cannot be recovered to 

that of the virgin one by defouling using applied potential. Scanned membrane 

photos can be seen in Fig. D4, Appendix D. One probable explanation was that the 

acid leached out of the membrane and changed the membrane colour from dark 

green to purple bronze. Another possible factor was that the fouling on the 

membrane surface could not be completely removed.  

 

 

Fig. 10-4 FTIR of (a) BSA and (b) membranes and (c) colour change of Memb-HCl (virgin, BSA 

fouled and cleaned). 

10.4.4 SEM of Memb-HCl (virgin, fouled and cleaned) 

Fig. 10-5 presents the surface morphologies of virgin, BSA fouled and cleaned 

Memb-HCl. It can be observed that the fouled membrane surface was partially 

covered by the protein cluster. Generally, a membrane with a smaller pore size or 

a tighter structure exhibits the tendency of accumulating contaminants on the 

membrane surface [304]. Memb-HCl possessed the tightest structure among the four 

kinds of membranes. Therefore, it was surmised that BSA contaminants were 

prone to stay on the surface of Memb-HCl. The hydraulic pressure during filtration 

forced BSA to deposit onto the membrane surface or into the pores, promoting the 
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interactions between protein molecules and membrane materials. High acidity of 

HCl in the membrane structure could result in the aggregation and denaturation of 

BSA. When an external electrical potential was applied, the protein cluster might 

get further denatured and become mobile as a result of bubble generation. This 

could explain the looser and more scattered fouling pattern observed on the 

membrane surface after applying the electrical potential. 

It was also noticed that the Memb-HCl surface exhibited less fouling in 

comparison to the other three kinds of membranes. Membrane fouling typically 

depends on the roughness of the membrane surface and membranes with more 

rough surfaces tend to trap foulants within valleys and get fouled more easily than 

smoother surfaces [304, 329]. Memb-HCl displayed the smoothest surface, which 

made the fouling most difficult to deposit on the surface. It was also reported that 

the antifouling performance of membranes could be improved under acidic 

conditions due to the strong electrostatic repulsion [98]. Based on this, HCl leaching 

could increase the ionic strength of the feed and effectively reduce the extent of 

protein adsorption [330]. Furthermore, HCl with higher acidity has a stronger 

electrostatic repulsion with BSA than PAMPSA, which could also reduce the 

deposition of BSA on the membrane surface.  
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Memb-HCl Virgin Memb-HCl Fouled Memb-HCl Cleaned 

Fig. 10-5 SEM images of virgin, BSA fouled and cleaned (left to right) Memb-HCl with scale bar 

of 50, 10, 5 µm (top to bottom), respectively. 

10.4.5 CLSM of Memb-HCl (virgin, fouled and cleaned) 

To obtain an independent verification of the SEM results using a technique that 

does not require putting a sample in a vacuum, CSLM was employed to visualise 

the BSA-fluorescein on the membrane surface and distinguish the membrane 

defouling action upon electrical stimulus [331]. The observed green colour of virgin 

Memb-HCl in Fig. 10-6 shows the presence of fluorescein on the membrane. After 

filtration with BSA, it can be observed that the membrane surface was partially 

fouled by contaminants, consistent with SEM images in Fig. 10-5. After cleaning 

process with an applied potential, the membrane turned lighter in colour. In terms 

of defouling action observed in Fig. 10-5, it is postulated that the colour change 

was caused by more scattered and looser BSA fouling on the membrane surface 

upon applied potential. Alternately, it could be ascribed to the leaching of HCl 

which resulted in different interactions between Memb-HCl and fluorescein, 

altering the distribution of fluorescein on the membrane surface. 
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Memb-HCl-Virgin Memb-HCl-Fouled Memb-HCl-Washed 

Fig. 10-6 Microscopy of virgin, BSA fouled and cleaned (left to right) Memb-HCl with scale bar 

of 400, 100 µm (top to bottom), respectively. 

10.5 Memb-PAMPSA Fouling Removal 

In Chapter 7, it was found that the electrical potential caused an enhanced 

permeance and decreased PEG rejection of Memb-PAMPSA. As stated in Chapter 

7, an applied potential can bring about several changes that could produce a more 

general membrane tuneability beyond ion separations. These include: changing 

surface charge controlling Donnan exclusion, change in pore size/free volume (via 

incorporation or expulsion of ions from the acid dopant site) controlling pore flow 

transport, and chemical property changes controlling solution diffusion. Applying 

an electrical potential to the membrane resulted in a large void formation 

associated with great free volume in the membrane when PAMPSA arranged its 

structure under electrical potential. This could provide free space for larger solutes 

to pass through the membranes. In terms of the initial tuneability of Memb-

PAMPSA, the fouling removal ability by the application of an electrical potential 

was examined.  

10.5.1 BSA Concentration in the Wash Solution 

BSA concentration in the Memb-PAMPSA wash solution as a function of time is 

illustrated in Fig. 10-7. Compared to Memb-HCl, Memb-PAMPSA performed 

reduced fouling removal efficiency but more stable fouling removal with time. The 

final BSA concentration in the wash solution was (5.4±0.3) ×10-2 g L-1 for Memb-

PAMPSA compared to (11.4±0.4) ×10-2 g L-1 for Memb-HCl.  
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As mentioned previously, bubble production and BSA oxidation by the application 

of an electrical potential facilitated the fouling removal. In the case of Memb-

PAMPSA, the looser membrane structure due to the external electrical potential 

could be another contributing factor to the fouling reduction. It is postulated that 

some foulants inside the pores could be denatured by the applied voltage and move 

out during the washing process. In comparison with Memb-HCl, the decreased 

BSA concentration of Memb-PAMPSA in the wash solution could be explained 

by the low electrical conductivity, which limited the bubble generation, foulants 

oxidation and free volume formation. On the other hand, BSA concentration of 

Memb-PAMPSA in the wash solution smoothly increased with time. The more 

stable defouling behaviour under applied potential was due to the “double-stranded” 

structure between PAMPSA and PANI chains (as discussed in Section 7.3.6).  

 

Fig. 10-7 BSA concentration in the wash solution of Memb-PAMPSA with time. 

