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Abstract 
Sulfonated polyaniline (S-PANI) is a self-doped conducting polymer of the polyaniline family 

with improved chemical stability over a wide range of pH, easy of synthesis and better 

processability. The sulfonic groups are covalently bond to the PANI backbone, resulting in a 

permanent chemical modification and doping. Despite the interesting chemical properties, its 

widespread use in membrane fabrication is still limited and the few available studies have only 

investigated the addition of S-PANI to hydrophobic membranes to modify the surface 

properties and obtain low fouling systems to be used for ultrafiltration. There is also a lack of 

studies on the development of self-doped S-PANI membrane systems and the effect of the 

bulky sulfonic groups on the rejection of small molecules, performance in organic solvents, 

electrical conductivity and fouling behaviour of the membrane. Therefore, the aim of this 

research was to investigate the development of a new family of self-doped sulfonated 

polyaniline (S-PANI) membranes addressing i) the current limitations of PANI membranes 

namely acid leaching, fouling and limited solvent stability and ii) the need for robust 

nanofiltration membranes that could be used in complex chemical environments for the 

recovery of small molecules. The thesis has two components and has focused on trialling 

commercial membranes in complex reaction environments and on the synthesis, fabrication 

and testing of novel self-doped S-PANI membranes. 

The work initially focused on the benchmarking of relevant industrial reaction systems such as 

the Suzuki coupling of aryl pyridines catalysed by palladium (II) catalyst and the lipase 

mediated kinetic resolution in organic solvents using commercial DURAMEM 500 and 

PURAMEM S600 nanofiltration membranes. The object was to evaluate product yield, catalyst 

activity, fouling and operating pressure and flux. Both catalytic systems were successfully 

retained by the membranes; furthermore, the monitoring of the reactions in batch offered a 

better understanding of the species contributing to membrane fouling and catalyst deactivation.  

The work then focused on using S-PANI to prepare membranes that could be applied in these 

chemical challenging environments. Ultrafiltration and tight ultrafiltration membranes were 

prepared using well-established methodologies such as phase inversion in water and cross-

linking using both chemical and thermal method as well as testing a novel fabrication method 

which make use of hexane in the coagulation bath to densify the porous polymer structure and 

obtained a nanofiltration S-PANI membrane. Pure S-PANI and cross-linked S-PANI 

membranes showed excellent antifouling behaviour when tested in BSA filtration, with the 

latter being resistant and reusable in DMF filtration. Furthermore, the membrane prepared via 
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phase inversion in hexane was reusable in toluene, acetone and 2-propanol at least three times 

with no loss in mechanical stability at a maximum pressure of 30 bar and showed 100% 

rejection of low molecular weight polypropylene glycols in water.   

Overall, this work has reported for the first time the development of a new family of low 

fouling, solvent resistant self-doped sulfonated polyaniline membranes that could be applied 

in various chemical environments 
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Chapter 1                                                                                         

Introduction 

The increasing world population and the way manufactured goods are produced 

and consumed have had  a significant effect on the environment [1]. Membrane 

separation processes have the potential to replace conventional energy-intensive 

techniques to improve the performances and the efficiency of reactive processes. 

Hence, they have found applications in many industrial sectors such as food, 

chemical manufactures, pharmaceuticals, wastewater treatment and biomedical 

applications [2].  In a chemical and pharmaceutical industry, common synthetic 

routes occur in chemically challenging environment in which the size of the 

involved molecules, such as catalysts and products and impurities is often very 

small (with molecular masses of 200-1000 g/mol). Extensive work-up is 

required during the downstream process to achieve high product purity [3]. 

Organic solvent nanofiltration (OSN) membranes allow the separation of small 

molecules from organic reaction streams, and could increase catalyst 

productivity [4], reducing product contamination. Hence, nanofiltration 

membrane are considered a greener alternative for their low energy demand, and 

limited generation of waste [5, 6].  

In membrane processes, the key challenge is the high tendency to fouling and 

concentration polarisation, which negatively affect membrane performance over 

time and limit their applications [7, 8]. Because of the deposition of 

macromolecules or suspended particles, the yield of permeate decrease, higher 

pressures are required to achieve the same flow rate and additional chemical 

procedures are necessary to restore membrane flux, increasing the overall costs. 

[9, 10].  In the last two decades, research has focused on overcome the 

compatibility in harsh reaction conditions and fouling.  

Polyaniline (PANI) is a conducting polymer that has been widely used in 

membrane technology because of its environmental stability, low cost and its 
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interesting redox chemistry [11-13]. The porosity in PANI can be induced 

through doping with small or large acid dopants. However, the most common 

used acid dopants were found to leach out of the membrane during filtration 

leading to worse membrane performance [11, 14]. Besides, the stiffness of the 

PANI backbone represents an obstacle for its solubility and further processing, 

and the current de-doping/re-doping approach only partially improve the 

polymer solubility [15]. A common route to improve PANI solubility is the 

addition of sulfonic groups to PANI to form S-PANI, resulting in a permanent 

modification and doping of the system [16, 17]. Chemical binding keeps the 

sulfonic groups in proximity with the nitrogen of the main chains, enhancing the 

stability of the polymer over a wide range of pH. However, this self-doped PANI 

readily forms a gel like structure, making it hard to form a membrane; hence, 

studies so far have reported blends with other hydrophobic polymers before 

casting to prepare low fouling ultrafiltration membranes [16, 18-21]  

1.1 Overall project and aims 

This project will investigate self-doped S-PANI as material to prepare novel 

nanofiltration membranes. The focus will be to understand the role of sulfonic 

groups on membrane morphology, performance in water and solvents, fouling 

behaviour, and electrical responsiveness. The produced membranes could be 

applied to different applications and chemical environments to develop more 

efficient chemical processes.  

1.2 Structure of the thesis 

The thesis is divided in seven chapters:  

▪ Chapter 1 is the Introduction of this work and outlines the motivations of 

this research. 

▪ Chapter 2 reports the background of this work, starting with an overview 

of membrane basic principles. Thereafter, the focus is on polymer 

membranes, and their fabrication methods and applications. The chapter 
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concludes with a gap in the literature analysis and the overall and the 

specific objectives to achieve the aim.  

▪ Chapter 3 Outlines methods and materials for the preparation, 

characterisation and testing of the membranes. 

Chapter 4 to Chapter 6 are the Results and Discussion sections and comprise 

of the following: 

▪ Chapter 4 describes the benchmarking of commercial nanofiltration 

membranes with metal and enzyme catalysed reactions focussing on 

membrane performance and catalyst lifetime. 

▪ Chapter 5 focuses on the fabrication of self-doped S-PANI membranes, 

the effect of thermal and chemical cross-linking on membrane properties 

and performance as well as the conductivity. 

▪ Chapter 6 focuses on the fabrication of S-PANI membranes by changing 

the composition of the coagulation bath during the preparation process.  

▪ Chapter 7 outlines the overall conclusions and the future work. 
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Chapter 2                                                                                         

Background 

2.1 Overview 

This chapter summarises pressure driven membrane processes, preparation 

techniques of polymeric membranes and advanced polymer membrane systems 

with a focus on S-PANI as versatile and functional membrane material.  

2.2 Membrane filtration 

2.2.1 Introduction  

Membranes are selective barriers that regulate the transport of species between 

two compartments and allow the separation of components with different 

physical/chemical properties. The driving force that permit permeation of a 

liquid or gas phase through a membrane can be pressure, concentration or 

potential [2]. A membrane divides a mixed fluid stream, feed, in two streams 

with different features: one is the fraction that contains all the solutes unable to 

be transported through the membrane and it is called retentate (r) or concentrate. 

The permeate or filtrate, is instead the fraction able to pass through the barrier, 

with the right characteristics to be permeated [22]. Membranes are used for both 

gas and liquid separation, but the scope of this thesis will limit to the preparation 

of membranes for separation of solutes from liquid streams.  
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Table 1: Main features of conventional separations and membrane processes. Adapted from [2] 

Other separations  Membrane processes  

− Complex separation mechanism  − Process based on molecular 

size/weight 

− May require additional solvents  − No additives are necessary 

− May involve waste production  − No additional waste is involved  

− Expensive for low 

concentrations/azeotropic conditions  

− Require modest energy and have 

relatively low running cost 

 − Flexible process with tailor-made 

membranes  

 

2.2.2 Membrane performance  

Typically, the performance of a membrane is determined by permeance 

(characterized by trans-membrane flux ) and selectivity[23]. The first one 

describes the rate at which the permeate flows through the membrane whereas 

the selectivity is defined by the ability of the membrane to allow certain species 

to pass while rejecting others. Membrane flux is defined as follow: 

 
𝐽 =

𝑉

𝐴 × ∆𝑡
 

(1) 

 

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

through membrane and Δt is the time. The flux can be affected by the nature of 

the membrane used (material and structure) and external factors (pressure, 

temperature and concentration). Filtrations at different applied pressures can be 

compared by using the membrane flux normalised for the pressure: 

 
𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 =

𝐽

∆𝑃
=

𝑉

∆𝑃 × 𝐴 × ∆𝑡
 

(2) 
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The ability of the membrane to discriminate between different molecules is 

expressed as rejection of these solutes:  

 
𝑅𝑗 = (1 −

𝐶𝑝

𝐶𝑓
) × 100 

(3) 

 

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 value of the rejection 

varies between 0% (non-selective membranes) and 100% (complete retention of 

the solute). Often, membranes are described by their molecular weight cut-off 

MWCO that is defined as the molecular weight of the reference solute that is 

rejected by 90% [24, 25]. A solute with a higher MW than the MWCO will get 

a higher rejection [26].Figure 1 shows the MWCO curves obtained by plotting 

the rejection of reference solutes t against their molecular weights. An ideal 

MWCO curve should have a sharp cut-off, representing a high separation 

selectivity, whilst a shallower slope means the membrane does not separate 

molecules distinctively. The MWCO values are obtained from rejection 

experiments and therefore they depend on the solutes and solvents characteristics 

and the experimental operating conditions [27].  
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Figure 1: MWCO curves: ideal versus typical curve [2] 

2.2.3 Classification of membrane filtration processes 

Membrane processes for separation of liquids typically are microfiltration MF, 

ultrafiltration UF, nanofiltration NF, reverse osmosis RO (Figure 2).  MF 

membranes have the largest pore size with diameters between 0.1 and 2 μm, 

operating pressures below 2 bars and can be used as pre-filtration of UF process 

in the wastewater treatment or for the retention of proteins from the biochemical 

solutions. UF membranes can retain molecules with diameter ranging from 2 to 

100 nm and the membranes have operating pressures between 1 and 10 bar. UF 

membranes are used in  the removal of solids, bacteria, microorganisms and 

natural organic material [28]. NF membranes have pore sizes up to 2 nm and a 

MWCO of 200 to 1000 g mol-1. The operating pressures can vary from 5 bar to 

40 bar. Nanofiltration has been proposed as an alternative technology to perform 

concentration, salt/solvent exchange, catalyst recovery and solvent recycling 

[29]. RO membranes have dense separation layers without distinct pores and 
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only solvents permeate. The RO process is effective in removing dissolved 

matters and monovalent ions, and found application in desalination of seawater 

and brackish water [30].  

 

Figure 2: Different pressure-driven membrane processes [31] 

2.2.4 Filtration modes 

In membrane processes there are two main modes of filtration: i) dead-end and 

ii) cross-flow (Figure 3). The dead-end filtration unit is usually employed in 

laboratory settings and not scaled up to an industrial scale. The pressure is 

applied to force the reactants and products through the membrane and because 

no retentate stream is involved, the operation is termed “dead-end”. Cross flow 

membrane filtration is often used to pilot scale and, as for the dead-end unit, the 

pressure is applied to allow the separation of the solutes. The feed flows across 

the membrane and only a fraction is collected as permeate whilst what is left in 

the system is the concentrate.  
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Figure 3: Membrane filtration modes: (a) Dead-end and (b) cross-flow filtration 

2.2.5 Theoretical models 

Conventionally, solute and solvent transport through membranes is explained 

with three mechanisms: i) the pore flow model, ii) the solution diffusion model 

and iii) the Donnan exclusion model. Each of them is briefly described. 

2.2.5.1. The pore flow model 

This model is used to describe transport of solutes through porous membranes 

such as UF and MF. The separation is based on pressure-driven convective flow 

through tiny pores and the selectivity of the membrane depends from the 

exclusion (because of size, shape and charge) of the solutes from the pores. The 

equation that describe this model is the Darcy’s Law [32] (Equation 4 ): 

 
𝐽𝑖 = 𝐾′𝑐𝑖

𝑑𝑝

𝑑𝑥
 

(4) 

 

where Ji is the flux of a component i, dp/dx is the pressure gradient in the porous 

membrane, and ci is the concentration i in the membrane and Ki is the coefficient 

associated with the nature of the membrane. 
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2.2.5.2. The Solution diffusion model 

This model describes the chemical potential across the membrane as a 

concentration gradient and it is used to defined transport through pore-less 

membranes such as RO membranes [32]. The separation of different solutes is 

possible because they dissolve in the membranes differently and diffuse at 

different rates. The equation that quantitatively describes this model is the Fick’s 

first law (Equation 5). 

 
𝐽𝑖 = −𝐷𝑖

𝑑𝑐𝑖

𝑑𝑥
 

(5) 

 

Where Ji is the flux of a component I, Di represents the diffusion coefficient and 

dci/dx is the concentration gradient across the membrane. 

2.2.5.3. Donnan exclusion 

The Donnan exclusion mechanism is applied to the permeation of charged 

molecules through a charged or neutral membrane. Charged membranes are 

made of functional polymers such as conducting polymers or by the co-addition 

of acidic groups. According to this model, charged groups exclude ions of the 

same charge and in particular, multivalent ions, but they are freely permeable to 

ions of opposite charge. The parameters that affect the magnitude of Donnan 

exclusion and the selectivity of the membrane are i) the concentration of fixed 

charged or capacity, ii) the degree of swelling, iii) the cross-linking density, iv) 

and the ion charge density. Furthermore, the density of the polymer network, the 

hydrophilicity and hydrophobicity and the morphology of the membrane itself 

need to be taken into account when describing the overall membrane 

performance [33]. Transport through NF membranes are often described using 

the Donnan exclusion model.  
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2.3 Membrane materials and preparation methods 

2.3.1 Introduction 

Membranes can be prepared from polymers, inorganic or ceramic materials and 

a mixture of the two called mixed matrix membranes MMMs. Polymer 

membranes can be conveniently tailormade for a wide range of applications 

because of their easy-tuneable properties through synthesis, the ready 

availability of many naturals and synthetic polymers and a cheaper cost 

compared to ceramic materials [23]. Ceramic materials for the preparation of 

OSN membranes have shown great potential due to their advantages over 

polymeric materials, such as a superior solvent stability, and their resistance to 

compaction and swelling. However, the high costs and their low organic solvent 

rejection limit their application [34]. Furthermore, ceramic and MMMs 

membranes usually require multi steps synthesis and have the significant 

disadvantage of membrane aging and sensitivity to chemical cleaning. In 

general, the selection of the material for the fabrication of new membranes 

depends on the separation task and the consequent operating conditions and 

chemical/mechanical stability. The motivation of this project is preparing 

membranes based on a polymer for NF applications; therefore, the following 

sections will cover fabrication methods and challenges of polymer membranes 

and will not focus on other membrane material.  

2.3.2 Type of membranes  

The two main types of polymer membranes that can be prepared are integrally 

skinned asymmetric membrane (ISA) and thin film composite (TFC) 

membrane), which are displayed in Figure 4.  
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Figure 4 Schematic representation of an (a) integrally skinned asymmetric 

membrane and (b) thin film composite membrane. Adapted from ref.[27] 

2.3.2.1. Integrally skinned asymmetric membranes ISA 

The structure of an ISA membrane comprehends a top skin layer and a more 

porous sublayer of the same composition (Figure 4a). The top skin layer is 

formed at the same time as the supporting layer and it affects the selectivity and 

permeance of the prepared membrane. ISA membranes have been used for both 

NF and UF membranes and various polymeric materials have been employed 

(Table 2). The main route to prepare asymmetric membranes is via non-solvent 

phase inversion that is described in 2.3.3.2.  
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Table 2: Polymers used to prepare ISA membranes and their application as NF or UF membrane 

Adapted from ref.[27] 

Polymer Membrane application 

Polyacrylonitrile (PAN) UF[35], NF[36] 

Polyimide PI  UF[37, 38],NF[39, 40] 

Polyaniline PANI UF[25, 41],NF[12, 13, 42] 

Polybenzimidazole PBI NF[43, 44] 

Poly (ether ether ketone) PEEK UF, NF[45] 

 

2.3.2.2. Thin film composite membranes TFC 

TFC membranes have an ultrathin active layer (typically 0.2 mm) on a top of a 

chemically different porous support (Figure 4b). The top barrier layer properties 

can be independently optimised from that of the support layer to maximise the 

overall membrane performance. A considerable research work has been done so 

far to develop NF and RO membranes as TFC membranes, particularly after the 

introduction of interfacial polymerisation approach to produce a thin polymeric 

layer onto a substrate [46, 47]. The method is based on the reaction between an 

aliphatic/aromatic diamine and an acid chloride monomer. The advantage of this 

fabrication method is that the properties of the bottom substrate and the barrier 

film can be individually optimised to obtain the desired water permeation and 

solute rejection. However, one limitation is the low membrane resistance to high 

chlorine concentration, one of the main disinfectants used in water and 

wastewater treatment. The preparation of TFC membranes is beyond the scope 

of this project that will focus on preparing asymmetric membranes based on 

polyaniline derivatives.  

2.3.3 Fabrication methods 

Polymers can be used either as pure single-phase systems or as components of 

blends or as additives during membrane formation. Classic techniques such as 

solvent casting and phase inversion are generally employed [48] whilst surface 

modification can be performed to functionalise membranes for applications.  
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2.3.3.1. Solvent casting 

The solvent casting process involves dissolving the polymers/copolymers in a 

preferred solvent and casting the obtained solution on a flat surface. The solvent 

is allowed to evaporate, and the resulting membrane is dried and cross-linked 

[49, 50]. Solvent casting is normally used with robust polymers and generate 

relatively thicker membranes. It is a successful technique to produce asymmetric 

membranes for RO, MF and UF applications; it requires that the chosen polymer 

is soluble in the preferred solvents and it is widely used to prepare composite 

materials.  

2.3.3.2. Phase inversion 

Most of the commercially available and lab researched polymeric membranes 

are prepared via non-solvent phase inversion technique (NIPS). It is widely 

accepted that the polymer is transformed in a controlled manner from a liquid 

dispersion to a solid film through a liquid-liquid de-mixing phenomenon. 

Typically, a solution containing the polymer, a solvent and additives is prepared 

until homogeneity is achieved. Then the solution is casted into a thin film and 

immersed for the desired time in a non-solvent bath. Upon immersion, solvent 

and non-solvent mix spontaneously according to their mutual affinity and the 

polymer solidifies [51, 52] as shown in  Figure 5.  Different de-mixing rate of 

the polymer – instantaneous or delayed - lead to different type of membrane 

structure and therefore it is possible to have a tailored morphology for a specific 

separation [53]. Instantaneous de-mixing is enhanced by higher mutual affinity 

of the solvent/non-solvent system and most likely membrane that is more porous 

will occur.  In case of low affinity and delayed de-mixing, an asymmetric 

membrane is obtained. Membrane structure and performance are strongly 

influenced by the NIPS. The technique allows to obtain membrane with different 

morphologies and applications by changing the composition of the non-solvents 

or the temperature during fabrication. Different parameters are investigated such 

as composition of the casting solution (polymer concentration, solvent type, co-

solvent/solvent weight ratio, non-solvent content), post-casting (evaporation 
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time) and immersion conditions (coagulation bath composition) [54-56]. For 

instance, it has been reported that the use of different coagulation bath systems 

such as water and ethanol caused significant differences in morphologies and 

characteristics of PVDF membranes [57]. For this reason, it can be considered a 

versatile fabrication method that generally produce much thinner membranes 

with less diffusive resistance compared to solvent casting. It is cheap and 

therefore widely applied to prepare asymmetric polymeric membranes, which 

can be further cross-linking in situ or through post-modification.  

 

Figure 5: Fluxes of the non-solvent (Jns, Jns') and the solvents (Js, Js') at the interface between 

coagulation medium and the casting film (Adapted from [52]) 

2.3.3.3. Membrane surface modification  

The properties of membrane surface (top layer) such as surface charge, 

hydrophilicity/hydrophobicity and surface roughness are the most important 

factors affecting permeation and separation performances of the membranes and 

determine the affinity of the membrane selective layer towards the solvent/solute 

[58]. Membrane surfaces are modified following two distinctive surface-

selective approaches: surface grafting and surface segregation.  



16 

 

Surface grafting 

Surface grafting can be achieved through the “grafting to” approach and the 

“grafting from” approach [49, 59]. The first one introduces end-functionalized 

polymer chains on the membrane surface, whereas in the “grafting from” 

approach the grafting reaction proceed by polymerization from the surface and 

polymer chains grow from initiator sites by monomer addition from solution. 

The result is the formation of a polymer brush layer on the membrane surface 

that introduce sensitive functionalities.  

The “grafting from” modification is done using different methods that differs by 

the mechanism used for radical generation. The initiator can be a photo-initiator, 

or a redox species like in the photo-initiated polymerization and redox-initiated 

polymerization case, or the reaction can be induced by a radiation. Plasma-graft-

filling and atom transfer radical polymerization represent two additional 

approaches. 

The surface modification of a membrane by “grafting to” method is carried out 

by physical adsorption or chemical grafting. Physical adsorption involves 

coating of the membranes with a stimuli-responsive polymer, alternatively 

stimuli-responsive additives can be incorporated into thin film polymer 

composite coating that will be placed on the membranes. The modification of 

the membranes by chemical grafting results in immobilization of 

macromolecules onto the membrane surface by reaction of functional group of 

the membrane material, or photo-generated on it, and a reactive group of the 

additive polymer.  

Surface segregation 

Surface segregation has the inherent advantage of being an in-situ modification 

of the membrane during the phase inversion process, leading to the simultaneous 

modification of membrane internal pores and outer surface [60]. This method 

can be described as follow: an amphiphilic modifier is blended to the membrane-

forming polymer in the casting solution and then, during phase inversion, the 
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hydrophilic unit is segregated to the membrane surface whereas the hydrophobic 

segments are entangled within the membrane matrix [61]. 

2.3.4  Applications of polymer membranes   

Membranes have been applied in a wide range of chemical processes and some 

of the major uses are in i) the food industry, ii) the chemical manufacture, iii) 

wastewater treatment and iv) the pharmaceutical sector. The focus of this thesis 

is developing polyaniline-based membranes for use in organic solvents with 

potential for their use in resource recovery. Hence, the next section will cover 

high value products and catalysts recovery -both metal and biological- with 

membranes. Nanofiltration membranes are used to retain the small transition 

metal catalysts with MW<1000 Da, whereas biocatalysts are usually separated 

with UF membranes as these are large and most of the application is limited to 

enzymatic reactions in water where solvent resistant membranes are not 

necessary.  

2.3.4.1. Resource recovery  

Separation processes are of importance for the chemical and pharmaceutical 

industry as 50 to 90% of the capital invested involves separations [62]. 

Conventional processes for obtaining products or recovery of solvents/solutes 

are distillation, chromatography and recrystallisation. However, they are often 

part of intensive downstream processes that require elevated temperatures, 

solvent exchange, use of vacuum and phase change. Therefore, potential 

products degradation, solvent wastes and energy waste occur. NF membranes 

have been extensively studied and used for i) concentration processes, ii) solvent 

exchange, iii) purification, iv) catalytic processes (Table 3). 
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Table 3: Application of nanofiltration membranes in organic solvents and conventional used 

techniques 

Application of nanofiltration membranes in organic solvents 

Type of process Application Conventional used technique 

Concentration Solute enrichment 

Solvent enrichment  

Distillation 

Solvent Exchange  Pharmaceuticals Chromatography 

Purification Removal of Impurity  Crystallisation 

Vacuum 

Chromatography 

Catalytic process  Pharmaceutical 

Fine chemicals 

Chromatography 

Distillation 

 

2.3.4.2. Recycling of homogeneous transition metal catalysts and biocatalysts. 

Many organic syntheses of industrial relevance require homogeneous catalysts 

based on expensive transition metals to complete the reactions [63, 64]. The 

main difficulty is the separation of these catalysts from the reaction products, 

which required the use of waste-generating downstream processing. During 

these energy intensive work-up steps, high solvent volumes are used and often 

the ligands stabilizing the metal centre are lost. In this context, the use of 

nanofiltration membranes for catalyst recycling has demonstrated potential in 

process intensification in both homogeneous catalysis and enzyme catalysis [6, 

65, 66]. In some cases, the catalyst requires chemical modification to be able to 

be retained by the membrane [67, 68]. This process aims at enlarging the catalyst 

by co-addition of long polymeric chains or organic functional groups to improve 

their rejections.  One of the successful applications reports the coupling of Heck 

palladium catalysed reaction with a nanofiltration process which lead to 

substantial increase of the catalyst productivity, catalyst recycling and avoiding 

metal contamination of the products [66]. Table 4 reports the transition metal 
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complex retained using membranes and the relevant reaction in which they have 

been applied.  

Table 4: List of transition metal complexes separated with membranes and type of reaction 

Reaction Catalytic system Membrane 

Heck coupling [4, 66] Pd-phosphine  

Pd-imidazolyne 

Pd-quat 

Pd-quat-MECN 

Pd(OAc)2(PPh3)2 

STARMEM™ 

MPF60 

 

GRACE SRNF 

 

Enantioselective 

Hydrogenation[69]  

Ru BINap 

Rh-EtDUPHOS 

KOCH, MPF60  

 

Suzuki Coupling[70] Pd2(dba)3-CH3  STARMEM™ 122 

 

As for transition metal catalysts, in many enzymatic reactions, batch or 

continuous, separation of the enzyme for reuse is challenging because the 

enzyme tends to interact with the membrane surface and be adsorbed in it leading 

to loss in performance.  Membranes have been utilised to separate the reaction 

products from the enzyme and the substrate, allowing it to be retained and re‐

used [71, 72]. Due to the high MW of the enzymes used in these processes, the 

UF membranes are preferred and have served as efficient mean to retain the 

enzyme. In a work from Butterworth et al. [73] α‐amylase from Bacillus subtilis 

is retained with no loss in enzyme activity over 30 hr in a UF enzymatic 

membrane reactor. However, many enzymes - such as proteases, lipases, and 

esterases -have found application in organic solvents showing excellent 

performance and retaining their catalytic activity [74]. Therefore, biocatalytic 

processes would benefit from the use of solvent stable and reliable membranes. 

Despite the efforts in increasing the catalyst and biocatalysts productivity by 

developing semi-continuous or continuous membrane systems, some key issues, 

such as catalysts deactivation, solvent stability, low permeance and low 
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selectivity in organic solvents and type of fouling have not been fully addressed 

yet. Furthermore, the reaction conditions are not fully compatible with the 

membrane in use such as the temperature, the solvent in which the reaction takes 

place, or the presence of strong acid/basic group in the reaction mixture, limits 

the large-scale applications. Hence, a screening of the membrane and the 

reaction conditions is required to achieve a feasible process. 

2.3.5 The fouling issue 

Membrane fouling is responsible for the limited performance of membrane 

processes in both biocatalysis [72, 75, 76] and organocatalys [77]. Different type 

of fouling may occur depending on the nature of the particles: i) 

organic/biofouling ii) inorganic fouling and iii) multi fouling. 

Organic and Biofouling 

 In natural organic matter fractions, the substances responsible for fouling are 

usually polysaccharides, amino sugars, polyhydroxy-aromatics and proteins. 

These usually accumulates in the internal and external membrane surface and 

the two main mechanisms that describes the phenomenon are membrane surface 

pore blocking and cake layer formation. The key factor is the membrane pore 

size and the size distribution of the foulants in the feed. If the foulants are smaller 

than the membrane pores, they are usually adsorbed onto the pore walls leading 

to pore constriction whereas the larger foulants block the pore entrance and the 

fouling shifts to cake formation [78]. For instance, Sueb et all. shows that during 

the xylan depolymerisation, the main factor affecting the performance of the 

enzyme reactor is internal pore blocking generated by the oligomers formed 

during the reactions [72]. Nevertheless, there is still a lack of understanding of 

fouling phenomena that limit the application of integrated membrane processes.   

Inorganic Fouling  

Inorganic fouling is caused by different inorganic salts and the most common 

are CaSO4, CaCO3, SiO2 and BaSO4. The inorganic fouling mostly happened 

when, because of the high concentration, they exceed the solubility limit at the 
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membrane surface [9]. During the inorganic fouling, also referred as scale 

formation, the two main mechanism of formation are crystallisation and 

particulate fouling. The former involves the precipitation of ions and their 

deposition onto the membrane surface whereas the latter occurs because of the 

convective transportation of the colloids to the membrane surface [79]. In 

particular, for non-porous membrane the particulate fouling results in the 

formation of the cake layer because the particles accumulate on the membrane 

surface. For porous membranes, the formation of the cake layer due to particulate 

fouling is a consequence of the pore blocking.  

During membrane separation, the phenomenon of fouling is often due to the 

deposition of various foulants (proteins, salt, natural organic matter, 

microorganism) therefore depending on the membrane system, the nature of the 

feed and the filtration mode it is usually referred as multi-fouling. 

2.3.5.1. Fouling mitigation  

Numerous studies have focused on improving membranes long-term 

performance through chemical and physical cleaning with only partially restore 

of membrane original properties [19-21]. The importance of hydrophilicity for 

the prevention of the adhesion of organic matter has also been shown [80, 81], 

hence existing polymer membranes have been modified to achieve lower fouling 

by co-addition of hydrophilic polymers and zwitterionic materials that prevent 

the adhesion of organic matter [82]. These can be co-added by chemical or 

physical methods. Chemical modification mostly involves chemically induced 

grafting technique, plasma and UV treatment [83, 84] whereas physical methods 

involve coating and blending with hydrophilic polymers [19, 85]. Chemical 

modification has the advantage of being more stable, but it often involves the 

use of harsh chemicals and energy intensive methods that are not always 

compatible with large-scale applications. Physical modification is simpler, and 

the overall costs is generally less but the uniformity and reproducibility of the 

modification might be less effective [80]. An efficient membrane fabrication 

method that made use of the additive S-PANI for low fouling membranes was 
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reported in 2013 [19]. The study described the preparation of blended 

polysulfone PSf/S-PANI showing enhanced fouling resistance with respect to 

pure PSf membranes. Recent works introduce S-PANI as zwitterionic polymer 

because of its positive and negative charges distributed along the polymer 

chains. A PVDF/PANI membrane was successfully sulfonated to generate a 

novel zwitterionic surface for ultrafiltration used in sewage treatment [18]. The 

membrane showed excellent antifouling properties and it was confirmed that S-

PANI has great potential as zwitterionic material for preparation of low fouling 

membranes. Other examples of membranes with incorporation of S-PANI [18, 

86] were reported since then with a major focus on S-PANI as additive in 

ultrafiltration membranes for water separation. These studies have shown the 

feasibility of S-PANI as membrane material and its potential as readily available 

low fouling polymer.   

2.3.6 Advance polymer membranes /stimuli responsive membranes 

2.3.6.1. Overview 

As reported in 2.3.5, polymer membranes have a propensity to fouling that 

irreversibly affect their performance and therefore their applicability. As this is 

the current main challenge, it has also been the starting point for the developing 

of smart membrane systems with externally tuneable properties. Due to the 

potential application of functional materials with reversibly switchable 

physiochemical properties stimuli responsive membranes based on "intelligent" 

polymers have rapidly gained attention [49]. These materials are considered 

superior compared to traditional systems because of the possibility of i) self-

regulate the pore size and ii) surface properties in response to a specific 

environmental change. Tailored polymer systems are used in the fabrication of 

these membranes, for which properties can be reversibly tune upon the 

application of an external stimulus such as pH [87, 88], temperature [89], ionic 

strength [90]  light [91, 92] electric [93, 94] and magnetic field [95] and chemical 

cues [96].  
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The polymer undergoes a reversible change, either physical or chemical in its 

properties, based on external stimuli and induce a macroscopic response in the 

membrane. Using stimuli allow specific conformational transition on a 

microscopic level and then the responsiveness occurs amplifying these 

transitions into macroscopically measurable changes in membrane properties 

(Figure 6). The mutual interactions among pore structure and change in 

conformation, polarity and reactivity of functional groups of the responsive 

polymers in the membrane bulk or its surface are the key factors that allow the 

responsiveness of the membrane [97]. In this work, PANI based membranes will 

be investigated and because its redox properties can be changed according to the 

electrochemical environment, the following section will cover electrically 

responsive polymers and membrane systems.  

 

 

Figure 6: Example of positively (A) and negatively (B) responsive mechanism 

2.3.6.2. Electrical responsive membranes  

Responsive systems have been researched to overcome traditional membranes 

(fixed pore size and permeability) that failed to address technically challenging 
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and commercially attractive separations. In this context, electrical responsive 

membranes are particularly interesting because the electrical response is 

generally fast and do not influence the process environment as a change in pH 

or temperature. Membranes based on electrical polymeric systems have shown 

potential in water treatment, fuel cells, catalysts and sensors due to the possibility 

of combining the electrical conductivity of metals with the strength and 

processability of synthetic polymers [98, 99]. These electrical tuneable 

responsive membranes can be potentially used to obtain systems with 

controllable transport properties and in situ self-cleaning mechanism as 

demonstrated in recent studies [100, 101].  

2.3.6.3. Mechanism  

Generally, the responsiveness is associated with polymer chain conformation, 

that upon the application of an external stimulus change from a stretched 

conformation to a collapsed one and vice versa. These are structural 

rearrangements due to protonation and deprotonation of ionisable side groups 

[97] [102] or by the application of an external electrical stimulus [103] as shown 

in Figure 7. Electro responsive membranes can be also prepared from conducting 

polymers. Some representative conducting structures include PANI, polypyrrole 

PPy, polyacetylene and polythiophene. Among these, PANI and PPy are widely 

investigated in membrane fabrication for their interesting properties such as 

chemical stability and good processability [104]. These are membrane systems 

made responsive by changing the electrochemical state of the conducting 

polymer through doping (oxidation) and de-doping (reduction) [93]. Doping of 

the conductive backbone with negative charges/anions enhance the conductivity 

as dopants introduce a charge carrier into the polymer conjugated system by 

removing or adding electrons and re-localize them as polarons or bi-polarons 

(part of a macromolecular chain containing two positive charges in a conjugated 

system. The polaron structure is responsible for the transfer of the electric 

charge; when an electrical potential is applied, the polarons and bi-polarons start 

to move along the backbone, passing through the charge [94, 105].  
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Figure 7: Schematic diagram showing the electrosensitive permeability in PAMPS gel-g-PETE 

nanocomposite membranes. Reproduced with permission from [103] Copyright (2007) 

American Chemical Society. 

To enhance the conductivity and prepare high performance materials, composite 

systems with conducting materials such as metals, metalloids, non-metals, 

inorganic and organic/bioorganic compound have been reported [106, 107]. 

Among these, carbon materials have been intensively studied for the fabrication 

of membrane based on conducting polymer [97]. Typical carbon materials are 

carbon nanotube, graphene and graphite. All of them have been incorporated into 

PANI as conducting fillers [108]. Carbon nanotubes are allotropes of carbon 

with cylindrical structure and walls formed by graphene sheets with nanoscale 

diameters. CNTs membranes can be prepared as composites or self-supported 

systems, however the latter tend to have irregular pores and limited control over 

the pore size moreover potential leakage since CNTs are not chemically bonded. 

Large scale applications are limited by the high cost of the material itself. It has 

also been reported that PANI/ graphene composites may show better 
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conductivity of PANI/CNTs prepared with the same fabrication method [106, 

109]. Furthermore, the PANI/graphite composite exhibits an electrical 

conductivity greater than either of the two compounds resulting from the 

increased carrier mobility [110]. However due to the small interspacing of 

graphite layers, it is often difficult to prepare this composite by simple 

intercalation, and graphite is usually chemically modified to expand the layers 

or graphene oxide is used instead because of its better processability [111, 112], 

[113]. 

2.4 Conducting polymers: self-doped sulfonated polyaniline membrane  

2.4.1 Introduction 

In the last twenty years, many studies have present polyaniline PANI as a 

desirable polymer for membrane fabrication because of its stability, simple 

chemical doping and the rather cheap cost with respect to other materials [11, 

12, 114]. Since its first appearance in 1991 as film to separate mixture of gases 

[115], many examples of both UF and NF membranes have been reported in the 

literature [13, 116-118]. In this section the doping chemistry is covered, and then 

self-doping is presented. Synthetic methods of self-doped polyaniline and the 

application as membrane material will be finally covered. 

2.4.2 Properties of PANI: chemical structure and doping mechanism  

Polyaniline is a conducting polymer which possesses a conjugated system 

consisting of alternating single and double bonds (Figure 8).  

Conductivity in polyaniline arises from this conjugated backbone where due to 

the strong delocalization, electrons are freely to move between atoms [104, 119]. 
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Figure 8: Scheme representing polyaniline main chain structure 

Polyaniline possesses three different common structures, corresponding to three 

different oxidation states. The fully reduced leucoemeraldine PANI (x=1), the 

half oxidised emeraldine base EB (x=0.5) and finally the fully oxidise 

pernigraniline PANI (x=0). The conductivity can be enhanced by doping of the 

conductive backbone with negative charges/anions. Dopants introduce a charge 

carrier into the polymer conjugated system by removing or adding electrons and 

re-localise them as polarons or bi-polarons, and as an electrical potential is 

applied, the polarons and bi-polarons start to move along the backbone, passing 

through the charge [120]. 

Figure 9 reports the doping mechanism of PANI. The emeraldine base is the only 

form susceptible of chemical doping by a protonic acid, in fact the imide site can 

be protonated to form the bi-polaron. The bi-polaron then dissociates in two 

stable polarons giving the conductive emeraldine salt form of PANI. The acid 

dopants protonate the emeraldine base form without changing its oxidation state. 

Through base de-doping, the EB can be reformed [121, 122]. As mentioned 

above, dopants have a crucial role, since they introduce charge carriers into the 

polymer backbone making it conductive, but also it is studied to improve the 

processing of PANI. In fact, lack of solubility is associated with chain stiffness 

and the existence of a strong conjugated electron π system [123]. Classical 

dopants in the fabrication of polyaniline ranges from small mineral acids such as 

HCl, HBr, HNO3, H2SO4 and H3PO4 to organic acids containing long alkyl side 

chains such as camphorsulphonic acid (CSA), dodecylbenzenesulfonic acid 
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(DBSA), sodium polystyrenesulfonate or p-toluenesulfonic acid (p-TSA) [124-

126]. The key advantage with large dopants is that they ensure a good electrical 

stability because they do not leach out of the material if an electrical stimulus is 

applied [41]. Smaller dopants such as chloride ions, are less integrated in the 

polymer that sometimes become brittle and are not efficient as the large one, 

since they tend to volatise leading to de-doping of PANI [127]. Shen et al. 

recently reported the use of polyacids poly(4-styrenesulfonic acid) (PSSA) and 

poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPSA) as dopants to 

prepare nanofiltration PANI membranes [42]. PSSA and PAMPSA possess 

flexible polymer backbone and sulfonic groups located at short distances along 

the chains. It is believed that PANI macromolecules form a double strand 

structure as resulting interpolymer complex [128]. In previous works from our 

research group, the performance of PANI membranes were compared with 

commercial membranes. It was observed that the small acid (e.g., HCl) doped 

PANI membranes showed much higher anti-fouling properties compared to 

solvent resistant commercial membranes but they lack the solvent stability and 

could not be used in harsh solvents [42, 129]. Additionally, doped PANI 

membranes tend to lose their antifouling properties as the small acid leached out 

during the filtration process.  
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Figure 9: Schematic representing the doping of PANI [106] 

 

2.4.3 Polyaniline derivatives: self-doped systems  

The main disadvantage associated with PANI is inherent to its solubility and thus 

processability in solvents. The insolubility of PANI in common solvents is 

caused by chain stiffness and interchain interactions [130, 131]. For this reason, 

much research has focused on enhancing the polymer solubility through doping 

or modification of the monomer [16]. However, the addition of dopants affects 

the electrochemical properties of PANI, but the effect on the solubility is not 

always equally efficient [15]. The modification of PANI through synthesis has 

been reported to prepare PANI with enhanced solubility by incorporation of 

phenolic, carboxylic and sulfonic acid substituents. The incorporation of 

sulfonic acid groups in the polymer represents the simplest and cost-effective 

synthetic route as it does not require any catalyst and it can be performed in one 

synthetic step [132]. Furthermore, the sulfonic acid group is also a doping agent 

that is covalently bound to the benzene rings resulting in a six-member self-
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doped ring. Sulfonated polyaniline was firstly reported and characterized by Yue 

and Epstein [16] in 1990 in their studies about self-protonic acid polyaniline and 

since then it has been used for various application such as batteries, H2O2 

sensors, synthesis of nanofibers, additive in low fouling membranes and 

hydrogels [133, 134] [135, 136]. Current research has found that S-PANI has 

better performance, better processability in aqueous systems, improved thermal 

stability and good electrical properties. As the sulfonic group is covalently bound 

to the PANI backbone, so it is self-doped, there is no need for additional acid 

dopants.  

2.4.4 Synthetic routes for self-doped sulfonated polyaniline 

Through synthesis it is possible to achieve various degree of sulfonation or S:N 

ratio. Currently, S-PANI is prepared via electrochemical or chemical synthesis 

and the sulfonic groups are added mainly following two synthetic routes: i) 

sulfonation of PANI precursors and ii) preparation from mixture of 

comonomers.  

2.4.4.1. Sulfonation of PANI precursors 

Fuming sulphuric acid is the most common sulfonation agent in the post 

polymerisation sulfonation of emeraldine base and pernigraniline base forms of 

PANI [16] as shown in Figure 10. The reaction is an electrophilic aromatic 

substitution that involves the benzenic rings of PANI.  Also fuming sulfuric acid, 

chlorosulfonic acid, and sulfur trioxide/triethyl phosphate complex have been 

used to prepare S-PANI with degree of sulfonation 50 % [16, 137, 138] and 75% 

[139, 140]. A S:N ratio of 0.5 is enough to compensate for the positive charges 

of the protonated nitrogen atoms and correspond to a fully doped S-PANI. The 

properties of this S-PANI are lower conductivity than parent PANI (0.1 S cm-1 

lower) but independent of up to pH 7. The highly sulfonated S-PANI has 

improved solubility in aqueous alkali solution (1.6 times more) than the 50% 

sulfonated S-PANI and an improved conductivity of about 1 S/cm-1 independent 

over the entire pH range.  
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Figure 10: Schematic representing the synthesis of S-PANI through post treatment of PANI 

emeraldine base. 

2.4.4.2. Copolymerisation of monomers 

The copolymerisation of aniline with monomers containing a sulfonic group can 

be performed in acidic conditions using both chemical and electrochemical 

techniques. The S-PANI prepared by the copolymerisation method is reported to 

be more thermally stable because of the diminish distortion of the chains[130, 

141].  Furthermore the copolymerisation of sulfonated aniline with aniline 

proceeds under mild conditions[142] such as room or lower temperature and 

atmospheric pressure and does not require metal catalysts. A schematic for the 

co-polymerisation of Aniline and metanilic acid is reported in Figure 11. 