10.5.2 Permeance Recovery in Dead-end Filtration 

Fig. 10-8 displays the permeance recovery behaviour of Memb-PAMPSA. As 

expected, the permeance loss happened due to BSA fouling, from 193±5 to 25±10 

L·m-2·h-1·bar-1. After cleaning, the water permeance improved up to 46.6% of the 

initial flux. In combination with the ascending BSA concentration in the wash 

solution (Fig. 10-7), it can be concluded that the presence of applied potential 

promoted the removal of BSA fouling.  

In contrast to Memb-HCl, it was observed that the permeance drop of Mem-

PAMPSA due to BSA fouling was more significant. As mentioned in Section 
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10.4.4, Memb-PAMPSA with a rougher surface and lower acidity possessed a 

weaker repulsion to BSA, therefore it was relatively easier for BSA to deposit on 

the membrane surface. Furthermore, the incorporation of PAMPSA into the PANI 

polymer chain triggered a porous and loose microstructure (as outlined in Chapter 

7). This type of structure accelerated the deposition of BSA into the pores and 

caused pore plugging, thereby hampering the membrane filtration performance. It 

is clear that the applied potential only removes BSA on the membrane surface and 

not inside the pores. 

 

Fig. 10-8 Permeance of Memb-PAMPSA (virgin, BSA fouled, after fouled and cleaned). 

10.5.3 FTIR and Colour of Memb-PAMPSA (virgin, fouled and cleaned) 

Fig. 10-9 (a) presents the FTIR spectra of virgin, fouled and cleaned Memb-

PAMPSA. Similarly, no obvious variation was seen in the spectra between virgin 

Memb-PAMPSA and control test of 30 V without fouling, indicating that the 

applied voltage was unable to degrade the membrane. Imine I peak was observed 

at 1700-1600 cm-1 in the fouled membrane, showing that BSA fouling formed on 

the membrane surface. After cleaning, imine I peak fouling can still be detected 

on the membrane surface. This implies that the applied voltage could only partially 

remove the BSA fouling. Colour characterisation in Fig. 10-9 (b) shows that the 

membrane colour was partially recovered after in-situ self-cleaning applying 

electrical potential. These results agree well with the permeance recovery data, 

suggesting that applied potential facilitated the in-situ defouling behaviour of 

Memb-PAMPSA. 
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Fig. 10-9 (a) FTIR and (b) colour change of Memb-PAMPSA (virgin, BSA fouled and cleaned). 

10.5.4 SEM of Memb-PAMPSA (virgin, fouled and cleaned) 

SEM images in Fig. 10-10 illustrate the surface difference between virgin, fouled 

and cleaned Memb-PAMPSA. The membrane surface showed an evenly 

distributed fouling layer after being contaminated by BSA. In combination with 

permeance results, it confirms that the surface of Memb-PAMPSA was more 

heavily fouled than that of Memb-HCl. This could also explain the more 

considerable permeance drop of Memb-PAMPSA compared to Memb-HCl. After 

cleaning, it was evident that some contaminants had been washed away from 

membrane surface. This is in good agreement with the previous results, indicating 

that the presence of applied potential was able to remove membrane fouling.  
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Memb-PAMPSA Virgin Memb-PAMPSA Fouled Memb-PAMPSA Washed 

Fig. 10-10 SEM images of virgin, BSA fouled and cleaned (left to right) Memb-PAMPSA with 

scale bar of 50, 10, 5 µm (top to bottom), respectively. 

10.5.5 CSLM of Memb-PAMPSA (virgin, fouled and cleaned) 

CSLM in Fig. 10-11 provides visualised images for the defouling action of Memb-

PAMPSA. The virgin Memb-PAMPSA displayed green colour by introduction of 

fluorescein into the membrane. The fouled membrane surface altered to a 

uniformly brighter colour, suggesting that the surface was completely covered by 

BSA foulants. After cleaning by the application of electrical potential, some parts 

of the membrane surface exhibited a black colour, illustrating that the fouling had 

been washed out from the membrane. The microscopy images are related very well 

with the SEM images in Fig. 10-10. These all indicate that the presence of applied 

voltage could dislodge deposited foulants and reduce membrane fouling. 

   



 

191 

   

Memb-PAMPSA-Virgin Memb-PAMPSA-Fouled Memb-PAMPSA-Washed 

Fig. 10-11 Microscopy of virgin, BSA fouled and cleaned (left to right) Memb-PAMPSA with 

scale bar of 400, 100 µm (top to bottom), respectively. 

10.6 Memb-PAMPSA-EG Fouling Removal 

It was found in Chapter 8 that Memb-PAMPSA-EG exhibited a much higher 

conductivity than Memb-PAMPSA and the membrane showed an increase in the 

permeance but no noticeable change in PEG rejection under applied potential. The 

incorporation of EG resulted in more cavities in the microstructure, leading to 

more porous membranes. The rejection variation with and without electrical 

potential was surmised to be not detectable by the NF/low UF PEG MWCO 

method used and so the tuneability of the membranes could not be determined. 

However, the membranes should be tight enough to retain and be fouled by BSA. 

Based on this, attempts were made to further examine the defouling ability of 

Memb-PAMPSA-EG upon applied potential. 

10.6.1 BSA Concentration in the Wash Solution 

Fig. 10-12 shows the BSA concentration of Memb-PAMPSA-EG in the wash 

solution. The BSA concentration gradually increased with time and the final BSA 

solution in the wash solution was (12.1±0.7) ×10-2 g L-1, in contrast to (5.4±0.3) 

×10-2 g L-1 for Memb-PAMPSA and (11.4±0.4) ×10-2 g L-1 for Memb-HCl. Memb-

PAMPSA-EG displayed enhanced efficiency on the fouling removal compared to 

Memb-PAMPSA and more stable fouling removal ability than Memb-HCl.  
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Fig. 10-12 BSA concentration in the wash solution of Memb-PAMPSA-EG with time. 