 

Figure 11: Schematic representing the co-polymerisation of aniline and metanilic acid 

2.5 Conclusion and gaps in the literature 

The previous paragraphs have outlined the current state of the art of materials, 

fabrication, and applications of polymer membranes. It has highlighted that 
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purification processes benefit from the use of NF membrane, but often these 

procedures require membranes that are stable in solvents, resistant to harsh 

chemical environments or cleaning, and have a low tendency to fouling to avoid 

deterioration of membrane performance and frequent replacement. The progress 

done so far to develop more selective membranes with controllable fouling 

properties, using PANI as conducting polymer have been summarised. The easy 

of synthesis, the environmental stability and the polymer availability and cheap 

cost have made PANI a widely researched material or various applications. Yet, 

membranes based on PANI requires external doping, have limited solvent 

solubility and loose the filtration stability and conductivity because the small 

acid leaches out at high operating pressure. 

Self-doped S-PANI has potential as responsive membrane system for fouling 

mitigation and selective separations. Low fouling S-PANI membranes can 

overcome the issues related to the recovery of catalyst and products from organic 

reaction systems such as adsorption on membrane surface and pore blocking. 

The zwitterionic behaviour of the polymer and its chemical stability can be 

exploited to prepare robust membranes to be used in harsh chemical 

environments with the additional advantage of being self-doped, overcoming the 

current need for time consuming and waste generating doping/de-doping. 

The available research works have only partially addressed sulfonated 

polyaniline membranes limiting its use as a hydrophilic additive for hydrophobic 

membranes. There is lack of studies on the synthesis of self-doped S-PANI 

membranes, the performance and the chemical properties as well as modification 

to achieve tight UF/ nanofiltration range.  The bulky SO3H groups, while 

limiting the adsorption of substrates/catalysts onto the membrane surface could 

limit the shrinking of the membrane structure, but currently no studies have 

focused on the role of the anionic sulfonic groups on membrane properties. 

Furthermore, only a few studies have addressed the use of NF membranes for 

the separation of catalysts or products of complex reaction system reporting that 
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the used membranes are not often compatible with reaction conditions such as 

the temperature, the solvent in which the reaction takes place, or the presence of 

strong acid/basic group in the reaction mixture. Hence, benchmarking of model 

reactions with commercial membranes could be used to evaluate the key 

parameters such as fouling in organic solvents, catalysts deactivation, product 

yield to gain of better understanding of how the reaction characteristics will 

influence the prepared S-PANI membranes. The outcome of the benchmarking 

could be used as a reference in the development of self-doped S-PANI 

membranes. 

2.6 Aims and objectives 

The aim of this research is to develop robust, solvent stable and fouling resistant 

membranes based on self-doped sulfonated polyaniline and investigate their use 

in ultrafiltration and nanofiltration processes. 

The specific objectives to achieve this aim are: 

 To benchmark relevant industrial reaction systems such as the Suzuki 

coupling of aryl pyridines catalysed by palladium (II) catalyst and the lipase 

mediated kinetic resolution in organic solvents.  

 To synthesise S-PANI via co-polymerisation of aniline and a sulfonated 

monomer and fabricate a membrane via non-solvent phase inversion  

 To investigate the effect of thermal and chemical cross-linking on 

membrane MWCO, solvent stability and surface properties.  

 To understand the mechanism of membrane fouling in zwitterionic 

surfaces for improving the membrane long-term performance.  

 To fabricate conducting composite membranes with conducting fillers 

and initial assess the conductivity of the prepared membranes. 
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Chapter 3                                                                                 

Materials and method 

3.1 Introduction 

This Chapter presents the experimental part for the fabrication of sulfonated 

polyaniline membranes, its characterisation and the benchmarking of 

commercial NF membranes with organometallic and bio catalysed reactions. It 

contains the details of all the experimental equipment: dead-end cell, cross-flow 

and reaction carousels. The analytical techniques used in this work are listed and 

explained.  

3.2 Materials 

3.2.1 Chemicals  

Aniline, ammonium persulfate (APS), hydrochloric acid (HCl), HPLC grade 

acetone, DMF, DMAc, Toluene, N-methyl-2-pyrrolidone (NMP) and 4-methyl 

piperidine (4-MP), Poly (2-acrylamido-2-methyl-1-propanesulfonic acid) 

(MW=800,000 g mol-1, 10 wt% in water) were purchased from Sigma-Aldrich 

(UK) along with the chemical crosslinkers α,α′-Dichloro-p-xylene (DCX), 

glutaraldehyde (GA) and terephtaloyl chloride (TCL). Metanilic acid, ethanol, 

methanol and isopropanol were obtained from Fisher (UK).   

All reagents and solvents used in the optimisation of the model reactions were 

purchased from Sigma Aldrich and used as bought unless stated otherwise. Dried 

n-butanol was purchased from  Acros Organics.  

Table 5 displays the commercial PPGs and PEG used and obtained from Alfa 

Aesar. Humic acid and Bovine serum albumin were purchased from Sigma 

Aldrich. All solutions were prepared with deionised (DI) water produced from 

an ELGA deioniser (PURELAB Option). 

 

 



36 

 

Table 5: MW of commercial grade oligomers used 

Oligomer  Mw (Da) 

Tripropylene glycol  300 

Polypropylene glycol 400 400 

Polypropylene glycol 750 750 

Polypropylene glycol 1000 1000 

Polyethylene glycol 1000 1000 

Polyethylene glycol 1500 1500 

Polyethylene glycol 2000 2000 

Polyethylene glycol 3000 3000 

Polyethylene glycol 4000 4000 

Polyethylene glycol 6000 6000 

 

3.2.2 Membranes 

PET/PBT backing layer- Novatexx 2484 (120 µm) was supplied by Freudenberg 

Filter technologies (Germany). Flat sheet nanofiltration membranes 

DURAMEM® 500 and PURAMEM® S 600 where purchased from EVONIK. 

Table 6 displays the technical specification of the commercial nanofiltration 

membranes used in this project 

 

 

 

 

 

 



37 

 

Table 6: Technical specifications of flat sheet nanofiltration membranes  

Type of 

membrane 

MWCO Operating 

pressure 

(bar) 

Temperature 

range (°C) 

Solvent Membrane 

Material  

DURAMEM®  500 20-60 20-50 Polar 

aprotic/p

rotic  

P84® polyimide 

ISA 

PURAMEM® S 600 20-60 20-50 Non 

polar  

P84® polyimide 

TFC 

 

3.3 Polymer synthesis 

3.3.1 Synthesis of self-doped sulfonated polyaniline 

S-PANI was synthetized by radical polymerisation of aniline and metanilic acid 

in the presence of ammonium persulfate in acidic medium. This synthetic route 

is reported to produce more thermally stable S-PANI [143]. In a 2 L bottle 

immersed in an ice bath were dissolved 0.05 mol of metanilic acid and 0.05 mol 

of ammonium persulfate in 800 ml of HCl 0.1M, and the mixture was stirred. 

After 5 minutes 0.05 mol of aniline was added dropwise in 1h as shown in Figure 

12. The reaction was allowed to stir for 6 hours and then decanted all night to 

allow precipitation of the polymer. The reaction mixture was washed 

exhaustively with water and then acetone until neutral pH of the washing 

solution was reached. The resulting green product was dried in vacuo at 50 °C 

for 24 hours. The chemical structure of the synthesised polymer is reported in 

Figure 13. 
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Figure 12: Apparatus showing (left) the synthesis of S-PANI by the dropwise addition of aniline 

to APS and metanilic acid in HCl 1M and (right) washing under vacuum of the powder. 

 

 

Figure 13: Radical polymerization of aniline and metanilic acid mediated by APS in HCl 

3.3.2 Synthesis of polyaniline 

Polyaniline was synthesized via chemical oxidative polymerisation [11]. In a 1 

L bottle 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). The APS was slowly added into aniline solution 

using a peristaltic pump (20 mL h-1). The solution was kept at 15 °C. This 
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reaction produces the PANI in the emeraldine salt form with a 60% yield. The 

product was washed extensively with DI water to remove the unreacted 

monomers and dried in vacuum oven at 50 °C for 12 hours. Each produced 

polymer batch was labelled IASP01, IASP02 etc. 

3.4 Membrane fabrication 

3.4.1 Preparation of polymer dope solution  

3.4.1.1. S-PANI for preparation via non-solvent phase inversion in water 

Table 7 summarises the optimisation study performed to select the concentration 

of polymer and composition of the dope solution.  S-PANI was slowly added to 

the mixture of NMP, 4-MP and THF using a funnel in small portions over 5 min. 

The mixture was stirred at a low mixing speed (50-70 rpm) for 12 h to obtain a 

homogeneous solution and then left overnight to remove air bubbles, as shown 

in Figure 14.  

Table 7: Screening of thickness, concentration, and composition for preparation of S-PANI 

membranes. MSP15, MSP18 and MSP18T were obtained from polymer batch IASP04. MSP20 

and MSP23 were obtained from polymer batch IASP05, and SPWT01 was produced from 

polymer batch IASP06.  

Membrane batch 

(notation) 

Thickness (μm) S-PANI wt%  Dope solution 

MSP15 200 15 NMP/4-MP 

MSP18 200 18 NMP/4-MP 

MSP18T 200 18 NMP/4-MP/THF 

MSP20 200 20 NMP/4-MP 

SPWT01 250 20 NMP/4-MP 

MSP23 200 23 NMP/4-MP/THF 
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3.4.1.2. PANI for preparation via non-solvent phase inversion in water 

The above method was used to prepare PANI 20 wt% (1.5 g) dope solutions in 

NMP (5.5 g) and 4-MP (0.5 g). The mixtures were stirred at a low mixing speed 

(50-70 rpm) for 12 h to obtain a homogeneous solution and then left overnight 

to remove air bubbles.  

3.4.1.3. S-PANI for preparation via non-solvent phase inversion in hexane 

A solution of S-PANI (21 wt%) in NMP and 4-MP was prepared by adding the 

powder in small quantities over 1 hour and stirred overnight at 150 rpm. 

Different concentration of gel inhibitor and thickness were tested to optimise the 

composition of the dope solution as shown in Table 8. The polymer batch used 

to produce the membranes was IASP06. The membranes were casted using an 

adjustable casting knife and each batch produced was inspected for defects. 

Membrane coupons of 14.6 cm2 were cut from each batch, labelled SPHX 

followed by a number corresponding to the batch number and a letter. For 

instance, the membrane coupon cut from batch MSPHX01 was labelled 

SPHX01A etc.  

Table 8: Optimization of membrane fabrication conditions.  

Membrane batch 

(notation) 

Thickness (μm) S-PANI wt%  Dope solution 

MSPHX01 250 21 5.0 g NMP 

0.5 g 4-MP 

MSPHX04 250 20 5.5 g NMP 

0.5g 4-MP 

MSPHX05 250 20 5.0 g NMP 

1.0 g 4-MP 

MSPHX08 300 20 5.5g NMP 

0.5 g 4-MP 

MSPHX09 300 21 5.0 g NMP 

0.5 g 4-MP 

MSPHX10 300 21 4.5 g NMP 

 1.0 g 4-MP 
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MSPHX11 250 21 5.0 g NMP 

0.5 g 4-MP 

 

3.4.1.4. Incorporation of graphene oxide  

Composite S-PANI/graphene oxide membranes were prepared by incorporating 

GO powder in the dope solution. The incorporation of GO into the S-PANI was 

performed by solution mixing. First the GO (0.15 g, 10 wt%) and S-PANI (1.35 

g) are mixed together with a magnetic stirrer in solvent free conditions and then 

the mixed powder is added in small portions to a solution of NMP (5.5 g) and 

4MP (0.5 g). IASP05 was used to produce one membrane batch.  

 

 

Figure 14: preparation of a dope solution 

3.4.2 Membrane preparation  

All membranes were cast on a bench top laboratory caster. The Novatexx 2484 

membrane backing layer was secured using scotch tape on a flat glass plate. An 
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adjustable casting knife was used to cast films using an adjustable film applicator 

(Elcometer 4340 automatic film applicator, Elcometer, UK).  

3.4.2.1. Phase inversion in water 

Membrane prepared from S-PANI (23 wt%) dope solution was casted using a 

casting knife of 200 μm. Evaporation time of 30 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 fresh water and stored in DI water for later chemical and thermal 

treatments. The membranes prepared from batch MSP23, MSP2301 etc. were 

labelled S-PANI. Membrane prepared from S-PANI dope solutions without THF 

were casted and directly immersed in DI water for 24 h.  

3.4.2.2. Phase Inversion in hexane 

Membrane prepared from S-PANI dope solution was casted using an adjustable 

casting knife with a thickness of 250 μm and the membrane was prepared via 

phase inversion using 1.5 L of hexane for the coagulation bath. The casted 

membrane was left in the solvent 24 h and after that stored in water. Membranes 

fabricated using hexane were labelled SPHX01 etc.  

3.5 Characterization techniques  

3.5.1 Powder analysis 

3.5.1.1. Fourier transform infrared spectroscopy 

The FTIR spectra of dry powders 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.  

3.5.1.2. UV-VIS spectroscopy  

The powders were analysed by UV–vis spectrometry (UV-1601, Shimadzu, 

Japan). 100 mg of powder was dissolved in 100 mL of NMP to prepare 1.0 g L−1 
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solution; the obtained solution was then diluted to 1.0 × 10−2 g L−1 by NMP. 

Spectra were recorded at wavelengths from 250 to 850 nm at room temperature. 

3.5.1.3. Scanning electron microscope- energy dispersive X-ray (SEM-EDX) 

The quantitative chemical composition of the powder was studied via SEM-EDX 

using a   FSEM (JSM-6301F, JEOL, Germany). All samples were prepared 24 h 

in advanced and left under vacuum for one night. 

3.5.2 Membrane analysis 

3.5.2.1. Field emission scanning slectron microscopy (FESEM): membrane morphology 

Membrane morphology was studied using FSEM (JSM-6301F, JEOL, 

Germany). All samples were prepared by freeze fracturing them in liquid 

nitrogen and drying them in vacuum overnight. Before the analysis was 

performed the samples were coated in chromium using a sputter coater (Q150T 

S, Quorum) under argon for 5 min. 

3.5.2.2. Dynamic contact angle: membrane hydrophilicity  

Membrane hydrophilicity was studied by dynamic contact angle analysis. 

(Contact Angle System OCA 15Pro, Dataphysics, Germany) as shown in Figure 

15. The analysis was performed using sessile drop technique (4 μL) and data 

were recorded for 800 s and repeated 2 times. 
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Figure 15: Equipment showing the OCA 15 PRO system used to perform contact angle of the 

produced membranes 

3.5.2.3. Swelling degree 

Swelling tests of the total mass solvent uptaken by the membrane were 

performed in water, 2-propanol, acetone and toluene. The swelling degree (SD) 

was calculated using the following equation: 

 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝐷𝑒𝑔𝑟𝑒𝑒  =  
𝑚𝑤𝑒𝑡 − 𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦
 × 100 

(6) 

 

where mwet is the mass of the swollen membrane after equilibrium and mdry is 

the mass of the dry membrane. 

3.5.2.4. Differential scanning calorimetry (DSC): thermal properties 

Differential scanning calorimetry DSC thermograms of pure S-PANI membrane 

were recorded at a heating rate of and scans were done from 25 to 200 °C. Results 

are average of two membrane samples. 

Camera  

Membrane plate 

Needle  

PC  
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3.5.2.5. Four point probe conductivity meter: conductivity 

The membrane surface conductivity was studied using a four-point probe 

conductivity meter (RM3000, JANDEL, UK). Each membrane sample was 

analysed twice. 

3.5.2.6. Dynamic mechanical analysis (DMA) mechanical properties  

The mechanical properties of the membrane were studied using a dynamic 

mechanical analyser (Mettler-Toledo, DMA1, STAR System) up to a 

temperature of 100°C with a heating rate of 1K min-1. The membranes were cut 

into strips of 20 mm (L) x 5.0 mm (W) and secure on a clamp in dual cantilever 

mode. 

3.5.2.7. XRD 

X-ray diffractometry XRD was used to characterise the pure S-PANI membrane 

and the cross-linked membranes. XRD spectra were scanned on a STOE STADI 

P double setup, equipped with mythen detectors, using pure Cu-Kα1 radiation 

(λ= 1.54060 Å). 

3.5.2.8. Cyclic voltammetry 

Electrochemical performance of the membranes was measured by cyclic 

voltammetry with voltage range from 0.5 to -0.2, at a scan rate of 0.050 V/s.  The 

experiments were carried out using a conventional three-electrode system, which 

consisted of the membrane (S-PANI, S-PANI GO etc.) electrode (working 

electrode), Pt electrode (counter electrode), and SCE (reference electrode). They 

were immersed in 0.05 M H2SO4 electrolyte solution. All experiments were 

conducted at room temperature. 

3.6 Cross-linking of S-PANI membranes  

3.6.1 Thermal cross-linking 

Thermal cross-linking was performed in a vacuum oven (Thermo Scientific, VT 

6025) at different temperatures for the desired amount of times. Membranes 

were cut in coupons of 14.6 cm2 and placed between two glass plates to avoid 

curling and damage of the membrane structure. Table 9 reports cross-linking 
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temperature and time for S-PANI membranes. All thermal cross-linked 

membranes were labelled SPT followed by the temperature and cross-linking 

time. 

Table 9: Optimization conditions for thermal cross-linking of S-PANI membranes. Membrane 

were obtained from the same batch MSP2301 

Temperature (°C)   Time (h) Membrane 

155 1 SPT155_1 

155 2 SPT155_2 

155 3 SPT155_3 

170 1 SPT170_1 

170 2 SPT170_2 

170  3 SPT170_3 

 

3.6.2 Chemical Cross-linking  

Chemical cross-linking of S-PANI membranes took place at 20° C and was 

performed as follow: A cross-linking solution of 0.2 M DCX in acetone/hexane 

(35/65 v/v%) mixture was used and the membranes were cross-linked following 

a procedure previously reported [13]. The membranes were kept in the cross-

linker solution for the desired amount of time (, 3 and 6 days) and after 

crosslinking membranes were washed 2 times with acetone and store in water 

for future use.  

S-PANI membranes were cross-linked in a 0.1 M solution of TCL in THF at 

room temperature for the desired amount of time (24 and 48 h). Membranes were 

then washed 3 times with THF and stored in water /isopropanol for future use.  

After casting, S-PANI membranes were kept immersed in 600 ml of cross-linker 

solution containing 50 ml of GA (50 wt% solution) and 50 ml of HCL 12 M in 

water for phase inversion. A glass box equipped with a lid was used to contain 

the crosslinking solution. After 1 h 400 ml of acetone was added to the 

membranes and the box was sealed and left for 1,3 and 5 days until reaction 



47 

 

completion. After cross-linking membranes were stored in water. Figure 16 

reports a proposed reaction scheme for the formation of chemically cross-linked 

membranes and displays cross-linking time for the membrane. 

-2HCl

Acetone/Hexane

 DCX

 

Figure 16: Example of reaction scheme for the chemical cross-linking of S-PANI with TCL. 

Chemical cross-linking with DCX and GA is reported for PANI here [13]. 

3.7 Membrane permeance and rejection 

3.7.1 Dead-end filtration 

A dead-end cell (HP 4750, Sterlitech, USA) was employed to measure solvent 

permeance and solute rejections of the prepared membranes. A schematic of the 

equipment is shown in Figure 17. The stirred cell has a membrane active area of 

14.6 cm2 and a processing volume of 300 ml. The membrane was cut in coupons 

using a stainless-steel porous disk as a template and the membrane cell is then 

sealed and placed in a water bath over a hot plate to keep the temperature 

constant at 25 °C. The driving force for the filtration was provided by nitrogen 

gas. The filtration began by gradually pressurising the cell at the chosen pressure. 

The permeate was collected in a becker and the permeate mass was recorded at 

specific intervals of time using a computer connected to digital mass balance 

(Sartorius LC3201D-00M, Germany). The permeate was collected until a steady 
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state flux was achieved to ensure consistent performance. The cell was then 

charge with fresh feed and pressurise at the chosen operating pressure to study 

permeance and rejection. 

 

Figure 17: Schematic of the dead-end cell used to study membrane performance 

3.7.1.1. Membrane solute rejection and determination of MWCO 

(1) PEGs analysis 

PEGs were used to determine membrane solute permeance and rejection in water 

and were prepared using the following concentrations: PEG 1000 (600 ppm) 

PEG 3000 (2400 ppm), PEG 4000 (2400 ppm) and PEG 6000 (2400 ppm). The 

PEGs concentrations were analysed using a reverse high-performance liquid 

chromatography (HPLC) apparatus (Agilent 1260 infinity series, Agilent 

Corporation, USA) consisted of an autosampler (G1329B) coupled with an 

evaporative light scattering (ELSD) detector. A flowrate of 1.0 mL min-1 was 

used with mobile phase acetonitrile /water (15/85). The separation was achieved 

using an Alltech Altima C8 column (150 mm length×4.6 mm I.D., 5 μm particle 

size, 80 Å pore size). The peaks in the chromatogram were analysed using an 

already established method [144, 145].  

After preconditioning, 100 ml of PEG mixture was poured in the filtration cell 

and 50 ml of permeate were collected and analysed. This method is advantageous 
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because it allows the analysis of a range of different MWs with a single filtration 

avoiding costly and laborious repeated filtrations of single component solutions.  