The electrical conductivity of Memb-PAMPSA-EG was known to be two orders 

of magnitude higher than Memb-PAMPSA. The incorporation of EG facilitated 

faster charge transport and allowed more electrons movement under applied 

potential. This in turn accelerated bubbles generation and foulant (BSA) oxidation, 

consequently contributed to the foulant reduction [60]. In addition, applied potential 

can bring about several changes that could produce a more general membrane 

tuneability beyond ion separations, which was outlined in Section 10.2. EG 

possesses highly mobile electrons and more polarons are expected to form in the 

polymer backbone upon applying voltage, thereby causing more significant 

tuneability, potentially allowing the fouling move out from the membrane.  

10.6.2 Permeance Recovery in Dead-end Filtration 

The filtration behaviour of virgin, fouled and cleaned Memb-PAMPSA-EG is 

depicted in Fig. 10-13. Permeance decline occurred because of the protein fouling, 

from 399±19 to 27±12 L·m-2·h-1·bar-1. The water permeance of the cleaned 

membrane was almost twice of the fouled membrane, implying that the application 

of electrical stimulus reduced the fouling and improved the membrane filtration 

performance. As explained before, the generated bubble at the interface of liquid 

and solid as well as BSA denaturation facilitated the fouling reduction. 

Furthermore, the membrane free volume change caused by chain movement and 

surface charge change under applied potential could also promote the in-situ 

cleaning of Memb-PAMPSA-EG. 
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Fig. 10-13 Permeance of Memb-PAMPSA-EG (virgin, BSA fouled, after fouled and cleaned). 

10.6.3 FTIR and Colour of Memb-PAMPSA-EG (virgin, fouled and cleaned) 

FTIR spectra in Fig. 10-14 (a) illustrates the membrane fouling removal behaviour. 

The rather similar spectra between virgin Memb-PAMPSA-EG and control test of 

30 V indicated that the membrane and polymer did not break down at the applied 

voltage. The functional group of BSA appears in the FTIR spectra of the 

membrane surface after BSA filtration, confirming that the membrane was fouled 

by protein. After cleaning using applied voltage, imine I peak could still be 

detected, again like the other membranes implying that the fouling could not be 

completely removed. The colour variation in Fig. 10-14 (b) suggests that the 

cleaned Memb-PMAPSA-EG tended to recover its colour to that of the virgin one. 

These all show that the stimuli-responsive Memb-PAMPSA-EG could in-situ self-

clean itself with applied potential. 

 

Fig. 10-14 (a) FTIR and (b) colour change of Memb-PAMPSA-EG (virgin, BSA fouled and 

cleaned). 
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10.6.4 SEM of Memb-PAMPSA-EG (virgin, fouled and cleaned) 

SEM images in Fig. 10-15 show the surface morphology of virgin, fouled and 

cleaned Memb-PAMPSA-EG. It can be observed that the fouled membrane 

surface was fully covered by contaminants, rather similar to Memb-PAMPSA. 

However, the fouling layer seemed to become thinner and some clean parts of the 

membrane surface could be observed after applying electrical potential. Compared 

with Memb-HCl, the fouling was found to be more severe in Memb-PAMPSA-

EG. As discussed before, the rougher membrane surface and lower acidity of 

doped acids led to weaker repulsion to the contaminants and thus Memb-

PAMPSA-EG suffered from greater foulant deposition. In contrast to Memb-

PAMPSA, the incorporation of EG formed a looser structure with a rougher 

surface, which enabled greater foulant accumulation, resulting in more significant 

permeance drop to the initial flux. 

   

   

   

Memb-PAMPSA-EG Virgin  Memb-PAMPSA-EG Fouled Memb-PAMPSA-EG Washed 

Fig. 10-15 SEM images of virgin, BSA fouled and cleaned (left to right) Memb-PAMPSA-EG 

with scale bar of 50, 10, 5 µm (top to bottom), respectively. 
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10.6.5 CLSM of Memb-PAMPSA-EG (virgin, fouled and cleaned) 

BSA fouling on the surface of Memb-PAMPSA-EG was further characterised by 

CLSM in Fig. 10-16. The virgin membrane showed green colour due to the 

addition of fluorescein. The fouled membrane became brighter in colour as a result 

of protein deposition. The colour became weaker after applying voltage on the 

Memb-PAMPSA-EG, illustrating that BSA deposition on the membrane surface 

was reduced by the application of electrical potential. This is in good accordance 

with SEM images in Fig. 10-15, confirming the defouling behaviour of Memb-

PAMPSA-EG upon applied potential. 

   

   

Memb-PAMPSA-EG Virgin Memb-PAMPSA-EG Fouled Memb-PAMPSA-EG Washed 

Fig. 10-16 Microscopy of virgin, BSA fouled and cleaned (left to right) Memb-PAMPSA-EG 

with scale bar of 400, 100 µm (top to bottom), respectively. 

10.7 Memb-PAMPSA-EG/DBSA fouling removal 

DBSA was utilised as a secondary dopant of Memb-PAMPSA-EG membranes to 

further increase electrical conductivity. An increased permeance and decreased 

rejection were observed in Memb-PAMPSA-EG/DBSA by the application of 

applied potential in Chapter 8. In terms of the initial tuneability, further 

investigation was carried out on the fouling reduction behaviour of Memb-

PAMPSA-EG/DBSA under an applied potential of 30 V. 

10.7.1 BSA Concentration in the Wash Solution 

BSA concentration of Memb-PAMPSA-EG/DBSA in the wash solution with time 

is illustrated in Fig. 10-17. The BSA concentration steadily improved with time in 

the first 90 min and then no significant increase was observed from 90 to 120 min. 
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The final BSA concentration in the wash solution was (13.7±0.5) ×10-2 g L-1, 

compared with (11.4±0.4) ×10-2 g L-1 for Memb-HCl, (5.4±0.3) ×10-2 g L-1 for 

Memb-PAMPSA and (12.1±0.7) ×10-2 g L-1 for Memb-PAMPSA-EG. Memb-

PAMPSA-EG/DBSA was found to possess the highest BSA concentration in the 

wash solution among the four kinds of membranes. This is likely to be because 

Memb-PAMPSA-EG/DBSA exhibited a relatively high electrical conductivity - 

two orders of magnitude higher than Memb-PAMPSA and more than twenty times 

higher than Memb-PAMPSA-EG. Although Memb-HCl possessed a higher initial 

conductivity than Memb-PAMPSA-EG/DBSA, the serious acid leaching caused 

decreased electrical conductivity and reduced the fouling removal efficiency. 

It can be concluded that there is a close relationship between the defouling ability 

and electrical conductivity of these PANI membranes. An increase in electrical 

conductivity was associated with an enhancement in membrane fouling removal. 

The membranes with higher conductivities provided more electrons and 

accelerated the charge delocalisation, allowing more significant and efficient 

bubble production, protein oxidation, surface charge change and polymer chain 

movement. This promoted the fouling removal from the membranes as discussed 

in Section 10.2. In addition, it was noticed that the defouling of Memb-PAMPSA-

EG/DBSA was effective in the first 90 min. Fouling reduction became less after 

90 min, however this is most probably because most of the fouling had been 

removed in the first 90 min. 

 

Fig. 10-17 BSA concentration in the wash solution of Memb-PAMPSA-EG/DBSA with time. 
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10.7.2 Permeance Recovery in Dead-end Filtration 

The permeance of virgin, fouled and cleaned Memb-PAMPSA-EG/DBSA is 

shown in Fig. 10-18. There was a significant permeance reduction after BSA 

fouling – from 357±24 to 32±10 L·m-2·h-1·bar-1. It can be seen that the fouled 

Memb-PAMPSA, Memb-PAMPSA-EG and Memb-PAMPSA-EG/DBSA 

exhibited a very similar permeance. Observations of membranes after fouling 

showed a gel-like BSA fouling on the surface of the membranes, which was 

therefore the major reason for the permeance reduction and what was wanted for 

these experiments. As measured in Chapter 8, the above mentioned three kinds of 

membranes exhibited above 90% rejection of BSA, indicating similar contents of 

BSA deposited on the membrane surface and/or within the pores. This 

consequently induced rather similar resistance to the solute while filtrating, 

thereby producing the similar permeance. 

After cleaning under applied potential, the permeance increased to approximately 

three times of the fouled Memb-PAMPSA-EG/DBSA and the membrane 

permeance recovery arrived at 46.2% of the virgin membranes. Again, it is thought 

that the two mentioned factors (namely gas generation and protein oxidation 

directly or indirectly) were the major causes of the fouling removal. Additionally, 

the applied potential could trigger the surface charge change and induce the 

reorganization of the polymer chains, permitting a more opened membrane 

structure. This could also facilitate the fouling reduction in terms of pore plugging 

in Memb-PAMPSA-EG/DBSA. Memb-PAMPSA-EG/DBSA gave the best 

fouling removal compared to Memb-PAMPSA and Memb-PAMPSA-EG; this is 

consistent with the findings in Section 10.7.1, which can be attributed to the high 

electrical conductivity of Memb-PAMPSA-EG/DBSA.  
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Fig. 10-18 Permeance of Memb-PAMPSA-EG/DBSA (virgin, BSA fouled, after fouled and 

cleaned). 

10.7.3 FTIR and Colour of Memb-PAMPSA-EG/DBSA (virgin, fouled and 

cleaned) 

Fig. 10-19 (a) presents the FTIR spectra of virgin, fouled and cleaned Memb-

PAMPSA-EG/DBSA. Virgin Memb-PAMPSA and a control test of 30 V without 

fouling displayed a similar spectrum, indicating that the membrane and polymer 

does not break down at the applied voltage of 30 V. The Imine I functional group 

of BSA was observed in the fouled Memb-PAMPSA-EG/DBSA, again confirming 

that fouling was successful. After applying the external voltage, the imine I peak 

still appeared in the cleaned Memb-PAMPSA-EG/DBSA. It can be concluded that 

the electrical potential application still does not remove all the BSA foulant, even 

if Memb-PAMPSA-EG/DBSA exhibited the best defouling performance.  

Fig. 10-19 (b) shows that the colour of fouled Memb-PAMPSA-EG/DBSA almost 

recovered to the virgin state, indicating most of the contaminants had been washed 

out from the membrane surface. Therefore, there is further room for improvement 

for these experiments and membranes. This should include the production of less 

rough membrane surfaces and the testing of the defouling of these membranes in 

a cross-flow rig to examine the combined (and hopefully synergetic) effect of 

cross-flow velocity, in pore flow through the membrane and applied potential on 

fouling reduction from the membrane surface and within the pores. 
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Fig. 10-19 (a) FTIR and (b) colour change of Memb-PAMPSA-EG/DBSA (virgin, BSA fouled 

and cleaned). 

10.7.4 SEM of Memb-PAMPSA-EG/DBSA (virgin, fouled and cleaned) 

Fig. 10-20 presents the surface morphology of virgin, fouled and cleaned Memb-

PAMPSA-EG/DBSA. As can be seen, the membrane was fully covered by foulant 

after BSA filtration. A similar cake layer formation was also observed in Memb-

PAMPSA and Memb-PAMPSA-EG, which could account for the similar 

membrane permeance during BSA filtration as discussed in Section 10.7.2. The 

application of an electrical potential removed most of the contaminants on the 

membrane surface, again confirming that membranes with a higher electrical 

conductivity possessed better defouling ability. It was reported by other 

researchers that a long treatment time could release EG from membranes, forming 

aggregation with BSA into clusters [325]. This behaviour was not observed in the 

current work as EG was still in a good interfacial contact with the membrane 

surface after use.  
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Memb-PAMPSA-EG/DBSA 

Virgin 
Memb-PAMPSA-EG/DBSA 

Fouled 
Memb-PAMPSA-EG/DBSA 

Washed 

Fig. 10-20 SEM images of virgin, BSA fouled and cleaned (left to right) Memb-PAMPSA-

EG/DBSA membranes with scale bar of 50, 10, 5 µm (top to bottom), respectively. 

Although the membranes demonstrated the feasibility of defouling upon applied 

potential, it is worth noting that the electric field cannot completely remove the 

fouling within the treatment time. 