(2) PPG analysis 

PPGs were used for the determination of the MWCO of nanofiltration 

membranes in water and organic solvents. PPG has the same polyether backbone 

as PEG, but the extra methyl groups increase its solubility in non-polar organic 

solvents when compared to PEG (Figure 18A and B) [146]. PPG mixtures were 

prepared by dissolving 4 g of each component in 1L of solvent. For each 

filtration, 50 ml of feed was added to the cell and half of with was permeated 

through the membrane at the chosen pressure. The collected permeate was 

analysed using the same HPLC apparatus used for the analysis of PEG mixture, 

consisting of a quaternary pump (G1311B), autosampler (G1329B), column 

oven (G1316A) and ELSD (GB1530001) equipped with a Poroshell 120 EC-

C18 (4.6×50 mm 2.7 µm) column. An injection volume of 100 μL, a flow rate 

of 1 mL min−1 and  a column temperature of 25 °C were used. The analysis 

conditions were a gradient elution of water and acetonitrile as reported in Table 

10. 

 

Figure 18: Molecular structure of (A) Polypropylene glycol (PPG) and (B) Polyethylene glycol 

(PEG) 
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Table 10: Solvent gradient used during the HPLC elution of PPG mixture 

Time (min:s)  Water concentration (%) Acetonitrile concentration (%) 

0 95 5 

2:30 80 20 

42:30 0 100 

47:30 0 100 

50 95 5 

57 95 5 

 

(3) Bovine serum albumin (BSA) and humic acid (HA) 

spectrophotometric determination 

UV-VIS analysis was used to analyse the permeate obtained from filtration 

experiments using BSA (1 g/L) and HA (1g/L) as feed. Table 11 shows the 

concentrations used to build the calibration curves to measure the unknown BSA 

and HA concentration of the permeate samples. The BSA analysis was 

performed recording spectra at 278 nm, and the HA analysis was performed at 

254 nm. Highly absorbing samples such as the HA mixture were diluted 10 times 

to ensure linear response. A quartz cuvette was used and washed three times with 

DI water after each analysis. 

Table 11: Standard concentration of the calibration curves for BSA and HA 

BSA HA 

Concentration (g/L) Concentration (g/L) 

0.25 0.025 

0.5 0.05 

0.75 0.075 

1 0.1 
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3.7.2 Fouling experiments 

3.7.2.1. Cross-flow filtration: permeance and rejection  

Flux of S-PANI membrane was measured using a cross-flow rig which consisted 

of a pump, a solution bottle and a membrane cell with an effective filtration area 

of 14.6 cm2 as shown in  Figure 19. Bovine Serum Albumin BSA (1g/L) was 

used to perform fouling experiments. The membranes were first pre-compacted 

at 2 bar with deionised water for 1 h and then the permeance was measured at 1 

bar. The permeation flux of the foulant solution was calculated as Jp (L/m2h) 

and a UV-Vis spectrometer (UV-1601, Shimadzu, Japan) was used to analyse 

the permeate samples at 278 nm.  

3.7.2.2. Study of membrane low fouling ability: flux recovery  

After filtration of the BSA solution the tested membranes were extensively 

washed with water using the same condition of the experiment (1 bar, 0.5 L/min) 

and the pure water flux (Jw1, L/m2h) of the cleaned samples was measured again. 

In order to measure the fouling resistance ability of the synthetised S-PANI and 

cross-linked SPANI membranes, fouling indexes were calculated using the 

following equations: 

 
𝐹𝑅𝑅 % =

𝐽𝑤1

𝐽𝑤
× 100 

(7) 

 

 
𝑇𝐹𝑅 % = (1 −

𝐽𝑝

𝐽𝑤
) × 100 

(8) 

 

 
𝑅𝐹𝑅 % = (

𝐽𝑤1 − 𝐽𝑝

𝐽𝑤
) × 100 

(9) 

 

 
𝐼𝐹𝑅 % = (1 −

𝐽𝑤1

𝐽𝑤
) × 100 

(10) 

Where FRR is the water flux recovery ratio, TFR is the total fouling ratio, RFR 

is reversible fouling ratio and IFR is the irreversible fouling ratio. Membranes 



52 

 

with a high value of FRR and a low IFR have better antifouling properties [20]. 

The flux recovery ratio of the membrane after 3 cycles (Fr) was calculated as 

follow: 

 
𝐹𝑟 % = (

𝐽

𝐽0
) × 100 

(11) 

Where J0 is the initial pure water flux of the membrane before any fouling occurs 

Permeate was analysed using the above UV VIS spectrophotometric method. 

 

 

 

Figure 19: Representation of the cross-flow membrane cell apparatus used during fouling 

experiments 

3.8 Catalyst recovery: benchmarking of commercial membranes in organic 

solvent systems 

3.8.1 Palladium catalysed Suzuki coupling 

All the reactions took place in a reaction carousel using tubes and round bottom 

flasks of different volumes as shown in Figure 20.  Under nitrogen, a carousel 

tube  containing a magnetic stir bar was charged sequentially with Pd(OAc)2 

(0.04 mmol), Xphos (0.048 mmol), 3-chloropyridine (2 mmol), phenyl boronic 
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acid (2 mmol), 1,3,5-TMB ( 0.1 mmol ,16 mg as NMR internal standard) and 10 

ml of degassed n-butanol. The tube was capped, and the mixture was stirred at 

25 °C for 15 minutes. A solution of CsOH·H2O (3.4 mmol) in 2 ml of H2O was 

added drop-wise to initiate the Suzuki reaction. A reaction scheme is showed in 

Figure 21. The tube was capped and the reaction mixture was stirred at 25 °C 

under nitrogen. After 90-100% conversion was reached, the reaction mixture 

was poured into a dead-end system and the filtration was carried out as reported 

in 3.7.1. 85-90% of the solution was collected as permeate and the catalyst was 

recovered from inside the cell using fresh butanol.  The carousel tube was topped 

up again with fresh substrates (90% of initial concentration) and with the catalyst 

recovered from the membrane. The reaction was run again under nitrogen. 

Samples were taken at regular intervals and submitted to NMR analysis. 

 

 

Figure 20: Reaction carousels used to carry out optimization and screening of the reaction 

conditions 
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Figure 21: Reaction scheme of the Suzuki coupling of 3-chloropyridine and 

phenyl boronic acid 

3.8.1.1. NMR analysis of permeate  

At specific intervals, an aliquot was taken out from the reaction mixture and 

immediately quenched filtrating the mixture through a short plug (1-2 cm) of 

silica gel to remove the catalyst. All samples were collected in NMR tubes and 

submitted to analysis the same day. The samples were analysed in a 400 MHz 

Bruker spectrometer Conversion and yield of the reaction products are calculated 

using the peak of 1,3,5-trimetoxybenzene as the internal reference.  Known 

peaks in the product (or starting material) are integrated against the known 

amount of standard. For example, when integrating against the aromatic peaks 

in the standard, the 1,3,5-trimethoxybenzene aromatic singlet was set to 0.3, 

therefore if 100% product had formed (i.e. 1 mmol), a 1H signal on the product 

would integrate to 1. If integrating against starting material, a 1H signal on the 

starting material would integrate to 1.2 if no starting material had been 

consumed. 

The catalyst turnover number TON was calculated as follow: 

 
𝑇𝑂𝑁 =

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
 

(12)  

 

3.8.1.2. Uv-Vis analysis of Pd(OAc)2 in the permeate 

UV-VIS analysis was used to analyse the permeate obtained from filtration 

experiments of the Suzuki coupling reaction. The analysis of Pd(OAc)2 was 

performed recording spectra at 400 nm. The calibration curve was built using 3 

standards of 1mM, 2mM and 4mM Pd(OAc)2 in BuOH. 
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3.8.2 Kinetic resolution of 1-phenylethanol catalysed by free lipase 

To a double-necked round bottomed flask, 100ml of solvent (ethyl acetate or 

toluene) was added. Then, the flask was charged sequentially with Pseudomonas 

lipase (1g), 1-phenylethanol (5 mmol), vinyl acetate (25 mmol) and 1,3,5-TMB 

(1 mmol) as internal NMR standard was added. A reaction scheme is showed in 

Figure 22. The reaction took place at 25 ⁰C and was stirred at 275 rpm to avoid 

denaturation of the enzyme. The reaction was then left to complete for 24 hours. 

After the completion, the reaction mixture was poured into a dead-end system 

and the filtration was carried out as reported in 1.7.1. 85-90% of the solution was 

collected as permeate and the lipase was recovered from inside the cell using 

fresh solvent.  The flask was topped up again with fresh substrates (90% of initial 

concentration) and with the lipase recovered from the membrane. The reaction 

was re-initiate and samples were taken at regular intervals and submitted to 

NMR analysis. 

 

Figure 22: Reaction scheme of the kinetic resolution of 1-phenylethanol catalysed by free lipase. 

3.8.2.1. UV VIS analysis of permeate  Bradford Essay 

This method was used to analyse the protein (enzyme) concentration of the 

permeate samples. The Bradford reagent was prepared first by dissolving 100mg 

of Coomassie Brilliant Blue G-250 in 50ml 95% ethanol. 100 ml of phosphoric 

acid was added to this and the volume was made up to 1Lwith DI. The solution 

was stirred for an hour to ensure the reagent was well mixed, and then stored in 

the dark at 4⁰C. Before being used, the reagent was filtered. Standards of BSA 

ranging from 0.25 to 1.5 mg/ml were prepared using sodium chloride as the 

buffer. The analysis was performed as follow: 5 ml of Bradford’s reagent was 

added to 0.1ml of each of the protein concentrations. 1ml of each of these 
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solutions were then added to blank cuvettes and placed in the spectrometer and 

analysed at 595nm. Similarly, 5ml of Bradford’s reagent was added to 0.1ml of 

the permeate samples and the absorbance measured at 595nm. Using the 

calibration curve, the concentration of the permeate samples were determined. 
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Chapter 4                                                                             

Benchmarking of industrial relevant reactions with 

commercial OSN membranes 

4.1 Introduction 

Organometallic catalysts and biocatalysts are fundamental tools to synthesise 

chemicals. Organic synthesis of pharmaceutical intermediates and high-value 

products often uses organometallic complexes as homogeneous catalysts that are 

difficult to remove from the final products and require high solvent volumes and 

energy. This not only generates waste and metal rich sludge but leads to the loss 

of valuable ligands increasing the overall cost of the process [4]. Despite the 

disadvantage given by the homogeneity of the reaction, this type of catalysts is 

efficient and able to catalyse reactions with high efficiency. An alternative to 

organometallic complexes is the use of enzymes to catalyse chemical processes 

as they can be obtained from sustainable resources such as plants/ bacteria, and 

present a low toxicity while catalysed the process with high stereo and chemo-

selectivity [147].  

Nanofiltration membranes have shown the potential to be an economically 

feasible and less energy consuming technique for the recovery of expensive 

catalysts and purification of products from organic reaction systems [6, 70, 148]. 

Furthermore, their use in separating enzymes has found application in the 

development of continuous enzymatic membrane reactors were the costly 

enzyme immobilisation is avoided and the enzymatic catalyst is retained and the 

products easily recovered [71]. 

Reactions are often influenced by membrane operating conditions such as 

temperature and pressure and the substrates might interact with the membrane 

materials or be adsorbed on its surface. Besides fouling in organic systems still 

represent the main limitation. Hence, well established and scaled up chemistry 

should be used to benchmark membranes.  In this chapter it is reported the 
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investigation of i) the Suzuki coupling of biaryl compounds catalysed by and the 

Pd(OAc)2XPhos complex and ii) the kinetic resolution of 1-phenylethanol 

catalysed by free lipase in organic solvents.  

The Suzuki-Miyaura coupling is a wide applied synthetic route to prepare 

compound libraries for material chemistry and pharmaceuticals and often 

palladium-based catalyst are utilised because they efficiently allow the coupling 

of challenging electrophiles and bulky substrates [149, 150]. In particular, 

Buchwald ligands are now widely used with palladium to catalyse the coupling 

of many substrates [151]. They are crystalline materials with high air stability 

and thermal stability which make them easy to handle and use. Furthermore, 

their steric and electronic properties stabilise the palladium intermediates that 

are key species in the catalytic cycle, making the process highly efficient [152, 

153]. So far nanofiltration membranes have been used to increase the activity of 

palladium based catalytic system by separating them from the post reaction 

mixture and reuse them multiple times. A relevant examples is the semi-

continuous nanofiltration of  Pd(OAc)2(PPh3)2 in different solvents where a total 

turnover number of 1200 was achieved after 5 reaction filtrations sequence [66]. 

Other examples report the separation of Pd coupled with ionic liquids [70] and 

both imidazolydenes and quaternary ammonium salts [4]. Solvent screening and 

optimisation was necessary to tackle the formation of palladium black which is 

considered responsible for de-activation of the catalytic system [154]. Indeed, 

membrane replacement was necessary after each cycle for limited stability under 

the reaction conditions. The coupling of arylpyridines and phenyl boronic acid 

mediated by Pd(OAC)2 XPhos presents some advantages such as i) the ready 

availability of the starting materials, ii) the mild temperature conditions and iii) 

the low toxic solvent system making  it an ideal candidate to investigate 

membrane performance and  catalyst reusability.  

The kinetic resolution is a process for the preparation of optically active 

compounds that is based on the different reaction rates of enantiomers in the 
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presence of a chiral catalyst [155]. The chiral catalyst is used to promote a 

selective reaction of one of the enantiomers over the other. The resolution of 1-

phenylethanol is particularly studied and used because the chiral derivatives of 

1-phenylethanol are used in the pharmaceutical and natural products industries 

[156, 157]. Biocatalysts, and in particular Lipases (glycerol ester hydrolases EC 

3.1.1.3) have been successfully applied to kinetic resolutions as they show high 

selectivity, stability in non-aqueous media and improved product yield [158, 

159]. Enzymes can be isolated from renewable sources and thus considered an 

environmentally friendly alternative [160]. 

Hence in this chapter, commercial nanofiltration membranes will be 

benchmarked against the chosen reaction systems to evaluate i) the performance 

of the membrane in the solvent systems, ii) the potential reuse of the organo-

catalyst and of the biocatalyst and iii) the reaction parameters.    

4.2 Suzuki coupling in a biphasic mixture 

4.2.1 Reaction benchmarking in batch  

The catalytic system - Pd(OAc)2XPhos- was tested in the presence of 

CsOH*H2O as an inorganic base under nitrogen atmosphere to prevent oxygen 

contamination and the filtrations were carried out separately in a dead-end cell. 

As the reaction vessel is separated from the filtration unit the system is referred 

to as semi-continuous nanofiltration [66]. The results from the batch experiments 

are reported in Figure 23. The reaction, after 35 minutes of stirring at 25°C 

yielded full conversion of the 3-chloropyridine to 3-phenylpyridine (Figure 23 

A). The reaction reached more than 50 % conversion in less than 10 minutes 

turning from intense yellow to dark red showing that the palladium shift from 

Pd (II) to active Pd(0) [161, 162]. Additional data were collected during the 

online NMR monitoring of the reaction (Figure 23 B) confirming the fast kinetic 

of the tested reaction system.  
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Figure 23: (A) Conversion % of 3-chloropyridine over time for reaction IASC65. Standard 

Reaction conditions: 1 eq. 3-choloropyridine, 1 eq. phenylboronic acid, 2% mol of Pd(OAc)2. 

Offline NMR acquisition: data are average of 2 experiments. (B) Evolution of the 3-

chloropyridine and 3-phenylpyridine concentration over time. Reaction conditions: 1 eq. 3-

choloropyridine, 1 eq. phenylboronic acid, 2% mol of Pd(OAc)2. Online NMR monitoring was 

performed at the Dynamic Reaction Monitoring facility (DReaM ) at the University of Bath.  

4.2.2 Membrane compatibility with reaction conditions  

4.2.2.1. MWCO suitability 

The membrane involved in the separation of the post reaction solution containing 

the catalyst, product and eventually unreacted substrates, was the DURAMEM 
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polyimide 84 with a MWCO of 500 Da. According to the manufacturer 

specifications, the membrane is stable in most of the organic solvents including 

polar protic therefore are usable in butanol. To efficiently retain the catalyst the 

MWCO of the chosen membrane should be lower than the MW of the catalysts. 

The Pd(OAc)2XPhos complex has a total MW 701.22 g mol-1, therefore, it could 

be hypothesised that DURAMEM 500 is able to retain the catalyst and allow the 

other lower MW components through the membrane.  

4.2.3 Membrane performance and catalyst reuse 

The results of the coupled reaction-separation related to the Suzuki coupling 

between 3-chloropyridine and phenylboronic acid are illustrated in Figure 24 A 

and B. Reaction 1 after 20 minutes of the progress of the reaction yielded 100 % 

conversion. After permeating 90 % of the post-reaction mixture through D500 

at a pressure of 35 bar, the retentate rich in catalyst and ligand was recycled to 

the reaction carousel. Reaction 2 and Reaction 3 represent the re-initiation step 

after filtration and they also run for 20 mins, each yielding 50 % and 5 % 

respectively of the expected product. The initial TON of 50 decreased of the 75% 

and 98% in Reaction 2 and Reaction 3. This indicates a substantial loss of 

catalytic activity that was first attributed to the prolonged filtration time (up to 6 

hours) that caused de-activation of the catalyst during the time spent in the dead-

end cell. However, the NMR online monitoring of the reaction re-initiated by the 

addition of fresh substrates without filtration step showed that palladium de-

activation was still happening as illustrated in Figure 24 B. After Reaction 2 the 

catalyst is not able to retain its catalytic activity and the conversion of 3-

chloropyridine drop from 100 % in Reaction 1 to 5% in Reaction 3 and 17% in 

reaction 3 without filtration. It was also found that the reaction mixture changed 

colour becoming darker, most likely for the decomposition of the catalyst in 

palladium black. 
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Figure 24: (A) Illustration of the conversion of 3-chloropyridine over time before the dead-end 

filtration (Reaction I), re-initiation after the first filtration ( Reaction II) and re-initiation after 

the second filtration ( Reaction III), Standard reaction conditions: 1 eq. 3-choloropyridine, 1 eq. 

phenylboronic acid, 2% mol of Pd(OAc)2, Offline NMR acquisition: data are an average of 2 

experiments. (B) Evolution of 3-chloropyridine and 3-phenylpyridine concentration over time in 

standard conditions and re-initiation without dead-end filtration of the post- reaction mixture. 

Online NMR acquisition was performed at the Dynamic Reaction Monitoring facility (DReaM 

) at the University of Bath.  

The performance of the D500 membrane is reported in Table 12. The mean 

permeance for the pure n-butanol/H2O system at 35 bar is 0.08±0.03 which is 
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then 1.4 and 4.5 times lower after the first and second filtration cycle. 

Furthermore, the same membrane disk was used in each reaction-filtration 

experiment. Thus, the decreasing in permeance is most likely attributed to the 

deposition of the de-activated palladium/ palladium black species[148] onto the 

membrane surface. Nevertheless, the analysis of the permeate confirmed a 100% 

rejection of the palladium in each run showing that the catalyst de-activation was 

not due to the loss of small palladium species through the membrane.  

Table 12: Performance of D500 membrane in n-butanol/H2O 5:1 and during filtration of the post-

reaction mixture. 

 

4.2.4 Fouling Characteristics 

Fouling of the D500 membrane was investigated using SEM-EDS to determine 

the nature of the species that builds up onto the membrane surface. As illustrated 

in Figure 25, the section of the D500 membrane shows a substantial 

accumulation of a black deposit on the centre of the membrane top surface and 

crystalline accumulation on the membrane edges. The mapping of the fouled 

membrane reports the accumulation of both organic and inorganic species. 

Surprisingly, the elements present in higher percentage are, after carbon, oxygen 

and nitrogen, cesium and boron. Besides, palladium is found to be just 3.7% of 

the total mapping of the fouled D500 membrane. It is well known that, the 

formation of the adsorbed layer is generally quickly followed by the build-up of 

a thicker fouling layer, the cohesion of which is due to interactions developed 

between solutes. Inorganic components with less affinity toward the membrane 

material can be entrapped in the organic layer and thus participate to the global 

fouling [163]. 

Filtration cycle Conditions Permeance (Lm-2h-1bar-1) Rejection 

Pure solvent 35 bar, 25 °C,  0.08±0.03 N/A 

I 35 bar, 25 °C 0.06±0.05 100% 

II 35 bar, 25 °C 0.018 100% 
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Figure 25: EDS spectrum and mapping of fouled D500 membrane after 3 cycles of filtrations of 

PdXPhos catalysed Suzuki coupling 

4.2.4.1. Investigation of catalyst de-activation in batch mode 

The semi-continuous nanofiltration of the Pd(OAc)2XPhos system showed a 

decreasing in the conversion of 3-chloropyridine due to catalyst de-activation 

and loss of membrane performance due to fouling. It was found that fouling was 

related to catalyst de-activation due to the accumulation of palladium black onto 

the membrane surface, hence, catalyst deactivation was investigated in batch to 

improve the activity of the palladium in the biphasic reaction. Two different 

approaches were then considered to avoid deactivation of the catalyst during the 

reaction: i) increasing in the palladium loading and ii) keeping the excess of one 

of the reagents. Figure 26 shows the results from re-initiation using two different 
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loading of catalyst.  To obtain the same conversion after re-initiation it was 

necessary to use a much higher catalyst loading (5%) However the solution 

became much darker because of an increasing amount of palladium black. This 

suggests that the catalytic activity of the catalyst was not primarily influenced 

by the catalyst load and that this would also negatively affect the membrane 

fouling.  Because of the high cost of the catalyst and ligands, this solution could 

be efficient on a lab-scale condition but limited a potential scale-up of the 

system.  

 

Figure 26: % loss of 3-chloropyridine for 2%mol of Pd catalyst and 5% mol of Pd catalyst. 

Reaction is re-initiated by adding fresh substrates after reaching complete conversion, the crude 

mixture is not filtrated with membranes. 