10.7.5 CLSM of Memb-PAMPSA-EG/DBSA (virgin, fouled and cleaned) 

Fig. 10-21 shows CLSM images of virgin, fouled and cleaned Memb-PAMPSA-

EG/DBSA. The membrane exhibited a dark green colour from the incorporation 

of fluorescein. The presence of BSA foulants on the membrane surface changed 

the colour into much greener one. After applying potential, most of the membrane 

surface changed back to dark green colour, suggesting that only few foulants were 

left on the membrane surface. The obtained microscopy images agree well with 

SEM images in Fig. 10-20. It can be concluded that that most of the surface 

foulants on the Memb-PAMPSA-EG/DBSA had been removed by the application 

of electrical potential. This indicates that in pore (irreversible fouling) is the main 

fouling zone not removed by the applied potential treatment and should be the 

focus of future work. 
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Memb-PAMPSA-EG/DBSA 

Virgin 

Memb-PAMPSA-EG/DBSA 

Fouled 

Memb-PAMPSA-EG/DBSA 

Washed 

Fig. 10-21 Microscopy of virgin, BSA fouled and cleaned (left to right) Memb-PAMPSA-

EG/DBSA with scale bar of 400, 100 µm (top to bottom), respectively. 

10.8 Conclusions 

This chapter provided evidence for fouling removal from the surface of electrically 

conductive PANI membranes by applying an electrical potential. Four kinds of 

conductive PANI membranes, including Memb-HCl, Memb-PAMPSA, Memb-

PAMPSA-EG and Memb-PAMPSA-EG/DBSA, were applied to determine the 

membrane in-situ fouling removal under applied voltage. The results show that: 

 Small acid doped membranes showed faster fouling removal response in the 

first 30 min under applied voltage, but the removal efficiency decreased with 

the leaching of small acids.  

 Compared to Memb-HCl, Memb-PAMPSA displayed reduced fouling 

removal efficiency but more stable fouling removal behaviour with time. 

 Memb-PAMPSA-EG exhibited enhanced fouling removal efficiency 

compared to Memb-PAMPSA, and the membrane fouling removal efficiency 

could be further improved by secondary doping with a long chain acid DBSA. 

The membrane permeance recovery of Memb-PAMPSA-EG/DBSA arrived at 

46.2% of the virgin membranes. 

 The membranes (virgin, fouled, cleaned) characterised by FTIR, colour, SEM 

and CSLM demonstrated their potential for in-situ fouling removal and the 

defouling ability was closely related to the stability and conductivity of the 
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membranes. Membranes with higher conductivity and better stability 

displayed more efficient in-situ fouling removal under applied potential. 

In summary, the stimulating responsive PANI membrane can be considered as a 

promising solution to remove the membrane fouling in-situ by the application of 

external electrical potential. 



 

203 

11 Conclusions and Recommendations for Future Work 

11.1 Conclusions 

11.1.1 Influence of Tpoly on Electrical Tuneability of Flux and MWCO of 

Memb-HCl 

This work demonstrates that Tpoly has a significant effect on the properties of the 

PANI powder, and then further influences the morphology, transport performance 

and electrical tuneability of the membranes. A lower Tpoly was related to a 

membrane with relatively lower electrical conductivity and higher mechanical 

strength with fewer macrovoids. The conductive Memb-HCl showed a decreased 

permeance and MWCO under the applied potential in the PEG cross-flow 

filtrations. The greater tuneability was found to be related to the membranes with 

relatively higher electrical conductivity. The optimal Tpoly was found to be 15°C, 

with higher membrane mechanical strength than higher Tpoly and improved 

electrical conductivity than lower Tpoly. The membrane (Tpoly = 15°C) exhibited 

the greatest MWCO reduction (down to 2800 g mol-1) at 30 V. 

It is also noticed that a range of parameters like synthesis, doping and external 

stimuli affect the tuneable separation performance of HCl doped membranes. 

Understanding the detailed mechanism of membrane transport properties under 

applied potential is desirable to produce the most versatile electrically tuned 

separation. Future work can be done to optimise the parameters to control the in-

situ tuneable separations of these membranes – detailed in Section 11.2. 

11.1.2 One-filtration MWCO Method for Aqueous based NF and UF 

Membranes using PEGs 

A reliable, cost effective, high resolution, single filtration MWCO evaluation 

method for aqueous based NF and UF membranes has been developed using a 

wide range of PEG oligomers as MWCO probes. This method was enabled by a 

new, high resolution oligomer separation and detection using HPLC coupled with 

an ELSD. The refined method can determine the MWCO of membranes over a 

MW range from 678 to 4594 g mol-1 with a molecular weight difference of just 44 

g mol-1 and a bonus further one point extension to 6000 g mol-1 – covering a wider 

MW range than any other MWCO method for aqueous based NF and low MWCO 

UF membranes. MWCO determination of five commercial membranes from GE 
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Osmonics™ and Millipore showed good agreement with manufacturer and 

literature values, confirming the accuracy of the method. As this new method has 

significant advantages over all other existing aqueous MWCO determinations (i.e. 

single filtration, higher resolution over a wider MW range, low cost MWCO 

molecular probes), it is suggested that it be adopted as the new standard for 

determining aqueous MWCO over a MW range from 678 to 6000 g mol-1. 

11.1.3 Fabrication and Characterisation of Stimulating Responsive PAs 

Doped PANI Membranes 

Four kinds of PAs, including PAMPSA, PSSA, PAAc and PMVEA, have been 

used as dopants to overcome the two challenges (namely acid leaching and 

membrane brittleness) of Memb-HCl. Based on this, a new membrane preparation 

method is proposed to prepare PAs doped membranes. In this new method, PAs 

were incorporated into PANI during the chemical oxidation of aniline, and the 

produced PANI-PA complexes were directly used as the membrane materials to 

prepare PAs doped PANI membrane. Among the four kinds of PANI-PA 

complexes produced (PANI-PAMPSA, PANI-PSSA, PANI-PMVEA, PANI-

PAAc), PANI-PAMPSA was found to produce the best practical membrane films 

under the casting conditions and solvents considered. 