Figure 27 illustrates the data obtained from the reaction performed using an 

excess of the starting material. The graph shows the evolution of the 

concentration of the concentration (mM) of 3-chloropyridine and 3-

phenylpyridine over time for a total of 4 reactions. The catalyst is reused 4 times 

by re-initiating the reaction at 60 min, 180 min and 240 min keeping the 3-

chloropyridine always in excess. The catalyst TON keeps increasing as more 

product is formed each time, reaching a value of 140 after 400 minutes of off-

line monitoring of the reaction. 
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Figure 27: Concentration (mM) of 3-chloropyridine and 3-phenylpyridine over time. Reaction 

conditions: 2 eq. 3-Chloropyridine, 1 eq. phenylboronic acid. The reaction is initiated by 

Pd(OAc)2. The catalyst is reused 3 times by re-initiating the reaction at 60 min, 180 min and 240 

min with 1.7 eq. of CsOH, 1 eq. phenylboronic acid and 2 eq. of 3-chloropyridine. Offline 

acquisition.  

4.3 Kinetic resolution in organic solvents 

4.3.1 Conversion and kinetics of reaction in toluene and ethyl acetate 

The kinetic resolution of racemic 1-phenylethanol in the presence of vinyl 

acetate as acyl donor and catalysed by lipase was carried out at 20 °C in two 

different solvents: toluene and ethyl acetate. The results from the batch 

experiments are reported in Figure 28. The reaction in toluene, after 24 hours 

yielded 50 % of the product which is the maximum conversion of the racemic 1-

phenylethanol. The reaction in ethyl acetate reached 43 % conversion after 24 

hours. 
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Figure 28: Conversion % of (R)-1-phenylethyl acetate over time for reaction IAKR01 in toluene 

and IAKR02 in ethyl acetate catalysed by lipase. Offline NMR acquisition: data are an average 

of 2 experiments.  

4.3.2 Filtration in dead-end cell and lipase reuse  

After 24 hours the reaction mixture was transferred in the dead-end cell and 90% 

of it was permeated through the membrane. The free lipase was recovered and 

between each reaction-filtration, it was assumed 10% of enzyme loss. The same 

membrane was used in each filtration cycle and removed from the cell at the end 

of the 2 completed cycles to avoid drying out of the membrane and keep it in 

good working conditions. The selectivity and permeance of the D500 and PS600 

at 35 bar are reported in Table 13. PS600 used in toluene showed initial solvent 

permeance of 1.5 L m-2h-1bar-1 that drop of almost 15% in Cycle II. However, 

the highest permeance decline was that of D500 used in ethyl acetate which 

showed initial permeance of 3.3 L m-2h-1bar-1 at 35 bar that dropped of almost 

the 93% reaching a value of 0.23 L m-2h-1bar-1 Cycle II. As both membranes 

were used in Cycle I and Cycle II under the same reaction conditions, the 

permeance decline of D500 could be attributed to membrane instability or 

enzyme adsorption onto the membrane surface.  Figure 29 shows PS600 and 

D500 before and after filtration. The former appears almost intact and a layer of 
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the enzyme is visible on the edges, however, D500 changed colour after Cycle 

II and become dark brown. This suggests a remarkable instability of the D500 

toward the solvent conditions. Nevertheless, both D500 and PS600 showed 100 

% rejection of lipase after cycle 1 and cycle 2. 

Table 13: Performance of D500 membrane in Ethyl acetate and PS600 membrane in toluene 

during filtration of the post- reaction mixture. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Filtration cycle 

(35 bar, 20 °C) 

Permeance (Lm-2h-

1bar-1) 

Rejection 

Pure Toluene 1.5±0.03 N/A 

I 1.24±0.05 100% 

II 1.3 100% 

Pure EA 3.3 N/A 

I 0.96 100% 

II 0.86 100% 
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Pristine membrane Membrane after II filtration cycles 

  

 
 

Figure 29: Visual stability of commercial PS600 and D500 after dead-end filtration in toluene 

and ethyl acetate respectively 

Figure 30 reports the results from the coupled KR in toluene-filtration and KR 

in ethyl acetate-filtration. Both Reactions I reached almost 50 % conversion but 

only KR in toluene yielded the S product in high yield - 43% in Reaction II and 

47 % in Reaction III-. In contrast, KR in ethyl acetate yielded only 27% and 23 

% of the S product. Furthermore, the 1H NMR spectrum of the permeate after 

Cycle I and Cycle II (data are shown in the appendix) reports a side product 

along with the R-phenyl ethanol and (S)-1-phenyl ethyl acetate. The side 

reaction might be attributed to the use of ethyl acetate as solvent of the reaction. 

It is well known that the acyl groups from acylating agents can affect the 

enantioselectivity of the lipase catalysed reaction [164], and this is could be 

responsible for  the lower yields and the side-products presents in the permeates 

of reaction II and III. During the prolonged filtration time, the ethyl acetate might 

PS600 

D500 
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compete with the active sites of the enzyme reducing its selectivity toward the 

reaction [165].  

 

 

Figure 30: Illustration of the conversion of 1-phenylethanol over time before the dead-end 

filtration (Reaction I), re-initiation after the first filtration ( Reaction II) and re-initiation after 

the second filtration ( Reaction III), Standard reaction conditions: 25 eq. 1-phenylethanol, 5 eq. 

vinyl acetate, 1.0 g lipase, Offline NMR acquisition: data are an average of 2 experiments. 

4.4 Conclusion  

In this chapter, it was investigated the performance of commercial D500 and 

PS600 membrane during i) the separation of Pd(OAc)2XPhos from the biphasic 

0

10

20

30

40

50

60

0 3 6 9 12 24

C
o

n
v
er

si
o

n
 o

f 
1

-p
h
en

y
le

th
an

o
l 

%

Reaction time (h)

Reaction I EA

Reaction II EA

Reaction III EA

0

10

20

30

40

50

60

0 3 6 9 12 24

C
o

n
v
er

si
o

n
  

o
f 

1
-p

h
en

y
le

th
an

o
l 

%

Reaction time (h)

Reaction I Toluene

Reaction II Toluene

Reaction III Toluene



71 

 

Suzuki coupling and ii) the separation of lipase from the kinetic resolution in 

organic solvents. It was found that the semi-continuous nanofiltration of the 

Suzuki reaction at 35 bar gave 100 % conversion of the 3-chloropyridine after 

20 minutes and re-initiated after the addition of fresh substrates reaching 50% 

and 5% conversion. The Buchwald ligand dissociates from the organometallic 

complex, forming palladium black which builds up onto the membrane surface 

along with the hydroxide base which is no longer soluble in the biphasic system 

after the catalyst deactivation. From filtration experiment and NMR online 

monitoring it was found that the deactivation was not influenced only by the 

prolonged filtration time. Further batch experiments showed that an increase in 

the load of palladium of up to 5% could completely convert 1 equivalent of the 

3-chloropyridine in the expected product in both first and second run, however, 

because of the biphasic system and limited solubility of the complex, the 

membrane fouling could be negatively affected. An excess of the initial substrate 

was necessary to keep the Pd(OAc)2XPhos activated during the off-line 

monitoring of the reaction. The lipase-mediated kinetic resolution was studied 

in a semi-continuous nanofiltration system using two different membranes; 

PS600 for the reaction in toluene and D500 for the reaction in ethyl acetate. It 

was found that the enzyme successfully catalysed the reaction in toluene with 

50% conversion during the first reaction-filtration run and 43% and 47% in the 

subsequent re-initiations. Furthermore, the PS00 showed stable performance 

during filtration and it was found almost clear from solutes adsorption on its 

surface. Conversely, the reaction performed in ethyl acetate yielded different 

products because of a possible competing acylation mechanism between the used 

solvent and the vinyl acetate. Overall, this work demonstrates that for the studied 

organo-catalysed and bio catalysed reactions, the nature of the solvents, the 

substrate reactivity, the nature of the catalysts combined with the membrane 

tendency to fouling play a crucial role in the development of a durable and 

efficient nanofiltration-coupled reaction system.  
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Chapter 5                                                                                        

Self-doped sulfonated polyaniline membrane: 

fabrication, fouling resistance and properties 

5.1 Introduction 

Separation technologies require high-performance membranes to overcome 

fouling and the inability to resist in the presence of harsh organic solvents. In the 

last twenty years, many studies have presented PANI as a desirable membrane 

material because of its thermal and chemical stability, chemical doping, non-

toxicity and rather cheap cost with respect to other materials [11, 12, 114]. Many 

recent examples report PANI as a polymer in the fabrication of both UF [166] 

and NF [12, 13, 25, 42] membranes. In addition, due to its versatility and the 

possibility to prepare electrical responsive films, PANI membranes for in-situ 

fouling removal have been developed demonstrating the control over neutrally 

charged molecules under applied external stimulus [11, 25, 167]. 

PANI is doped to achieve better solubility and improved conductivity but often 

this leads to potential leaching during filtration with loss of mechanical stability 

and deterioration of membrane performance. However, PANI contains activated 

aromatic rings, thus it is possible to introduce substituents by electrophilic 

substitution [168] and convert it in self-doped derivatives through synthesis. 

Instead of external doping, the acidic groups are covalently bonded to during 

synthesis and act as permanent dopants. Sulfonated polyaniline (S-PANI) is a 

self-doped polymer with improved properties and processability with respect to 

PANI [16]. The ionic polymer has a six-member ring doping structure with the 

sulfonic group and the imine nitrogen in the ortho position with respect to each 

other [169]. The sulfonic group is charged and protonates -dopes- the imine 

nitrogen with a mechanism analogous to the HCL protonation with PANI [105]. 

Due to the strong delocalisation the charges are continuously re-localise along 

the polymer backbone giving S-PANI two important properties: electrical 
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conductivity as parent PANI and a zwitterionic surface. The second one refers 

to the presence of both positive and negative charges in the same molecules and 

has been exploited in membrane fabrication to prepare membranes with super 

hydrophilic characteristics [18, 19, 86]. Sulfonation improves the solubility of 

PANI in aqueous solutions due to the hydrophilicity of the functional group and 

does not lose its doping at high or low pH, remaining constant and therefore 

ensuring stability during chemical and electrochemical processes. 

However, in strong polar aprotic solvents, the polymer tends to aggregate in gel-

like structures. For this reason, when it is processed in combination with other 

polymers as a composite membrane, it is used with ammonia solution that de-

dope the polymer and prevents the formation of gels in organic solvents [19]. In 

the protocols reported in the literature to prepare composite low fouling 

membranes, the polymer synthesis involves two steps: PANI is synthesised via 

chemical polymerisation and ii) the sulfonation step occurs [18, 19, 86]. The 

polymer is then de-doped and incorporated in the membrane solution before 

casting and phase inversion in water. It was  then hypothesised that i) S-PANI 

membrane can overcome acid leaching and instability of PANI membranes and 

that the ii) self-doping could be exploited to prepare fouling resistant membranes 

as it enhances surface potential and promotes charge-charge interactions with 

the solutes.  

It is well known that the membrane properties can be adjusted by cross-linking 

them using either chemical or thermal methods or a combination of both. 

Thermal cross-linking is a method to prepare membranes with a shrunk structure 

and recently, a method to prepare NF PANI-PAMPSA membrane via low 

temperature thermal cross-linking has been proposed [25]. Chemical 

crosslinking is used for fine-tuning the structure properties of polymers used in 

membranes, not only improving chemical stability but also affecting the 

permeance and the pore size [13]. The mechanism of action is the formation of 

stable bonds among the polymer chains, which allow them to be efficiently 
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packed and overcome their high free volume and rigidity. An advantage of 

performing chemical cross-linking is that it can be controlled by changing 

concentration and cross-linking time. Previously the effect of DCX and GA on 

nanofiltration properties of PANI have been shown [13], however, the anionic 

sulfonic groups are bulky therefore their steric hindrance as well as their charge 

could affect the membrane formation process increasing the porosity. Hence the 

effect of the self-doping sulfonic group during the cross-linking of S-PANI will 

be investigated. Furthermore TLC is a cross-linker that have been used to modify 

the properties of  other polymers [44], but this is the first report showing the 

effect of TCL as a cross-linker for PANI or S-PANI. TCL is highly reactive to 

amino compounds [170] and as such could be an effective cross-linker for S-

PANI by targeting the amine sites. 

Hence this chapter covers the preparation of novel membranes using pure S-

PANI. The low fouling S-PANI membrane is synthesised via non-solvent phase 

inversion and its morphology, performance and antifouling properties are 

compared with PANI membrane. To further improve the solvent resistance of S-

PANI membrane, the effect of DCX and GA as chemical cross-linkers will be 

investigated. Thermal cross-linking at different temperatures is also studied. 

Furthermore, we  report for the first time the effect of TCL in cross-linking self-

doped S-PANI. Permeance and rejection of the developed S-PANI membranes 

is measured in a dead-end cell using pure water and a solution of different 

molecular weight polyethylene glycols. Solvent stability is tested in a range of 

solvents in both static (immersion test) and dynamic mode (in-filtration test). 

The low fouling behaviour of S-PANI membranes is evaluated in a crossflow 

cell using BSA as model foulant. Ultimately the conductivity of both pure S-

PANI membranes, and composite S-PANI/graphene oxide membranes is 

characterised and the performance of the two membrane systems is compared. 
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5.2 Synthesis of self-doped sulfonated polyaniline S-PANI 

To fabricate S-PANI membranes, the polymer was synthesised via radical 

polymerisation using APS as radical initiator as reported in the method section 

3.3.1. The obtained green powder was characterised to determine if sulfonation 

has occurred and the degree of doping. PANI was also synthesised and 

characterised to compare its properties with the sulfonated derivative.  

5.2.1 FTIR characterisation 

FTIR confirmed the chemical structure of S-PANI and PANI membranes (Figure 

31).The PANI spectrum has two characteristic peaks at 1449 cm-1 and 1554 cm-

1 corresponding to the benzenoid (B band) and quinoid form ( Q band) of PANI 

[171]. The band at 1279 cm-1 is assigned to both C-H and C-N stretches whereas 

the para-disubstitution characteristic of PANI is reflected by the peak at 810 cm-

1 of the C-H bending out of plane [172]. The FT-IR spectrum of S-PANI has 

additional peaks at ~1030-1070 cm-1 (S=O stretching) and another at 707 cm -1 

(S-O stretching). The peak at 825 cm-1 has been assigned to the tri-substitution 

of the benzene ring. Characterization results are in agreement with the literature 

[19].  
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Figure 31: Vibrational spectra of S-PANI and PANI 

5.2.2 UV-VIS analysis 

UV-VIS spectroscopy was used to observe and compare the optical properties 

of PANI and S-PANI. Figure 32 shows the resulting absorbance spectra of the 

two polymers in NMP.  S-PANI has two humps at 342 nm and at 655 nm which 

correspond to the B-Band and the Q-band respectively. The hump at 342 nm (B-

Band) derives from the π→π* transition associated with π electrons of benzenoid 

rings whereas the absorption in the visible range at 655 nm (Q-band) is due to 

the excitation of an electron from the highest occupied orbital of benzenoid rings 

to the lowest occupied orbital of the quinoid ring. PANI presents a shift of the 

same B Band at 355 nm and the Q band is shifted at 630 nm. As reported in the 

literature, these results suggest the electronic delocalisation is higher in S-PANI 

where the SO3H groups have a self –doping effect on the quinone structure [20].  
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Figure 32:  UV-VIS spectra of PANI powder and S-PANI powder in NMP (0.01 g/L)  

5.2.3 SEM EDX 

SEM-EDX analysis was used to determine the degree of sulfonation of the S-

PANI powder. Both PANI and S-PANI are conducting polymers that can be 

converted from insulators to conductors through acid doping. PANI oxidation 

state can be controlled by external protonic doping, however, in S-PANI, the 

addition of sulfonic groups on its benzenic structure introduce a covalently bond 

acid group that make the polymer self-protonated or self-doped [17]. The 

calculated S:N ratio for the synthesised S-PANI is 0.45 (Table 14) corresponding 

to a fully doped S-PANI with both positive and negative charges. In this 

oxidation state, S-PANI acts as a zwitterionic polymer with high hydrophilicity 

and reported low fouling tendency [18]. SEM images of the powder are reported 

in Figure 33 and shows S-PANI powder consisting of a spherical-like structure. 
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Figure 33: SEM images of S-PANI powder at 2 different magnifications 

Table 14: Atomic % and weight% of S-PANI powder 

IASP01 IASP02 

Element Weight % Atomic % Element Weight % Atomic % 

C 67.4±0.76 76.2±0.80 C 67.2±0.59 76.5±1.29 

N 11.2±0.60 10.9±0.59 N 10.1±1.47 9.92±1.35 

O 9.17±0.47 7.78±0.40 O 9.5±0.94 8.11±0.75 

S 9.02±0.31 3.82±0.13 S 10.3±1.46 4.4±0.66 

Cl 3.10±0.11 1.19±0.04 Cl 2.79±0.38 1.08±0.15 

 

5.3 Preparation of S-PANI membranes  

5.3.1 Optimisation of membrane fabrication conditions  

Table 7 reports the different parameters investigated in the preparation of S-

PANI membranes. After an initial screening of polymer concentration, 

500 µm 
X33 

50 µm 
X500 
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membrane thickness, and composition of the dope solution a 23% w/w load of 

polymer concentration in a mixture of NMP/4-MP and THF was selected as an 

optimal dope solution. It has been reported that the use of the additive in the 

dope solution could help forming a denser active layer. Previous studies have 

reported that THF is the best additive when used in combination with NMP to 

prepare PANI PAMPSA membranes. 4-MP was added in the dope solution to 

prevent the polymer to gel.  MSP15, MSP18 and MSP1T were unstable and 

disintegrated when cut in coupons for filtration experiments, most likely because 

of the weak interaction with the support layer.  

5.3.2 Characterisation of (UF) S-PANI membranes 

5.3.2.1. Membrane morphology  

The morphology of PANI and S-PANI is reported in Figure 34. Cross-sections 

of PANI and S-PANI membranes differ with the number and size of the macro-

voids and cavities; PANI has a porous layer with regular small cavities on the 

top and bigger voids on the bottom and S-PANI presents big and dispersed 

macro-voids. The morphology of S-PANI membrane is in agreement with other 

studies where the inclusion of the hydrophilic moiety increased the water 

diffusion rate during phase inversion and causes the formation of large macro-

voids [21, 173]. 
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Figure 34 : SEM surfaces and cross-sections of (a,A) PANI and (B,b) S-PANI membrane 

5.3.2.2. Contact angle  

To assess the surface hydrophilicity, the wettability of the prepared S-PANI 

membranes was investigated via sessile drop technique and compared with the 

wettability of PANI membrane. Figure 35 illustrates the change in contact angle 

as a function of time for PANI and S-PANI that present an initial contact angle 

of 73±10° and 73±2° respectively. For S-PANI, the contact angles rapidly 

decrease reaching a value of 42±6° after 600 s, whereas PANI exhibits a contact 

angle of 61±8.  The higher reducing rate and therefore the lower contact of S-

PANI can be attributed to a membrane with low surface energy and good 

hydrophilicity. The sulfonation improves the wettability of the membranes 

suggesting that S-PANI could be potentially used as anti-fouling material and 

prevent the adhesion of organic matters on the membrane. 

A B 

a 
b 
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Figure 35: Contact angles as a function of time for PANI and S-PANI membranes 

5.4 Cross-linking of S-PANI membranes 

5.4.1 Thermal cross-linking 

The initial attempt to prepare thermally cross-linked S-PANI membranes began 

with the investigation of the optimal temperature and time required to cross-link 

them.  

The DSC thermogram in Figure 36 shows an endothermic peak in the range of 

110-180 °C that was attributed to chain cross-linking during the heating process. 

Thus, to optimise the thermal cross-linking, two different temperatures were 

chosen: 155 °C and 170 °C for 1, 2 and 3 h (see Table 9 in method section) and 

the effect of the cross-linking time on membrane filtration and solvent stability 

were studied.  

 

0

10

20

30

40

50

60

70

80

90

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0

C
o

n
ta

ct
 A

n
g
le

 (
°)

 

Time (s)

PANI

S-PANI



82 

 

 

Figure 36: DSC thermogram register from 20 to 100 °C of S-PANI membrane. 

5.4.1.1. Mechanical properties and solvent stability of thermally cross-linked membranes  

Figure 37 reports the variations of storage E’ and a loss E’’ modulus for the S-

PANI membranes. It can be detected by measuring the change in flexibility of a 

bar of a polymer upon heating. The DMA measures the storage modulus which 

represents the degree of stiffness of a material.  At 55 °C E’ modulus shows a 

step decrease, indicating a decrease in stiffness, while the loss modulus shows a 

peak, indicating an increase in molecular motion. This double feature is typical 

of the glass transition and indicates a physical change between a metastable 

glassy state and a viscous or rubbery state upon temperature change. Therefore, 

it could be hypothesised that during cross-linking at high temperatures the 

mechanical properties will change and, as indicated by the decreasing in E’, the 

membrane would be less robust.  

It was observed that the membrane at 170 °C for 3 h cross-linking time became 

very brittle and it was impossible to handle in further filtration experiment. 

SPT170_1, SPT170_2 and SPT155_3 were unstable when tested in the dead-end 

cell at pressures above 2 bar in water. Conversely, SPT155_1 and SPT155_2 

were able to withstand pressures of 5 and 10 bar during filtration, therefore, 
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lower cross-linking temperature and less cross-linking time were necessary to 

avoid excessive brittleness of S-PANI membrane.  Prolonged exposure to high 

temperatures appeared to worsen membrane chemical properties. In addition, 

SPT155 and SPT170 membranes showed no relevant improvement in their 

solvent stability with respect with pure S-PANI i.e. thermal cross-linking was 

not effective in producing solvent stable membranes. 

 

Figure 37: Variations with temperature of storage (E') and loss (E'') modulus of S-PANI 

membranes. 

5.4.2 chemical cross-Linking: synthesis of S-PANI GA, S-PANI DCX and S-PANI TCL 

membrane 

Cross-linking at different times was studied to optimise the reaction conditions. 

Initially, to check if cross-linking occurs, 1cm square of the membrane was 

immersed in DMF and THF for 10 minutes. The unstable membranes readily 

dissolved in the solvents giving a blue intense solution. The optimised cross-

linking time was found to be 3 days for S-PANI DCX, 5 days for S-PANI GA 

and 24 h for S-PANI TCL.  
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5.4.2.1. FTIR of chemical cross-linked membranes 

FT-IR analysis shows a comparison between the cross-linked S-PANI with pure 

S-PANI membrane (Figure 38). There is no significant difference between the 

S-PANI membranes cross-linked with DCX, TCL and GA due to the 

overlapping of those bands with the S-PANI ones. The spectrum of S-PANI TCL 

has, however, two additional peaks at 1600 cm-1 (amide C=O stretching) and 

1200 cm-1 (C-N stretching for tertiary amide) that confirms the cross-linking 

reaction [44]. Cross-linking was further confirmed by solvent stability tests.  

 

 

Figure 38:  Comparison of S-PANI, S-PANI GA, S-PANI DCX and S-PANI TCL to characterise 

membranes after cross-linking 

5.4.2.2. XRD analysis 

The XRD method was used to analyse S-PANI membrane and the cross-linked 

membranes. The XRD pattern of membranes prepared with GA, DCX and TCL 

are displayed in Figure 39. Polyaniline and its derivatives are semi-crystalline in 

nature and the x-ray diffractograms of the membranes show three evident peaks 

with different sharpness (width) according to the degree of orientation of the 

polymer chains in that particular crystal plane [174]. The cross-linked 
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membranes show three similar peaks with different intensities meaning a 

consistent orientation of the crystalline domains in the same direction of the pure 

S-PANI and indicating that cross-linking does not greatly affect the crystal 

structure of polymer. The peak of S-PANI at 2Θ=22.2°, that is attributed to the 

periodicity parallel to the polymer chains [175], become slightly broader for 

cross-linked membranes. This implies that the crystal structures of S-PANI 

gradually turn into a disorder structure with the cross-linking which could be 

ascribed to shrinkage of intersegmental spaces [176].  

 

Figure 39: XRD patterns of S-PANI membrane and S-PANI membranes cross-linked with GA, 

TCL and DCX. 

5.4.2.3. Morphology of chemically cross-linked membranes 

SEM was used to study the morphology of S-PANI and chemically cross-linked 

S-PANI membranes and compare them with pure PANI. Figure 40 displays the 

top cross-sections and surfaces of all chemically cross-linked membranes. All 

the membranes show a smooth surface with no obvious pores or patterns. The 

small particles present on all the top surfaces are most likely impurities deriving 

from the sample preparation process. All cross-sections present an asymmetric 

structure with a porous bottom layer and a denser top skin layer. The S-PANI 
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GA membrane (Figure 40 A) has a narrower bottom finger-like structure in 

difference to the other cross-linked membranes (Figure 40B and Figure 40C) 

that present large voids and cavities. This difference in the structure can be 

attributed to the inclusion of the cross-linker solution in the coagulation bath, 

causing a delayed de-mixing of the polymer [177] (see section 2.3 for the 

method). Yet the macro voids present in the studied PANI, S-PANI, S-PANI 

TCL and S-PANI DCX membranes can be related to the better affinity between 

NMP used in the casting solution and water, which caused the instantaneous de-

mixing [11].  Cross-sections of S-PANI DCX and S-PANI TCL show that the 

former has a porous sublayer with a regular pattern of large cavities and the latter 

is in contrast denser with a few dispersed cavities.  
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Figure 40: Cross-section SEM images of (A) S-PANI GA (B) S-PANI DCX and (C) S-PANI 

TCL and (D) SPT170.Top Surface SEM images of (a) S-PANI GA, (b)  S-PANI DCX and 

(c) S-PANI TCL and (d) SPT170 

Figure 41 shows cross-sectional images of the top surface layer of the S-PANI 

and chemically cross-linked S-PANI membranes taken at higher magnification.  

A a 

B b 

C c 

D d D 
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The top layer of (A) S-PANI, (C) S-PANI DCX and (D) S-PANI TCL consists 

of a layer of densely packed irregular nodular structures. These nodular 

structures aggregate and become more porous and irregularly distributed along 

the bulk in the pure S-PANI membranes, but they remain densely packed in the 

cross-linked membranes. A magnification of 10,000x and 50,000x was 

necessary to study the top layer of (B) S-PANI GA membrane, which consists 

of spherical structures that rearrange in narrow-finger like voids.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



89 

 

   

   

   

   

 

Figure 41: Cross-section SEM images of the top surface layer of (A) S-PANI (B) S-PANI GA 

(C) S-PANI DCX and (D) S-PANI TCL.  

5.4.2.4. Stability in organic solvents: visual stability study  

Stability in organic solvents was evaluated using an immersion test in different 

solvents. Figure 42 shows the effect of DMF and DMAc on membranes stability. 

C 

D 

A 

B 
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Figure 42: Effect of DMF and DMAc on membrane stability. Picture is taken after half an hour 

from immersion in solvents. 

S-PANI is directly dissolved in DMF and DMAc, giving a vivid blue solution, 

whereas S-PANI GA, S-PANI DCX and S-PANI TCL appear to be more 

resistant to the harsh polar aprotic solvents giving a slightly darker solution after 

10 minutes. Therefore, the dissolution of the membrane was quantify through 

solvent resistant tests [178] to determine the effect of cross-linking on S-PANI 

membranes. Table 15 reports the % weight loss for each membrane after soaking 

the samples for 1 month in DMAc, DMF, EtOH, toluene, ethyl acetate and 

acetone. The test in different solvents confirms the superior chemical stability of 

S-PANI GA, S-PANI DCX and S-PANI TCL. The improved solvent stability is 

due to the formation of interchain bonds in the polymer that 1) change the 

physical network by creating fix points and 2) limit the molecular chain 

movements making the whole membrane less prone to dissolve.  
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Table 15: % Weight loss data for S-PANI membranes and S-PANI GA, S-PANI TCL and S-

PANI DCX membranes in different organic solvents. Data were collected after 1 month of 

soaking in the chosen solvent. 

 

Membrane 

Weight loss in solvent 

DMAc  DMF EtOH Toluene EA Acetone 

S-PANI 11.0 % 15.0 % 0.0% 0.0% 0.0% 0.0% 

S-PANI GA 0.40 % 0.58 % 0.0% 0.0% 0.0% 0.0% 

S-PANI DCX 0.60 % 0.47 % 0.0% 0.0% 0.0% 0.0% 

S-PANI TCL 0.38 % 0.88 % 0.0% 0.0% 0.0% 0.0% 

 

These results show that S-PANI can be chemically cross-linked to prepare high 

solvent stable membranes for applications where chemical stable membranes are 

required but their availability is limited [32]. The solvent stability could be 

exploited in reactions like the Suzuki coupling and kinetic resolution where 

hydroxide bases or harsh reaction conditions require robust and durable 

membranes.  

5.4.2.5. Membrane surface hydrophilicity; effect of chemical cross-linking 

Surface hydrophilicity data of chemically cross-linked membranes are reported 

in Figure 43. The cross-linked membranes present initial contact angles of 71±4° 

(S-PANI DCX), 70±7° (S-PANI GA) and 70±3° (S-PANI TCL). The overall 

trend for all membranes is a very small decrease in the contact angles after 600 

s meaning that the cross-linking increased the H2O transport resistance and 

slower the reducing rate over time. The trend for all cross-linked membrane is 

similar to that of pure PANI membrane. This suggests that the main factor 

affecting the wettability of cross-linked membranes is the slower penetration of 

the water drop because of the tighter pore size rather than the presence of the 

sulfonic group.  
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Figure 43: Contact angles as a function of time for S-PANI DCX, S-PANI TCL and S-PANI GA 

membranes 

5.5 Investigation of membrane performance 

5.5.1 Water flux and PEGs rejection of S-PANI membrane, thermally cross-linked S-PANI 

membrane and chemically cross-linked S-PANI membrane in dead-end cell 

Figure 44 shows the pure water flux decline for all membranes at 2 bar. At least 

1h was required for all membranes to reach a steady flux. Compaction of 

polymeric membranes and consequent flux decline is a well-known issue in 

pressure-driven processes [179]. It can further be observed that PANI shows a 

higher flux decline and less resistance to compaction in comparison to S-PANI. 

S-PANI has a stable pure water flux of 117±20 L m-2h-1 and PANI has a water 

flux of 165±35 L m-2h-1. These values are an agreement with the literature [20] 

and can be placed in the ultrafiltration range.  

For the cross-linked membranes, S-PANI GA and S-PANI TCL show the 

greatest flux decline reaching values of 22±8 L m-2h-1 and 13±4 L m-2h-1 

respectively, which can be considered in the range of tight ultrafiltration. S-

PANI DCX has an initial lower flux and the flux decrease below 1±0.5 L m-2 h-

1. As reported in 5.4.2.5 chemically cross-linked membranes showed a lower 
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surface free energy and therefore a higher H2O transport resistance that is 

reflected in the flux decline to very low values. Fluxes of thermally cross-linked 

membranes are lower than pure PANI and pure S-PANI but all very different. It 

looks like SPT155 cross-linked for 1h has a lower permeance with respect of the 

same SPT155 cross-linked for 3hours. This could be explained as loss of 

membrane mechanical stability at prolonged exposure to high temperature. 

Nevertheless, the SPT155X3 was less brittle than the other thermally cross-

linked samples but still not reusable multiple times as the chemically cross-

linked membranes. 
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Figure 44: Pure water fluxes for S-PANI ( average of two membrane samples of batch MSP2300 

and MSP2302),PANI ( average of two membrane samples of the same batch MP20) S-PANI 

TCL and S-PANI DCX ( average of two membrane samples from batch MSP2302), S-PANI GA 

( average of two membrane samples from batch MSP2303 and thermally cross-linked S-PANI 

membranes (data are average of two membrane samples of  batch MSP2301) conditions: dead-

end cell 2 bar and 20 °C. 

Figure 45 shows the performance curves of S-PANI membranes and chemically 

cross-linked S-PANI membranes tested with different PEGs in dead-end cell. S-

PANI rejects only 12% for the oligomer with the highest molecular weight (PEG 

5000) at 2 bar. The membrane was tested at a different pressure to evaluate its 

stability to elevated pressure resulting in 3 bar maximum operational conditions. 

This suggests that S-PANI has potential applications in the UF/tight UF range, 

similar to PANI [34], and that the addition of sulfonic groups is a chemical 
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modification that affects the hydrophilic properties but has no effect on the 

membrane pore size.  

In comparison, the cross-linked membranes, S-PANI DCX and S-PANI TCL, 

were able to reject the higher MW PEG (5000 Da) of 56 and 48% respectively. 

These membranes showed an improve filtration stability with maximum 

operating pressures of 10 bar. S-PANI GA showed the best performance with a 

93 % rejection of the PEG 5000 and a maximum operating pressure of 30 bar. 

In addition, the MWCO for this membrane was found to be 1800 and S-PANI 

GA was the only membrane that could be fully characterised in terms of MWCO. 

Crosslinking forms stable bonds among the polymer chains, which allows them 

to be efficiently packed and overcome their high free volume and rigidity. 

Examples of chemical cross-linking of  PANI with DCX and GA [13] and aniline 

with  TCL [44, 170] have been reported. In the case of PANI, chemical 

modification produces a nanofiltration membrane with high solvent resistance. 

In contrast, the results from this work show that S-PANI DCX and S-PANI TCL 

has an improved solvent resistance but most likely presents potential 

applications in the tight UF range. The cross-linking with GA successfully 

produced a membrane with a tighter pore size and almost 90 % rejection of all 

tested PEGs.  

Nevertheless, all the chemically cross-linked membranes showed enhanced 

stability in several solvents, especially harsh polar aprotic solvents such as DMF, 

with respect to S-PANI. Overall, the chemical treatment makes the membrane 

more stable in solvents due to the formation of strong covalent bonds but, as 

hypothesised, the big sulfonic groups prevent the shrinking of the membrane 

pore size. As stated in 5.4.1, thermal cross-linking at different temperatures 

produced brittle membranes with lower solvent resistance and scarce stability 

during filtration. Indeed, the PEGs rejection profile revealed that the SPT155 

and SPT170 were not able to reject larger PEGs most likely because of leaking 

during the filtration test. 
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Figure 45: Rejection curve of (A) S-PANI and chemically cross-linked S-PANI membranes: (B) 

S-PANI DCX, (C) S-PANI TCL and (D) S-PANI GA. Operation conditions are 1 bar, 25 °C, 

dead-end filtration. The red line at 90% marks the MWCO. 

5.5.2 Solvent stability study: investigating DMF resistance of chemically cross-linked S-

PANI membrane in the dead-end cell 

Aprotic solvents such as DMF, DMSO etc. are primarily used as industrial 

solvents to process polymer fibers, films, and surface coatings and as a 

crystallization medium in the pharmaceutical industry [180]. Visual studies have 

shown that chemically cross-linked S-PANI membranes have improved solvent 

stability in harsh aprotic solvents. Hence, we further assessed this stability 

during filtration in DMF re-using the same membrane sample after 1 week. For 

this filtration study, 7 months old membranes were chosen. Figure 46 shows 

DMF permeance over time from two different runs of the chemically cross-

linked membranes. During the first run, the permeate was only slightly coloured 

and the flux did not increase over the 2 hours of the filtration. S-PANI GA, S-

PANI TCL and S-PANI DCX showed stable permeance of 6.1 L m-2 h-1 bar, 6.9 

L m2 h-1 bar and 8.4 L m-2 h-1 bar respectively. During the second run, the 

permeate did not change colour and interestingly all the membranes showed a 
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lower permeance.  S-PANI GA was 4.2 L m-2 h-1 bar-1 and S-PANI DCX was 

4.8 L m-2 h-1 bar-1. S-PANI TCL showed the lowest value of 0.6 L m-2 h-1 bar-1. 

In summary, these results showed the excellent chemical resistance and stability 

of chemically cross-linked S-PANI membranes in DMF.  

 

Figure 46: DMF permeance over time of (A) S-PANI TCL, (B) S-PANI DCX, (C) S-PANI GA. 

Operation conditions are 5 bar, 25 °C, dead-end filtrations. The same membrane sample was 

used twice. 

5.5.3 Fouling study: comparing the fouling resistance of S-PANI, PANI and S-PANI GA 

membrane in cross-flow 

As reported in 2.3.5, membrane fouling in biocatalytic and homogeneous 

catalytic processes, reduces the production rates and increases the complexity of 

membrane operations. Backwashing and chemical cleaning or frequent 

replacement of the membranes are widely applied solutions to overcome fouling, 
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that, however, increases the overall process costs. The effect of the incorporation 

of the sulfonic group during synthesis on membrane potential antifouling ability 

was investigated using BSA as a model foulant in cross-flow. For long-term 

stability test in cross-flow, pure S-PANI, PANI and S-PANI GA (best 

chemically cross-linked S-PANI) membranes were selected. 

Experiments were performed using one membrane and running pure water for 1 

h (Jw). Then the membrane was fouled with 1g/L of BSA solution and the flux 

decline was recorded for 1 h. The cleaning step was performed washing 

thoroughly the membrane with pure water for half an hour and the flux recovery 

was recorded (JwI). The fouling-cleaning cycle was repeated twice (Jw II and 

Jw III). Figure 47 reports the time-dependent flux values of S-PANI, PANI and 

S-PANI GA membranes. Fouling indexes calculated for the first cleaning cycle 

are reported in Table 16. S-PANI showed very good antifouling behaviour 

during the first cycle in cross-flow with a FRR of the 87±7% which was larger 

than the 40±2% FFR of PANI. During the first cycle, S-PANI showed also low 

irreversible fouling IFR value of 13±4% which was much lower than the IFR of 

60±4% of PANI. Usually higher values of FRR and lower IFR describe a 

membrane with good antifouling properties [6]. S-PANI GA showed similar 

results with very low IFR (17±5 %) and RFR (16±6 %) and an FRR of 83±2%. 

Results from this experiment show that protein adsorption is significantly 

reduced at the S-PANI surface compared to PANI membrane. It has been 

reported that the zwitterionic surface formed a hydration layer which stops the 

BSA absorption [6]. Both S-PANI and S-PANI GA membranes performed better 

during the first cycle showing a TFR of 39 ±2 and 33±6%, in contrast with PANI, 

which presented a very poor flux recovery and a high TFR% of 61±5%. Overall 

after 3 continuous fouling and cleaning cycles S-PANI shows Fr of 60 % starting 

from an initial flux value of 107±2 l/m2h, PANI shows Fr of 41% starting from 

84±2 l/m2h and S-PANI GA showed Fr of 50% with an initial flux of 14±3 l/m2h. 

Overall the performance of the PANI membranes improved after sulfonic groups 
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were introduced demonstrating that S-PANI membranes can be of potential use 

as low-fouling membranes in UF processes without the need for additional 

treatments or complex preparation. In addition, the tested chemical cross-linked 

S-PANI membrane showed a good antifouling performance demonstrating that 

S-PANI could be used as low fouling polymer to fabricate solvent resistant tight 

UF membranes.  

 

 

Figure 47: Time dependent flux of S-PANI, PANI and S-PANI GA membranes tested in cross-

flow with BSA 
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Table 16: Fouling indexes for S-PANI and PANI membranes related to the first cleaning-fouling 

cycle.  

  FRR % TFR % RFR % IFR % 

PANI 40±3 61±5 2±1 60±4 

S-PANI 87±7 39±2 25±4 13±4 

S-PANI GA 83±2 33±6 16±6 17±5 

 

5.6 The conductivity of S-PANI membranes and synthesis of composite S-

PANI/graphene oxide membranes 

The separation characteristics of conducting polymers in form of a membrane 

can be electrochemically modulated and changes in the local chemical 

environment lead to changes in the membrane properties such as hydrophilicity, 

volume swelling, permselectivity and solute partitioning [98]. In this view, 

PANI membranes doped with different acids or blended with conducting 

particles have been studied and the most recent examples can be found in here 

[41, 181]. Hence, we hypothesise that S-PANI can be used in similar electro-

responsive systems with the advantage of being fouling resistant and highly 

solvent stable. In addition, we incorporated graphene oxide GO into the pure S-

PANI membrane to compare the two systems in terms of conductivity and 

membrane performance.  

Blending nanoparticles with polymers is a well-known method to improve the 

permeability and antifouling ability of membrane [182]. In the case of 

conducting particles such as GO, the membrane acquires conducting 

characteristics that can be exploited to enhance the separation performance 

[183]. GO has also some ideal properties [184]  such as  excellent chemical and 

physical stability and the presence of carboxyl and hydroxyl groups that makes 

it well dispersible in water and polar organic solvents, and therefore improve the 

feasibility in membrane fabrication. Therefore, GO was chosen as a conducting 



101 

 

additive to i) compare the conductivity of a blend membrane with pure S-PANI 

membrane, ii) compare the selectivity and permeability of the two membranes. 

5.6.1 Electrochemical properties 

Preliminary studies to evaluate the electrochemical properties of S-PANI and 

investigate the potential to prepare responsive membranes were therefore carried 

out on a pure S-PANI membrane and a composite S-PANI-GO membrane. The 

conductivity and the presence of electrochemical transitions was evaluated using 

a four-probe conductivity meter and cyclic voltammetry as reported in method 

3.5.2.5. Results from these experiments are reported in Table 17 and Figure 48. 

Table 17: The conductivity of the prepared S-PANI-GO and S-PANI membranes was tested 

using a 4-probe conductivity meter by applying a current of 10 mA. The data are an average of 

2 membrane samples. Data from PANI EB and PANI doped with PAMPSA are also reported. 

Membrane type Conductivity (S/cm) 

S-PANI-GO 0.66±0.07 

S-PANI 4.44*10-11   

PANI ES[11] 5 *10-2 

PANI PAMPSA 2.07*10-5 

 

 S-PANI shows a very low conductivity and no redox peak during the cyclic 

voltammetry (A) is detected, meaning that the prepared S-PANI membranes is 

mostly an insulator. S-PANI-GO shows the highest conductivity of all 

membranes; however, no redox peak can be seen in the voltammograms at wider 

potential windows. The absence of redox peaks in the S-PANI-GO 

voltammograms could be attributed to the small area of the active electrode 

surface (1 cm2) and the fact the GO was not homogeneously dispersed onto the 

membrane surface as displayed in Figure 49 and Figure 50. 

PANI membranes doped for 24 hours in HCl shows a conductivity value that is 

nine orders of magnitude higher than pure S-PANI. It has been reported, that 

despite the initial high surface conductivity HCl doped PANI membranes 
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suffered from low conductivity because of acid leaching during filtration [129]. 

Bigger acid dopants such as PAMPSA do not leach out in water but the 

membrane is not stable in solvents and the conductivity is lower than HCl doped 

PANI. PAMPSA possesses sulfonic groups like S-PANI that are distributed 

along the polymer chains and not covalently bonded to the polymer: their 

addition affects the steric and the electronic properties. During the formation of 

the membrane, the conductivity is influenced by the distribution of the polymeric 

chains. The material rearranges in the solvent forming domains with non-

homogeneous properties. Furthermore other factors might have contributed in 

decreasing the conductivity: i) the addition of sulfonic group  causes a loss of 

planarity of the rings [132, 185] and  ii) the electron density of the rings is less 

because of the withdrawing effect of SO3 [185].  
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Figure 48: Cyclic voltammetry of (A) S-PANI and S-PANI/GO membranes from -0.2 V to 

X0.8V. and (B) additional voltammograms of S-PANI GO membranes taken at wider potential 

windows. 