Memb-PAMPSA exhibited improved mechanical strength, with the Young’s 

modulus and tensile strength twice higher than Memb-HCl (24 h doping time). The 

stable permeate pHs in the dead-end filtration implied the reduced acid leaching 

during filtration. However, Memb-PAMPSA exhibited a decreased electrical 

conductivity, with (8.56±1.01) ×10-7 and (8.68±0.89) ×10-4 S cm-1 measured in a 

dry and wet state, respectively, which were not conductive enough to produce a 

significant tuneability in terms of the permeance and selectivity change under 

applied potential. The incorporation of large acids facilitated the formation of a 

PANI membrane with a loose microstructure, with MWCO in the loose UF range 

(much higher than 6, 000 g mol-1 but lower than 60, 000 g mol-1). These results 

combined suggest that the Memb-PAMPSA was not tight enough as desired NF 

range and further work is needed to tighten the membrane MWCO and improve 

the electrical conductivity. 
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11.1.4 Enhancing Memb-PAMPSA as a Stimulating-responsive Membrane 

by EG Incorporation and DBSA Treatment 

Considering the low conductivity of Memb-PAMPSA, EG and a secondary dopant 

DBSA were incorporated into these membranes. It was also found that the 

membrane conductivity could be improved by two orders of magnitude by the 

incorporation of EG using a solution mixing method, and further enhanced by 

twenty times using a long chain acid DBSA as a secondary dopant. The 

membranes displayed more significant dynamic contact angle change because of 

the enhanced electrical conductivity, which gives a further quantitative indication 

of the electrical tuneability of these membranes. Memb-PAMPSA-EG/DBSA with 

DBSA as a secondary dopant was more stable in filtration compared with small 

acid doped PANI membranes. 

On the other hand, the addition of EG has made the membrane surface more 

hydrophilic with the contact angle changing from 54±2o to 62±2o and the 

permeance of Memb-PAMPSA-EG was twice higher than Memb-PAMPSA. 

However, the addition of EG further decreased the membrane rejection and the 

membranes were too porous to exhibit a discernible permeance or selectivity 

change under applied potential. Therefore, further work needs to be done to find a 

solution to tighten the MWCO of these membranes. 

11.1.5 Effect of Co-solvent and Evaporation Time on the Performance of 

Memb-PAMPSA 

Therefore, tightening of PAMPSA doped PANI membranes was addressed. 

Attempts were made by adding highly volatile co-solvents (THF and acetone) into 

the polymer solution. The addition of acetone as a co-solvent into the casting 

solution led to gel formation, while THF as a co-solvent produced a viscous 

solution. Membranes prepared by THF as a co-solvent with a longer evaporation 

time (namely 45, 60 and 120 s) exhibited a thicker skin layer, followed by a 

distinguishable transition region with a porous structure, compared to a shorter 

evaporation time. The water permeance of Memb-PAMPSA/THF (mainly the 

membrane prepared at an evaporation time of 60 s) decreased by 59.6% compared 

to Memb-PAMPSA and the rejection of PEG 1000-6000 improved to 30%-40% 

from 10%-30% of Memb-PAMPSA. The membrane also showed an enhancement 
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in the mechanical strength compared to Memb-PAMPSA, which can be explained 

by the formation of denser skin layer. 

However, the MWCO range was similar to that of Memb-PAMPSA produced 

without THF, indicating the increased porosity in Memb-PAMPSA was mainly 

due to the incorporation of large acid dopants and so could not be modified out 

using a more volatile solvent to produce a denser skin/active layer. Furthermore, 

the membrane displayed decreased electrical conductivity which most likely 

caused a loss of electrical tuneability under applied potential. The current 

membranes however possess sufficiently low MWCO to be used for large 

molecule filtrations – such as model foulant BSA – which can be used to determine 

the anti-fouling behaviour of membranes. 

11.1.6 Stimuli-responsive Composite Polymer Membranes to Solve Fouling 

The overall aim of this research is to develop unique conducting PANI membranes 

that can be electrically tuneable to different fluxes and selectivity. The target 

application is in a membrane reactor, where the primary aim of the new generated 

tuneable membrane is to allow the fouling layer to be pushed off/through 

membrane by external potential. Based on this, four of the different variants of 

fabricated conductive PANI membranes from Chapter 5, 7 and 8 were applied (the 

membranes from Chapter 9 were not included due to the lower conductivity 

determined). All the membranes demonstrated their potential for in-situ fouling 

removal under applied potential and the defouling ability was closely related to the 

electrical conductivity and the acid stability. Higher conductivity and better acid 

stability are desirable for the membrane defouling efficiency by the application of 

electrical potential.  

Memb-HCl showed faster fouling removal response, but the removal efficiency 

decreased with the leaching of small acids. Memb-PAMPSA displayed reduced 

fouling removal efficiency but stable stimuli response. Memb-PAMPSA-EG 

exhibited enhanced fouling removal efficiency compared to Memb-PAMPSA, and 

the membrane fouling removal efficiency could be further improved by secondary 

doping with DBSA. Memb-PAMPSA-EG/DBSA gave the best fouling removal 

among the four kinds of membranes, and the permeance of cleaned membrane 

increased to approximately three times of the fouled membrane and the permeance 
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recovery arrived at 46.2% of the virgin membrane. In summary, the electrically 

tuneable PANI membranes can be considered as a promising solution to remove 

membrane fouling in-situ by the application of external electrical potential. 

11.2 Recommendations for Future Work 

This work has established a number of novel new PANI-PA polymers that have 

been used in membranes and have shown the potential of these membranes to be 

used in changing membrane transport properties when in use and for the in-situ 

removal of a model foulant. In doing so several new questions and work streams 

have been opened which can be addressed in future work. 

In terms of low conductivity of polymer acid doped membrane, exploring new 

potential acid dopants that have lower pKa and smaller MWs is a potential way. 

This could minimise dopants wash out during filtration and lead to better tuneable 

transportation under applied potential. Additionally, blending PAs with other 

smaller MW acids could be a promising solution to improve the membrane 

conductivity.  

Considering the loose membrane structure caused by the incorporation of PAs and 

EG, two approaches could be used to tighten the membrane structure. One way is 

to incorporate smaller conductive particles into the membrane that do not in 

themselves introduce macro porosity like the EG does. This may include small 

particles of graphene, CNTs and/or metal and/or semiconductor/conductive micro 

and nanoparticles. The other way is to select another volatile co-solvent other than 

THF which does not decrease the conductivity of the resulting PANI membrane. 

This could be 4-dioxane – a common solvent used as a volatility enhancer in 

membranes cast with DMF as a solvent.  

The detailed fouling removal mechanism under applied potential is insufficiently 

understood. Cyclic voltammetry is a useful characterisation technique to evaluate 

the membrane electrochemical properties. Some preliminary measurements have 

been done (Fig. E1, Appendix E) and more work is underway. Electrical 

impedance spectroscopy is also an advantageous tool which enables the early 

detection of membrane fouling as well as the in-situ investigation of membrane 

self-cleaning under external stimuli. Understanding the detailed mechanism of 
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membrane defouling can assist the timely cleaning of the membrane, and improve 

the membrane long-term performance. 

The selection of polymer/solvent/non-solvent systems in NIPS method is crucial 

to form membranes with the desired performance. PANI-PAMPSA partially lost 

its conductivity after being cast from NMP solvent, indicating that NMP was not 

a “good” membrane film making solvent for the PANI-PAMPSA. Finding a “good” 

solvent is favourable to better dissolve the PANI-PAMPSA complexes and change 

the molecular conformation of doped PANI from “compact coil” structures to 

more expanded structures, which are desirable for the high conductivity. 

In this study, 30 V of applied potential was provided on the membranes. In terms 

of energy consumption by applying an electrical potential, improving the design 

of the setup is a promising way to decrease the electrical potential used and reduce 

the energy consumption.  

In terms of membrane defouling behaviour, only one kind of model foulants (BSA) 

was used to investigate the membrane defouling ability. More foulants, such as 

humid acid, sodium alginate and silicon dioxide particles, can be tried to further 

determine the effect of electrical potential on the fouling removal caused by 

different model foulants. 
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Appendix A- Electrically Tuneable Polyaniline Membranes 

A.1 Increasing the Mechanical Robustness of PANI Membranes: Effect of 

Doping Time 

Table A1 Effect of doping time on the mechanical properties of the Memb-ES-15. 

Doping time/h Tensile strength/MPa Young modulus/GPa Elongation at break/% 

2 10.1±0.19 1.23±0.031 0.028±0.002 

6 8.29±0.27 1.07±0.062 0.026±0.001 

24 8.31±0.1 0.89±0.045 0.019±0.001 

 

Fig A1. FTIR of PANI Memb-ES-15 at different doping times (2, 6 and 24 h). 

 

Fig A2. The conductivity of Memb-ES-15 at different doping times 
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A.2 Small acid leaching during filtration 

 

Fig A3. FTIR spectra of membranes before and after cross flow filtration. 

Table A2 Colour characterisation of membranes before and after cross flow filtration. 

Membrane Red Green Blue 

Memb-EB 12.6 18.8 18.4 

Memb-ES 11.3 19.8 20.6 

Memb-ES (Water) 12.0 19.9 20.5 

Memb-ES (PEG UF) 12.0 20.1 20.9 

A.3 Membrane permeance in cross flow filtration  

 

Fig A4. Variation of PEG permeance of (a) Memb-ES-5 and (b) Memb-ES-15 under applied 

voltage from 0 V to 30 V (20 bar, 25℃, PEG). 
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Fig A5. Variation of water permeance of (a) Memb-ES-5 and (b) Memb-ES-15 under applied 

voltage from 0 V to 30 V (20 bar, 25℃, DI water). 

A.4 Membrane permeance and MWCO in dead end filtration  

 

Fig A6. (a) Water permeance and (b) MWCO of Memb-EB and Memb-ES by the dead-end 

filtration. 

A.4 Membrane thickness  

 

Fig A7. The thickness of Memb-EB and Memb-ES from different polymerisation temperatures. 
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Appendix B- MWCO Method for Aqueous Based NF and UF 

Membranes Using PEGs 

B.1 Identification of individual PEG oligomers 

Table B1 show the oligomer peak MW attribution in the purer PEG 1000 standard 

and commercial PEG mixtures. The peak time and area are matched to the MW of 

each oligomer. 

Table B1 The oligomer peak MW attribution in Purer PEG 1000 

MW/g∙mol-1 Time/min Area 

678 4.49 10.73 

722 4.72 27.86 

766 4.92 66.96 

810 5.11 138.49 

854 5.31 216.99 

898 5.51 290.82 

942 5.73 350.21 

986 5.98 371.21 

1030 6.25 356.94 

1074 6.57 306.45 

1118 6.92 242.96 

1162 7.31 167.73 

1206 7.76 112.57 

1250 8.26 66.06 

1294 8.83 37.78 

1338 9.48 8.51 

1382 9.51 7.36 
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Table B2 The oligomer peak MW attribution in the PEG mixtures 

MW/g∙mol-1 Time/min MW/g∙mol-1 Time/min 

678 4.49 2746 44.23 

722 4.71 2790 44.73 

766 4.91 2834 45.22 

810 5.10 2878 45.67 

854 5.29 2922 46.14 

898 5.49 2966 46.59 

942 5.71 3010 47.04 

986 5.96 3054 47.46 

1030 6.23 3098 47.89 

1074 6.53 3142 48.30 

1118 6.88 3186 48.73 

1162 7.26 3230 49.15 

1206 7.68 3274 49.56 

1250 8.16 3318 49.97 

1294 8.68 3362 50.37 

1338 9.28 3406 50.76 

1382 9.95 3450 51.14 

1426 10.72 3494 51.50 

1470 11.61 3538 51.87 

1514 12.61 3582 52.23 

1558 13.79 3626 52.60 

1602 15.10 3670 52.94 

1646 16.66 3714 53.28 

1690 18.42 3758 53.61 

1734 20.52 3802 53.93 



 

240 

1778 22.88 3846 54.26 

1822 25.25 3890 54.58 

1866 27.11 3934 54.90 

1910 28.69 3978 55.21 

1954 30.10 4022 55.51 

1998 31.36 4066 55.80 

2042 32.50 4110 56.13 

2086 33.56 4154 56.43 

2130 34.55 4198 56.72 

2174 35.47 4242 57.03 

2218 36.34 4286 57.33 

2262 37.15 4330 57.62 

2306 37.95 4374 57.89 

2350 38.69 4418 58.19 

2394 39.42 4462 58.50 

2438 40.12 4506 58.77 

2482 40.78 4550 59.05 

2526 41.41 4594 59.33 

2570 42.02 4638 59.59 

2614 42.62 4682 59.86 

2658 43.18 4726 60.11 

2702 43.71 6000 65.85 
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B.2 Obtaining calibration curves 