5.6.2   Characterisation of S-PANI-GO membrane 

Despite the negative preliminary electrochemical evaluation, the chemical 

structure, hydrophilicity, morphology and membrane performance of the S-

PANI-GO membranes were characterised to compare the properties with the 

pure S-PANI membranes. Figure 49 shows the top surface and bottom surfaces 

-0.000002

-0.000001

0

0.000001

0.000002

0.000003

- 0 . 4 - 0 . 2 0 0 . 2 0 . 4 0 . 6 0 . 8

C
u

rr
en

t 
(A

)

Voltage (V)

S-PANI

S-PANI GO

A

-0.00003

-0.00002

-0.00001

0

0.00001

0.00002

0.00003

0.00004

0.00005

- 2 - 1 0 1 2 3 4

C
u

rr
en

t 
(A

)

Voltage (V)

C

B

D

B 



104 

 

of the prepared S-PANI and S-PANI GO membranes. No difference is spotted 

in the pictures of the top surfaces as S-PANI is a dark green powder and has the 

highest concentration in the dope solution. The bottom surface reveals that S-

PANI GO forms a less uniform layer when casted onto the support, probably 

because of the aggregation of the GO particles and less uniform distribution of 

the solution onto the support [183, 186]. 

 

Figure 49: Picture of the top surface and bottom surface of S-PANI and S-PANI GO membranes. 

The chemical structure of the prepared S-PANI/GO membrane was 

characterised via FTIR a (full spectra are reported in Appendix). Surface 

hydrophilicity and pure permeance of the membranes are reported in Table 18. 
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The higher contact angle of the S-PANI GO and the lower permeance could be 

again attributed to irregular aggregation of GO particles which could lead to pore 

plugging [186]. 

Table 18: Properties of S-PANI/GO and S-PANI membranes 

Membrane Contact angle Permeance at 1 bar Cross-linking 

S-PANI/GO 60±7 22±4 L m-2h-1 Cross-linked with 

TCL, membrane is 

brittle  

S-PANI 51±5 80±6 L m-2h-1 Cross-linked with 

DCX, TCL, GA. 

 

Figure 50 reports the SEM surfaces and cross-sections of S-PANI-GO 

membranes. The top surfaces show a rough surface and irregular GO 

agglomeration observed at 6500x magnification. This supports the theory of the 

irregular dispersion of GO onto the membrane. The cross-section morphologies 

exhibit an asymmetric porous structure with a finger-like layer and denser 

sublayer with macrovoids.  
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Figure 50: SEM Surfaces and cross-sections of S-PANI/GO membranes  

5.6.3 Conclusions 

This chapter reported the fabrication and characterisation of a new family of self-

doped sulfonated polyaniline (S-PANI) membranes improving the performance 
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of PANI membranes including acid leaching, fouling and solvent stability issues. 

The pure S-PANI membranes were prepared via phase inversion from a solution 

of doped S-PANI, NMP, 4-MP and THF and were further cross-linked via 

thermal treatment and chemical treatment using DCX, GA and TCL. The 

produced membranes were compared to pure PANI membrane to determine 

performance, antifouling and hydrophilicity. The effect of cross-linking of self-

doped S-PANI membranes in terms of membrane performance and properties 

compared to uncross-linked S-PANI membranes has been investigated. In 

addition, the electrochemical properties of the S-PANI membrane were studied 

to investigate the potential of S-PANI membrane as novel stimuli responsive 

systems. 

Pure S-PANI membrane showed similar morphology, flux, rejection and 

operating pressure as PANI. The thermal treatment produced membranes with 

poor mechanical stability and short membrane lifetime. On the other, chemical 

cross-linking successfully yielded long-term solvent (DMF) stable membranes 

with excellent reusability, improved PEG-rejection and ability to operate at high 

pressure (20 bar), showing the potential of chemically cross-linked S-PANI 

membranes.  

The flux recovery ratio and other flow indices showed significant improvement 

of fouling resistance of the S-PANI and S-PANI GA membranes compared to 

PANI membranes demonstrating that protein adsorption could be significantly 

reduced using the self-doped S-PANI. Furthermore, chemical cross-linking can 

further improve the solvent resistance whilst retaining low fouling properties. 

These newly developed S-PANI membranes show excellent solvent stability and 

high fouling resistance. However, the cross-linking was not able to tight the pore 

size of the membranes to the NF range to separate molecules of MW<1000 Da.  

The preliminary electrochemical studies showed that the conductivity of the 

membranes is very low and that the addition of conducting particles such as 10% 
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of graphene oxide seems to improve the conductivity of the membrane surface, 

but no redox process is detectable during cyclic voltammetry. 
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Chapter 6                                                                                         

Preparation of nanofiltration S-PANI membranes 

6.1 Introduction 

In Chapter 5 it was reported that chemical crosslinking successfully improved 

the chemical resistance of S-PANI membranes, however,  the steric hindrance 

of the sulfonic groups do not let the polymer chains to be efficiently packed and 

overcome their high free volume and rigidity. S-PANI GA showed the lowest 

MWCO of 1800 Da in the tight UF range and it was found that adding the cross-

linker in situ during the phase inversion influenced the cross-sectional 

morphologies of the membrane. This effect on membrane morphologies as well 

as performance has led us to investigate alternative routes to shrink the pore size 

of the membrane. 

Previous works [57, 187-190] have focused on achieving control on the pore size 

by changing the chemical potential between the coagulation bath and the casting 

solution by using additives during the phase inversion technique. It has been 

reported that for semi-crystalline materials, using additives could slow down the 

phase inversion liquid-liquid de-mixing and the membrane is formed via 

crystallization, which reduces the pore size[190]. As stated in 2.3.3.2, a solution 

containing the polymer, a solvent and additives is prepared until homogeneity is 

achieved. Then the solution is casted into a thin film and immersed for the 

desired time in a non-solvent bath. Upon immersion, solvent and non-solvent 

mix spontaneously according to their mutual affinity and the polymer solidifies 

[51]. Phase diagrams have been used to analyse the thermodynamics of the 

membrane precipitation process and helped to understand membrane formation. 

A ternary diagram for instantaneous de-mixing and delayed de-mixing is shown 

in Figure 51. At t<1 s, the composition path crosses the binodal line, hence 

liquid-liquid de-mixing starts immediately after immersion (Figure 51a). In the 

second case, all the compositions directly beneath the top layer are in the one-

phase region and still miscible, which means that no de-mixing occurs 
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immediately after immersion but only after a while when more nonsolvent has 

diffused into the polymer solution so that the binodal can be crossed (Figure 

51b). Hence, it is possible to have a tailored morphology for a specific separation 

according to the de-mixing rate: instantaneous (more porous membrane) or 

delayed (asymmetric membrane) [53].  
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Figure 51: Composition paths of a casted film immediately after immersion (t < 1 s) showing (a) 

instantaneous demixing and (b) delayed demixing; T and B represent top and bottom of the film, 

respectively [191] 

In a work from 2003 [192], it is reported a highly mechanically stable PANI film 

prepared via phase inversion in hexane. Interestingly, the PANI film had a much 

denser morphology than those prepared in water resulting in a 12 times higher 

Young modulus than conventional PANI. According to a previous work [193], 

hexane can suppress finger like macrovoids because of a change in  the rate of 

precipitation. Therefore, a denser spongy structure is formed over a porous with 
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macrovoids. A possible mechanism for the formation of a polymer membrane in 

n-hexane has been reported by Cheng et al.in their study of formation of 

asymmetric PMMA membranes [52]. After casting and immersion into a n-

hexane bath, an integral skin is formed because of the delayed de-mixing, and 

then liquid-liquid phase separation occurs because of the diffusion of the n-

hexane (non-solvent) into the casting solution. The final stage is the formation 

of a spongy sublayer.  

Therefore, we hypothesise that we could prepare S-PANI membranes with 

shrunk pore size by changing the composition of the coagulation bath in phase 

inversion. As the current membranes prepared with this method have not been 

evaluated in solvents, the chemical properties and the separation performance in 

water and in solvents of different polarity will be comprehensively characterised. 

6.2 Membrane preparation: synthesis of SPWT and SPHX membrane 

S-PANI 21 wt% dope solutions were casted at 250 nm and then immersed in 

hexane or water for 24h. Figure 52 shows the resulting membranes obtained after 

phase inversion: SPWT membranes (Figure 52A) had a shiny and smooth top 

surface, whereas SPHX membranes (Figure 52B) appeared with a rougher 

surface.  
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Figure 52: Top surfaces of (A) SPWT and (B) SPHX membrane 

6.3 Effect of coagulation bath on membrane morphology 

SEM was used to investigate the effect of the coagulation bath during the phase 

inversion process on membrane morphology. Figure 53 shows surfaces and 

cross-sections of SPWT and SPHX respectively taken at 500, 1000 and 1500 

magnification. SPWT presents a smoother surface with no clear evidence of a 

specific pattern. Conversely, SPHX presents a much rougher surface. The main 

difference in the membrane morphology can be clearly spotted by cross-

sectional images. SPWT presents a porous top layer with many macrovoids 

almost regularly distributed along the membrane cross-section. Interestingly 

cross-sections of SPHX exhibit a very different morphology with a mostly 

denser structure and micropores distributed all over it. The membranes have 

been casted using a casting solution of the same polymer concentration and 

solvent ratio and the main difference in the fabrication method is the use of a 

coagulation bath of different polarity. SPHX have been prepared in a non polar 

solvent and SPWT in a polar solvent.  The difference in morphologies can be 

attributed to the different affinity between solvent and non-solvent in the 

fabrication step. The great affinity of NMP (solvent)  and water (non-solvent)  

causes instantaneous de-mixing and formation of macrovoids hence SPWT has 

A B 
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a morphology similar to other PANI membranes prepared in similar conditions 

[11, 12, 25]. The solubility parameter difference ΔδS–NS between the solvent 

system of the casting solution and the non-solvent system of the immersion bath 

is a first indication of their mutual affinity. The ΔδS–NS -values of NMP with 

water is reported to be 35.38 [194] . However there are no reported values for 

the pair hexane -NMP, but  similar studies have confirmed the lower affinity 

between the two solvents and a slower precipitation rate, hence the spongy 

structure [52, 195]. It is also reported that for a slower precipitation rate, the 

density of the obtained casted films is usually higher  However, a first qualitative 

inspection revealed that a 14.6 cm2 coupon of the SPHX membrane was thinner 

and lighter than the same SPWT coupon and the average weight of a 2X2 cm2 

SPWT sample was 21±4 while 18±4 for a SPHX sample. As it was difficult to 

derive a conclusion on the formation of the SPHX membrane and the properties 

of the resulting film, further swelling tests were carried out to establish a 

relationship between the obtained membrane morphology and the solvent 

uptake.  
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Figure 53 SEM surfaces and cross-sections at different magnification of (A-C) SPWT and (D-

F) SPHX. 

6.3.1 Membrane hydrophilicity  

SPHX and SPWT were characterised for their hydrophilicity via dynamic 

contact angle analysis. Figure 54 reports the decrease of contact angle over time 

for both membranes. S-PANI is a hydrophilic polymer because of the sulfonic 

groups covalently attached to the polyaniline backbone and the consequent self-

doped effect makes the polymer charged [16, 196]. SPHX has an initial contact 
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angle of 78 °, which is higher than the initial contact angle of SPWT of 63°. 

After 200 s the contact angle change to 49° for SPWT and 63° for SPHX. 

Considering that SPHX membranes did not undergo any post-modification, the 

difference in the initial contact angles is most likely attributed to the marked 

surface roughness of SPHX membrane highlighted from SEM analysis, rather 

than a change in the chemical composition of the membrane.  

 

Figure 54: Contact angle over time of SPWT and SPHX membranes. Data are average of 3 

samples.  

6.4 Solvent stability of SPHX and SPWT membrane and study of the 

swelling behaviour 

Figure 55 and Table 19 give the comparison of the swelling degree of the SPHX 

and SPWT membranes for four different solvents ranging from the polar water 

to the non-polar toluene. SPHX membrane has almost a constant swelling degree 

at higher solubility parameters whilst SPWT exhibits an increasing swelling 

trend at higher solubility parameters. The swelling is caused by the slow 

diffusion of solvents into polymer chains leading to a swollen membrane [197]. 

In porous membranes, macroscopic swelling could lead to an increase in the 

polymer volume with the closure of the porous structures and subsequent 

abatement of the flux and increase of the MWCO of the membrane. In dense 
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membranes, a large sorption of molecules can induce swelling in the matrix 

leading to an increase in the free volume. Higher mobility of the polymer chains 

reduces the discriminating power of the membrane and hence an increase in 

MWCO. From the data reported in Table 19 it is clear that SPWT, which 

presented a porous structure, has a much higher swelling degree at increased 

solvent polarity with 71±4 % of swelling degree in water. Conversely, the low 

swelling degree of SPHX membranes at more polar solvent (8±1 % in water)  

can be attributed to the denser structure of this membrane. 

Table 19: Swelling degree in different solvents of SPHX and SPWT membranes. Results are the 

average of two experiments.  

Membrane  Swelling degree (%) Solvent  

SPWT 

71±4 water 

64±10 2-propanol 

51±33 acetone 

20±3 toluene 

SPHX 

8±1 water 

7±5 2-propanol 

6±4 acetone 

0.4±0.2 toluene 
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Figure 55: Mass swelling degree of SPHX and SPWT membranes plot against Hansen solubility 

parameters[54, 198] 

6.5 Investigating nanofiltration performance in dead-end cell 

6.5.1 Water flux and PEGs/PPG rejection 

The performance of the produced SPHX membranes were studied using a dead-

end cell. Figure 56 shows the MWCO curves obtained from rejection 

experiments using PEGs in water. The SPHX membrane has an excellent 

rejection of 99% of PEGs with MW ranging from 1000 to 5000 Da, whereas 

SPWT has only 10% rejection of the same PEGs. Interestingly, the operating 

conditions of the two membranes are also different: SPWT membrane showed a 

maximum operating pressure of 5 bar but SPHX membrane could withstand 

pressure up to 40 bar. Figure 57 reports the MWCO curve for SPHX membrane 

tested in water using PPGs of MW ranging from 308 to 1179 Da.  The PPG 

method was used to determine the rejection ability of the molecules of the SPHX 

membrane at lower MW. The general trend is a rejection of 80% to 89 % for 300 

Da and 950Da respectively. From the data, the SPHX membrane prepared by 

phase inversion in hexane has a MWCO of 1005 Da.  
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Figure 56: Typical MWCO curves for SPHX and SPWT membrane in water using PEGs. 

Filtration conditions: 25 °C and 20 bar for SPHX membrane and 25° and 1 bar for SPWT 

membrane. Data are averages of 2 membrane samples from batch MSPHX01 and SPWT01 
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Figure 57: MWCO curve for a typical SPHX membrane in water using PPGs. Filtration 

conditions: 25 °C and 20 bar Data are average of 2 membrane samples from batch MSPHX01  

6.5.2 Rejection of PPGs in solvents and the effect of the swelling degree on membrane 

performance 

The stability and the performance of the SPHX membrane were evaluated in 

toluene, 2-propanol and acetone. The membrane has previously shown excellent 

stability when immersed in those solvents for a week with no trace of coloured 

deposits in the solution. Other solvents such as DMF, DMAc and THF turned 

blue when the membrane was immersed for less than 1 h. Therefore, Figure 58 

reports the data from the rejection of PPGs in toluene, 2-propanol and acetone. 

The rejection in three solvents is lower than the rejection in water, specifically 

30 % and 34 % less in toluene and acetone and 61 % less in 2-propanol. The 

permeate collected from the filtration experiments did not change colour and the 

membrane could be reused in the same solvents at the same operating conditions. 

No apparent damage was observed during the repeated use of the membrane. 

Finally, the SPWT membrane tested in solvents and water showed very low 

rejection -below 20 %- of PPGs (data are available in the appendix).  
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Furthermore, the differences in rejection in the solvents could be related to the 

swelling degree of the membrane in the chosen system as shown in Figure 59. 

For an increasing degree of swelling and Hansen solubility parameter, the PPGs 

rejection of SPHX membrane does not follow a linear trend. The swelling degree 

of the SPHX membrane in water is the highest (8%) and the highest is the PPGs 

rejection. However, the SPHX membrane swells similarly in 2-propanol and 

acetone (7 % and 6% respectively) but the rejection is 2.8 and 1.5 times lower.  

In toluene, the swelling degree of SPHX membrane is only 0.4 % which is also 

the lowest value, but the PPG rejection is 1.5 lower than the water results. The 

performance of the SPHX membrane can be further explained as a combination 

of its different swelling degree as well as the nature of the rejected solutes. 

Previous studies have shown that the degree of rotational freedom around the 

PPGs backbone affects solutes rejection in different solvents [146, 199]. PPGs 

in water exist in a solvent impermeable, tight-coil configuration stabilised by 

side-chain hydrophobic interaction [200], however, according to the polar 

character of the solvents the PPGs chain might open up and rotate to a preferred 

orientation to permeate through the membrane. In water the SPHX membrane 

swells and this could reduce the discriminating power of the membrane, however 

the tight-coil PPG conformation is rejected better. In toluene the SPHX 

membrane does not swell remarkably and the uncoiled PPG is less rejected. Yet 

other factors, both physical and chemical, are probably influencing the 

performance of the SPHX membrane in 2-propanol.   
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Figure 58: Rejection curves for SPHX membranes in toluene, acetone and 2-propanol. Operating 

conditions are 30 bar and 25°. Data are average of 2 membrane samples from batch MSPHX11 
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Figure 59: Correlation between i) PPGs rejection of SPHX membrane in toluene, acetone, 2-

propanol and water and ii) the mass swelling degree of the membrane in the same solvents plot 

against the Hansen solubility parameters. 

Finally, Figure 60 summarises the permeance in water and solvents for both 

SPWT and SPHX membranes. The porous SPWT membrane shows high 

permeance in water with maximum operating conditions of 5 bar and 2.5 bar for 

the membrane tested in toluene, 2-propanol and acetone. SPHX membrane 

shows lower permeance because of the denser structure and could withstand high 

operating pressure of up to 40 bar. 
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Figure 60: Permeance of (A) SPWT and (B) SPHX membranes in different solvents. Filtration 

conditions were i) 2 bar for SPWT and ii) 20 bar for SPHX. Data in water are average of 2 

membrane samples from batch MSPHX01 and SPWT01 ( filtration in water),  MSPHX11 and 

SPWT01 (filtration in solvents). 

6.6 Conclusion 

Herein, we report for the first time the preparation of nanofiltration self-doped 

sulfonated polyaniline membrane via phase inversion in a hydrophobic 
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coagulation bath. The membrane was prepared from a solution of 20% w/v of S-

PANI, casted and immersed in hexane for 24 h (SPHX). The physical properties 

and performance of the membrane were compared with a reference S-PANI 

membrane prepared via phase inversion in water (SPWT). The use of hexane 

successfully densified the structure of the bulky S-PANI polymer, in contrast 

with the membrane prepared in water, which showed a porous large finger-like 

macro-voids structure. The membrane prepared in hexane showed superior 

rejection of polyethylene glycols (PEG) and polypropylene glycols (PPG) in 

water, a MWCO of 1005 Da and operating pressures up to 20 bar when compared 

to the reference SPWT membrane, showing an overall robustness and stability 

in filtration conditions. Additionally, the SPHX membrane was reusable in 

toluene, acetone and 2-propanol at least three times with no loss in mechanical 

stability at a maximum pressure of 30 bar. Conversely, the SPWT membrane 

showed poor rejection in water, poor mechanical stability when tested in solvents 

(i.e. disintegrated after the first run) and maximum operating pressures of 2.5 

bar. In summary, the use of a hydrophobic coagulation bath was proved effective 

for preparing tighter sulfonated polyaniline membranes with additional solvent 

stability at high pressures.  Overall, this study offers an attractive and simple 

strategy to shrink membrane pore size and obtain nanofiltration sulfonated 

polyaniline membranes. The synthesised SPHX membrane shows potential for 

practical applications such as the recovery of enzymes or enlarged 

organometallic catalysts 
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Chapter 7                                                                      

Conclusion and recommendations for future work 

7.1 Benchmarking of industrial relevant organic reactions with commercial 

OSN membranes 

7.1.1 Conclusions 

In Chapter 4, two industrial-relevant reactions were investigated in a semi-

continuous nanofiltration system namely i) the palladium catalysed Suzuki 

coupling carried out in a biphasic mixture and ii) the lipase-mediated kinetic 

resolution in toluene and in ethyl acetate. The performance of the DURAMEM 

500 and PURAMEM S600 membranes were benchmarked against the reaction 

systems to study performance and stability in the organic solvents, membrane 

fouling and catalysts deactivation. It was found that D500 could be used in the 

biphasic solvent-water system, however, the inorganic hydroxide bases insoluble 

in the organic solvents reach their solubility limit and contribute to membrane 

fouling. Furthermore, the highly stabilising Buchwald ligand does not efficiently 

bind to the Pd complex leading to deactivation and formation of palladium black. 

Optimisation and monitoring of the reaction were necessary to keep palladium 

in the active form. Free lipase in organic solvents was efficiently retained from 

D500 and PS600, showing potential for free enzyme kinetics in organic solvents. 

PS600 in toluene showed excellent selectivity and membrane stability with no 

evidence of major catalysts adsorption onto the membrane surface. D500 in ethyl 

acetate showed low stability, furthermore, the solvent competes as acyl donor 

with the catalysts active sites leading to side reactions and decrease in product 

yield.  