Different concentrations of the commercial PEG mixtures were run and external 

calibration curves were established for each MW of PEG oligomer. In this work, 

there were “combined” peaks in the chromatogram, thereby peak areas were 

attributed to a combination of the concentration of this MW in both commercial 

PEGs. As suggested in the literature [202], the concentration of each peak can be 

calculated using Equation B1 and B2: 

𝐶𝑖 =
𝐴𝑖

[∑ 𝐴𝑖]𝑛
𝑖=1 𝑃𝐸𝐺 𝑚𝑖𝑥

[𝐶𝑡𝑜𝑡𝑎𝑙]𝑃𝐸𝐺 𝑚𝑖𝑥 (1) 

=
∑ 𝑚𝑥

𝑧
𝑥=1

𝑉𝑡𝑜𝑡𝑎𝑙
=

𝑚𝑃𝐸𝐺1000 + 𝑚𝑃𝐸𝐺1500+ 𝑚𝑃𝐸𝐺2000+𝑚𝑃𝐸𝐺3000+𝑚𝑃𝐸𝐺4000

𝑉𝑡𝑜𝑡𝑎𝑙
 (2) 

Where: 

[𝐶𝑡𝑜𝑡𝑎𝑙]𝑃𝐸𝐺 𝑚𝑖𝑥is the total concentration of all PEG oligomers in the total mixture; 

Ci and Ai are the concentration and area of each oligomer corresponding to peak i, 

respectively; 

[∑ 𝐴𝑖]𝑛
𝑖=1 𝑃𝐸𝐺 𝑚𝑖𝑥

 is the total area of all peaks in the commercial grade PEG mix, 

where n is the number of PEG oligomer peaks, mx is the mass of commercial grade 

PEGx, Vtotal is the total volume, and z is the total number of commercial grade PEGs 

used in the mixture (which is 5 in this work).  

Fig. B1 shows the resulting calibration curves of all of the different PEG oligomers 

correlating peak areas to oligomer concentration for PEG oligomers with MWs 

from 678 g mol-1 to 4594 g mol-1 with a MW difference of 44 g mol-1 and followed 

by one composite peak attributed to a PEG MW of 6000 g mol-1.  
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Fig. B1 Calibration curves of for all of the PEG oligomers identified. 

B.3 Resulting HPLC chromatograms obtained from commercial membranes 

Fig. B2-B6 present the HPLC chromatograms of feed, retentate and permeate from 

filtering PEG mixtures through the six commercial membranes chosen. The 

permeates all gave HPLC chromatograms with higher MW PEG oligomers with 

lower ELSD responses than the feed, indicating that these higher MW oligomers 

were rejected by the membranes. 
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Fig. B2 HPLC chromatograms of the feed, permeate and retentate from GE Osmonics™ GE. 

 

Fig. B3 HPLC chromatograms of the feed, permeate and retentate from GE Osmonics™ GK. 
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Fig. B4 HPLC chromatograms of the feed, permeate and retentate from Millipore Ultracel 

PLAC04310.

 

Fig. B5 HPLC chromatograms of the feed, permeate and retentate from Millipore Ultracel 

PLBC04310. 
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Fig. B6 HPLC chromatograms of the feed, permeate and retentate from TriSep UA60. 

Fig. B7 shows the UV-Vis spectra of Rose Bengal from the permeate, retentate 

and feed of TriSep UV60. The permeate did not show any absorbance, indicating 

the rose Bengal was totally rejected by the membrane and the MWCO of TriSep 

UA60 used in the study was below 974 g mol-1 by using this method. 

 

Fig. B7 UV-Vis spectra of Rose Bengal from the permeate, retentate and feed of TriSep UV60.
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Appendix C- Enhancing Memb-PAMPSA as a Stimulating-

responsive Membrane by EG Incorporation and DBSA Treatment 

C.1 Electrically Connected Cross-flow Filtration of Membranes 

 

  

Fig. C1 The rejection of Memb-PAMPSA-EG at different filtration times (0, 30, 60 and 120 min) 

under applied potential of 0 and 30 V (2 bar, 25℃, PEG mixtures). 
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Fig. C2 The rejection of Memb-PAMPSA-EG/DBSA at different filtration times (0, 30, 60 and 120 

min) under applied potential of 0 and 30 V (2 bar, 25℃, PEG mixtures). 

 

Fig. C3 Permeance and current of Memb-PAMSA-EG and Memb-PAMSA-EG DBSA under 

applied potential of 0 and 30 V (2 bar, 25℃, PEG mixtures). 

 

Fig. C4 Water permeance and current of Memb-PAMSA-EG and Memb-PAMSA-EG DBSA 

under applied potential of 0 and 30 V (2 bar, 25℃, DI Water). 
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Appendix D- Stimuli-Responsive Composite PANI Membranes to 

Solve Fouling 

D.1 Fouling removal under applied potential  

 

Fig. D1 Photos of membrane fouling removal under applied potential  

 

 

 

 

Memb-HCl Memb-PAMPSA Memb-PAMPSA-

EG 

Memb-PAMPSA-EG 

(DBSA) 

Fig. D2 Photos of membrane wash solution after applied potential 

D.2 Blank experiment 

 

Fig. D3 UV-Vis spectra (a) wash solution of fouled membrane in the absence of applied potential 

(b) wash solution of virgin membrane in the presence of applied potential (30 V).
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D.3 Colour change 

 

Fig. D4 Scanned photos of Memb-HCl, Memb-PAMPSA, Memb-PAMPSA-EG and Memb-

PAMPSA-EG/DBSA. 
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Appendix E-Electrochemical Properties of Membranes 

E.1 Cyclic voltammetry (helped by Professor Frank Marken) 

 

Memb-HCl 

 

Memb-PAMPSA 

Memb-PAMPSA-EG                          Memb-PAMPSA-EG DBSA 

Fig. E1 Cyclic voltammetry of Memb-HCl, Memb-PAMPSA, Memb-PAMPSA-EG and Memb-

PAMPSA-EG/DBSA. 
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