7.1.2 Future work 

The reactions systems object of the study showed good reproducibility in batch 

however the lipase-mediated kinetic resolution was easier to characterise and 

study in the dead-end cell filtration. The biphasic palladium catalysed Suzuki 

coupling suffered from catalysts deactivation and insolubility of the inorganic 
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base in the organic phase which lead to increased membrane fouling in the dead-

end cell. To better understand the mechanism of the reaction, the electrochemical 

characterisation of the palladium species present in solution would add useful 

information to the data obtained from the online reaction monitoring. Cyclic 

voltammetry experiments at different palladium/ligand concentration could be 

performed to study the de-activation step and minimise the formation of the 

palladium black in the solution. The XPhos ligand is considered a robust and 

highly efficient catalyst, but its reuse is limited by its high solubility in the 

reaction medium and low MW, therefore a better understanding of the catalytic 

cycle could improve the overall performance of the studied semi-continuous 

nanofiltration system.  

Furthermore, the filtration of the Suzuki reaction mixture has been performed in 

dead-end mode to avoid unnecessary use of the chemicals, however, cross-flow 

filtration is the next step to test the optimised palladium system-with the excess 

of the 3-chloropyridine and to study fouling. The use of more fouling resistant 

commercial membranes to study organic and inorganic fouling should be 

considered in a future work. The lipase-mediated kinetic resolution in toluene is 

also a good candidate to be tested in a semi-continuous cross-flow membrane 

system. However, continuous systems in which the reactants are continuously 

pumped to the membrane cell should be tested to monitor the effect of removing 

the products while the reaction is happening to better understand the kinetic of 

the reaction. 

7.2 Self-doped sulfonated polyaniline membrane: fabrication, fouling 

resistance and properties 

7.2.1 Conclusion 

This chapter reported the fabrication and characterisation of S-PANI membrane, 

the chemical and thermal cross-linking of the membrane and the preparation of 

composite S-PANI/graphene oxide membrane. The membranes were 

synthesised from S-PANI powder and prepared through non-solvent phase 
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inversion and their subsequent modification with organic cross-linkers and 

thermal treatment. Pure S-PANI membrane showed similar morphology, flux, 

rejection and operating pressure as PANI. Thermal treatment produced 

membranes with poor mechanical stability and short membrane lifetime. In 

contrast, chemical cross-linking successfully yielded long-term solvent (DMF) 

stable membranes with excellent reusability, improved PEG-rejection and ability 

to operate at high pressure (20 bar), showing the potential of chemically cross-

linked S-PANI membranes. Fouling of S-PANI, PANI and S-PANI GA 

membranes was investigated using BSA in cross-flow. The flux recovery ratio 

and other flow indices showed significant improvement of fouling resistance of 

the S-PANI and S-PANI GA membranes compared to PANI membranes. Both 

S-PANI and S-PANI GA membranes performed better during the first fouling-

cleaning cycle showing a TFR of 39 ±2 and 33±6 %, in contrast with PANI, 

which presented a very poor flux recovery and a high TFR of 61±5 %. This 

demonstrate that the performance of the PANI membranes improved after 

sulfonic groups were introduced and that the chemical cross-linking with GA did 

not negatively affect the fouling resistance despite the slight increase of contact 

angle. The prepared S-PANI membranes are robust and durable, show low 

fouling properties, and have strong potential to favourably extend the lifetime of 

membrane processes and reduce the operational costs and frequent chemical 

cleaning. Furthermore, the conductivity of the non-cross-linked S-PANI 

membrane was studied and a composite membrane S-PANI membrane was 

prepared using graphene oxide as conductive filler. The preliminary 

electrochemical studies showed that the conductivity of the membranes is very 

low and that the addition of conducting particles such as 10% of graphene oxide 

seems to improve the conductivity of the membrane surface but no redox process 

is detectable during cyclic voltammetry. 

7.2.2 Future work  

The low conductivity and the absence of redox peaks in the S-PANI and S-

PANI-GO membranes limited the investigation of an electrical-responsive 



129 

 

membrane based on self-doped PANI. However, future work can focus on 

characterising the self-doped sulfonated polymer and the membrane exploiting 

electrochemical impedance spectroscopy (EIS) which has already been used for 

studying redox processes of conducting polymers. By EIS the redox processes 

taking place on the electrode surface (S-PANI) can be monitored as a function 

of the applied dc-potential and it is possible to obtain information of charge-

transfer and diffusion processes. Having more control and understanding of the 

electrochemical species involved helps comprehend if the electro-

responsiveness is feasible and how it will affect solute separation.  

Many synthetic routes are available in literature to prepare the polymer with a 

good conductivity, however, when S_PANI is processed into a membrane, this 

is partially lost due to the non-homogeneous rearrangement of the polymer 

chains. In the future, different synthetic routes to prepare the polymer should be 

explored optimising the following parameters: monomer addition, type of 

initiator and S:N ratio. The use of NMP could inhibits the conductivity because 

of the formation of weak bonds with the polymer therefore, other solvents 

combinations should be investigated.  

Despite the low conductivity, the S-PANI-GO membrane could be used as UF 

membrane with improved fouling resistance due to the combined effect of the 

sulfonated groups and the nanofiller. Future work should address this and the 

membrane fouling using different model foulants such as humic acid, and 

sodium alginate, and rejection experiments should be performed to complete 

membrane characterisation. In addition, a screening of GO concentrations and 

incorporation methods would be beneficial to assess membrane mechanical 

properties and the change in conductivity, surface properties and fouling at 

different filler concentration.  

Finally, the developed membranes show a low fouling behaviour and an 

excellent resistance to harsh chemical environments which could be further 

assesed in one of the reaction systems studied in Chapter 4. In particular, the 
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chemically-cross-linked membranes could be used for the filtration of lipase in 

solvents because of their tighter pore size and stability during filtration. Bio-

fouling and compatibility with the reaction conditions of the S-PANI GA, S-

PANI DCX and S-PANI TCL membrane can be part of a future work on 

studying the properties of these novel membranes. 

7.3 Fabrication of nanofiltration self-doped S-PANI membranes  

7.3.1 Conclusion 

In this chapter, it was reported the fabrication of nanofiltration S-PANI 

membrane by modifying the nature of the coagulation bath during phase 

inversion. Specifically, water was replaced with the hydrophobic non-polar 

solvent hexane. The use of hexane as coagulant resulted in the suppression of 

the spongy structure with finger-like macrovoids typical of UF S-PANI and in 

the formation of a denser layer. SPHX membrane formed in hexane and SPWT 

membrane formed in water were both synthesised from a 20% w/v S-PANI in 

NMP/4-MP. The two membrane systems were characterised to determine the 

differences in physical properties and performance. Pure water studies show that 

SPHX is a dense membrane with a molecular weight cut-off of 1005 Da in water. 

The stability and the performance of the SPHX membrane were evaluated in 

toluene, 2-propanol and acetone. It was found that the rejection in solvents was 

lower than the rejection in water, 30 % and 34 % less in toluene and acetone and 

61 % less in 2-propanol; but no apparent damage was observed during the 

repeated use of the membrane. SPWT showed performance in the ultrafiltration 

range with very low rejection -below 20 %- of PPGs. Overall the reported 

method allows for the preparation of S-PANI based membrane with NF 

properties without the use of any thermal and chemical cross-linking. Thus, 

reducing significant chemical usage and process time. 

7.3.2 Future work 

The SPHX membrane was prepared exploiting a change in the chemical potential 

between the membrane dope solution and the coagulation bath which allowed to 

obtain a denser NF membrane. The mechanism of formation of this membrane 
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system prepared in non-polar solvents is not well understood and further studies 

focusing on changing polymer concentration, solvent/ non solvent pair to 

investigate membrane formation and resulting morphology should be carried 

out.  

The low permeance is the main drawback that could limit its applicability in 

water and solvents. A way to address this issue is to explore different 

combinations of water/solvent or solvent/solvent for the coagulation bath.  

Furthermore, the fabrication method was developed and evaluated only for the 

self-doped S-PANI but other polymer or blends of polymer could be tested to 

confirm its wide applicability. Some work using PAMPSA doped PANI has 

already been done and it is shown in Appendix C of this thesis.  
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Analysis of the reaction components and membrane 

characterisation  

A.1. Nuclear magnetic resonance 

 

Figure 61: 1H NMR spectra showing the evolution of the Suzuki coupling reaction when the 

conversion of 3-chloropyridine is not complete. Offline acquisition. Reaction IASC57, 

conditions: 1 eq. 3-choloropyridine, 1 eq. phenylboronic acid, 2% mol of Pd(OAc)2. 

 



155 

 

 

Figure 62: 1H NMR spectra showing the evolution of the conversion of 3-chloropyridine over 

time for reaction IASC65. Standard Reaction conditions: 1 eq. 3-choloropyridine, 1 eq. 

phenylboronic acid, 2% mol of Pd(OAc)2. 
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Figure 63:1H NMR spectrum of the reaction IAKR01in toluene - kinetic resolution of 1-

phenylethanol mediated by lipase. Reaction conditions: Pseudomonas lipase (1g), 1-

phenylethanol (5 mmol), vinyl acetate (25 mmol) and 1,3,5-TMB (1 mmol) as internal NMR 

standard.  
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A.2. Chemical characterisation of Pd-XPhos complex  

 

Figure 64: 31P NMR spectra showing the shift of the peak of the XPhos ligand in different stage 

of the catalytic cycle.  The samples were prepared by dissolving XPhos ( 0.16 mmol) and 

Pd(OAc)2 (0.08 mmol) in 5 ml of butanol. 0.5 ml of the solution was then collected in an NMR 

tube and analysed by 31P NMR  on 500 MHz Bruker instrument using the solvent suppression 

technique. 
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Figure 65:FTIR spectra showing XPhos ( red), Pd(OAc)2 (black) and the Pd(OAc)2 -XPhos 

mixture (blue).   

A.3. Polymers and membranes properties 

A.3.1. Matrix-assisted laser desorption/ionization MALDI 

 

Figure 66: Example of MALDI spectrum of the S-PANI powder showing its chemical 

composition based on the elemental analysis. The data were obtained using a  Bruker AutoFlex 
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MALDI coupled with Time of Flight (TOF) mass spectrometer. The sample was prepared via 

solventless technique [201]. S-PANI and a matrix (DHB) were used in molar ratio 1:30 and 

mixed and ground for 15 minutes. The prepared ground sample was then spread out on the plate 

and then any excess was removed in order to obtain a thin film ready to be analysed. Spectra 

were generated with an acceleration voltage of 19 kV and were the average of 200 laser shots.  

A.3.2. Additional SEM images of the S-PANI polymer and 

membranes  

 

 

Figure 67:SEM surface and cross-section of SPHX membrane prepared via phase inversion in 

hexane. Fabrication conditions:  S-PANI 21% wt 4.5 g NMP, 1.0 g 4-MP and 300 µm thickness.  
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:  

Figure 68:Picture displaying the bottom surface of SPHX membranes prepared via phase 

inversion in hexane using different concentration of 4-MP and NMP in the dope solution and 

different thickness. Fabrication conditions are reported in Table 8: Optimization of membrane 

fabrication conditions  

A.3.3. FTIR of thermally cross-linked S-PANI membranes 

 

Figure 69: FTIR spectra of thermally cross-linked S-PANI membranes.  
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A.3.4. Mechanical properties of chemically cross-linked membranes 

 

Figure 70: Change in Young Modulus E’ with temperature for chemically cross-linked S-PANI 

membranes  
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A.4. Membrane performance  

 

Figure 71: Additional PPG rejection curves for S-PANI TCL membrane in 2-propanol. Filtration 

condition: 5 bar. Permeance is 1.3 L m-2 h-1 bar-1 
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Figure 72: Typical flux profile of initial period for filtration in dead-end cell of 

S-PANI, PANI and chemically cross-linked S-PANI membranes. Operation 

conditions: 1 bar and 25 °C. 
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Figure 73: Additional PPG rejection curves for S-PANI TCL membrane in acetone. Filtration 

conditions: 6 bar. Permeance is 3.7 L m-2 h-1 bar-1. 

 

Figure 74: Fouling experiment using HA and SPHX membrane. Filtration conditions: 30 bar. 
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 Calibration curves 

 

Figure 75: Calibration curve of the UV-Vis Bradford Essay of the lipase in the permeate samples 

from the semi-continuous kinetic resolution of 1-phenylethanol in solvents.  

 

Figure 76: Calibration curve of the UV-Vis analysis of Pd(OAc)2 in the permeate samples from 

the semi-continuous Suzuki coupling nanofiltration in dead-end cell.  
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 Preparation of solvent stable PANI-

PAMPSA membrane: Characterisation, Chemical 

cross-linking and phase inversion in hexane  

C.1. Introduction 

Polyaniline is one of the most studied conducting polymers because of its 

complex oxidation chemistry and mechanism of polymerisation that is 

investigated for various applications including membrane technology [202]. 

PANI is prepared from polymerisation of the aniline in acidic conditions and can 

exist in three forms that correspond to three different oxidation states: i) 

leucomeraldine -fully reduced-, ii) pernigraniline -fully oxidised- and iii) 

emeraldine base -semi oxidised-. Both leucomeraldine and pernigraniline are 

environmentally unstable, whereas the emeraldine base exists in the solid 

physical form of a dark blue powder and can be stored for long time without any 

loss in chemical properties[203, 204]. Through doping it is possible to convert 

PANI in a conducting polymer. Different dopant ion can be used to obtain PANI 

with different properties. Protonic acid dopants generally used for PANI doping 

are inorganic acids such as HCl, H2SO4, HBF4, and organic acids like 

camphorsulfonic acid (CSA), 5-sulphosalicylic acid, dodecylbenzene sulfonic 

acid (BDSA) with large anions [205]. Recent studies on the fabrication of PANI 

membranes, report that small acid dopants, like HCl, leaches out during filtration 

leading to a change in membrane performance, brittleness of the membrane and 

loss of electrical conductivity [41, 181, 206]. A recent work reported the 

preparation of an electrically conductive, organic solvent nanofiltration (OSN) 

membrane made from Polyaniline (PANI) in-situ doped by poly(2-acrylamido-

2-methyl-1-propanesulfonic acid) (PAMPSA) [25]. The membrane was heat 

treated at 120 °C to shrink the pore size, and it was stable during filtration in a 

wide range of solvents as the bulky polymer acid does not leave the doping site 

and was tested in a wide range of solvents.  
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Because of the stability of the PANI-PAMPSA system, it was explored the 

possibility to i) chemically cross-linked the PANI PAMPSA membrane and ii) 

investigate the effect of hexane in the coagulation bath during phase inversion. 

To date only thermal cross-linking [42] and low thermal treatment [25] has been 

investigated as a mean to tight the pore size and improve the solvent stability of 

PANI-PAMPSA but the produces membranes were not stable in harsh polar 

aprotic solvents. To overcome this limited solvent applicability, we investigate 

cross-linking of PANI PAMPSA with DCX, and compare the membrane 

properties with a pristine PANI PAMPSA membrane. Furthermore, the method 

reported in Chapter 6 to prepare membranes via phase inversion in hexane will 

be applied to the synthesis of PANI PAMPSA membrane.  

C.2. Materials and methods 

C.2.1. Materials 

Aniline, ammonium persulfate (APS), hydrochloric acid (HCl), HPLC grade 

acetone, DMF, DMAc, Toluene, N-methyl-2-pyrrolidone (NMP) and 4-methyl 

piperidine (4-MP) and poly (2-acrylamido-2-methyl-1-propanesulfonic acid) 

(PAMPSA)were purchased from Sigma-Aldrich (UK) along with the chemical 

crosslinker α,α′-Dichloro-p-xylene (DCX). Commercial grade polyethylene 

glycols (PEGs of molecular weight 1000, 1500, 4000 and 6000), ethanol, 

methanol and isopropanol were obtained from Fisher (UK). Tripropylene glycol 

and poly(propylene) glycols (PPGs, MW=400, 725 and 1000 g mol−1), were 

purchased from Alfa Aesar. PET/PBT backing layer- Novatexx 2484 (120 µm) 

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

prepared with deionised (DI) water produced from an ELGA deioniser 

(PURELAB Option). 

C.2.2. Synthesis of PANI-PAMPSA 

PANI-PAMPSA powder was synthesized by oxidative polymerisation of aniline 

in PAMPSA using a method reported elsewhere [25]. The obtained PANI-
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PAMPSA was filtered and washed with DI water and with acetone until the pH 

of the filtrate became neutral. The filtered cake was dried in a vacuum oven at 

65 °C for 24 h. Finally, the powder was ground in a mortar and a dark green 

product was obtained. 

C.2.3. Membrane preparation 

The Novatexx 2484 membrane backing layer was secured using scotch tape on 

a flat glass plate and all membranes were cast on a bench top laboratory caster. 

An adjustable casting knife was used to cast 200 µm thick films using an 

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

UK). Evaporation time of 30 s was used before immersing the casted membrane 

solution into a DI water coagulation bath for 24 h. The membrane was then 

rinsed with DI water and chemical cross-linking took place at 20° C. A cross-

linking solution of 0.2 M DCX in acetone/hexane (35/65 v/v%) mixture was 

used, and the membranes were cross-linked following a procedure previously 

reported [23]. The membranes were kept in the cross-linker solution for 3 days 

and after crosslinking membranes were washed 2 times with acetone and store 

in water for future use. The membrane cross-linked with this method was 

labelled PPDCX01, PPDCX02 etc.  

The same dope solution was used to cast a membrane and prepare it via phase 

inversion using 2.5 L of hexane in the coagulation bath as reported in 3.4.2.2. 

The membrane prepared following this method was labelled PPHX01, PPHX02 

etc.  

C.2.4. Physical and chemical characterisation  

The FTIR spectra of dry PANI PAMPSA 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.  
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Membrane morphology was studied using FSEM (JSM-6301F, JEOL, 

Germany). All samples were prepared by freeze fracturing them in liquid 

nitrogen and drying them in vacuum overnight. Before the analysis was 

performed the samples were coated in chromium using a sputter coater (Q150T 

S, Quorum) under argon for 5 min.  

Membrane hydrophilicity was studied by dynamic contact angle analysis. 

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

performed using sessile drop technique (4 μL) and data were recorded for 800 s 

and repeated 2 times.  

C.2.5. Evaluation of membrane performance in dead-end cell 

Solvent permeance and solute rejections of the pure PANI PAMPSA, PANI 

PAMPSA-DCX and PPHX membranes were studied using a dead-end cell.  

Filtration experiments were performed using the methodology reported in 3.7.1. 

C.3. Results and discussion  

C.3.1. Membrane fabrication and characterization  

FTIR was used to characterise the chemical structure of the PANI PAMPSA, 

PANI PAMPSA-DCX and PPHX membrane. As reported in Figure 77, the 

PANI PAMPSA spectrum has two main absorption peaks at 1497 cm -1 and 1590 

cm-1 that have been assigned to the benzenoid and quinoid form of PANI. The 

FT-IR spectrum has also additional bands at ~1026-1113 cm-1 (S=O stretching). 

The sulfonic group of the acidic dopant is also identified by a band at 1653 cm-

1 representing the C=O stretching of the dopant. The spectra of PPDCX and 

PPHX membrane have the same main absorption peaks of the pure PANI 

PAMPSA but differ in the intensity of those peaks which could be attributed in 

an increased cross-linking effect. 



170 

 

 

Figure 77: FTIR spectra of PANI PAMPSA membrane, PPDCX membrane and PPHX 

membrane 

Solvent stability in DMF was studied for pure PANI PAMPSA membrane 

prepared via phase inversion in water and for the DCX-cross-linked membrane. 

As reported in Figure 78, the stability in DMF after 24 h of immersion is 

enhanced after the cross-linking of the membrane with DCX. In particular, the 

weight loss for the PPDCX membrane prepared with THF in the dope solution 

(right ) was only 0.07% after 24 h immersion whereas the PPDCX membrane 

prepared from a dope solution in NMP/4-MP showed a 4.7% total weight loss. 

The non-cross-linked PANI PAMPSA readily dissolved in DMF giving a blue 

solution. 
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Figure 78: DMF stability - 24h immersion test. From left to right: PANI PAMPSA membrane ( 

20% wt NMP/4-MP, PANI PAMPSA membrane (20%wt NMP/4-MP/THF), PANI PAMPSA 

membrane (20% wt NMP), PPDCX01 (20%wt NMP/4-MP), PPDCX02 (20% wt NMP/4-

MP/THF).  

SEM was used to investigate membrane morphology of surface and cross-

section. Figure 79 reports the morphologies of the prepared PANI PAMPA 

membrane at different magnification. The surface of pure PANI PAMPSA 

appears smooth with no defects but only small impurities due to membrane 

storage conditions. The most important information about membrane 

morphology are gained from the cross-sectional images. They show a highly 

porous loose structures and no formation of macrovoids as it was observed for 

PANI in 5.3.2.1. It has been suggested that the inclusion of large dopants can 

expand the intermolecular spacing between PANI polymer chains and clusters 

forming bigger pores[167]. Further magnification confirms the high porosity of 

the cross section. Figure 79 B and B-1 and B-2 show that the chemical cross-

linking only partially made the large pores smaller, most likely because of the 

bulky sulfonic groups of the PAMPSA acid which sits between the polymer 

chains forming a double strand and hindered the further shrinkage of the 

membrane structure. Figure 79 C to C-4 show the surface of the PPHX 

membrane. The membrane was casted at 300 µm thickness and immersed for 24 

hours in hexane. The surfaces show a very rough top layer with bulges 

distributed along it. 
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Figure 79: SEM surface and cross-section of (A) PANI PAMPSA membrane prepared from a 

solution of 20 %wt PANI PAMPSA in NMP, 4-MP and THF, (B) PPDCX prepared from a 20% 

wt solution of PANI PAMPSA in NMP, 4-MP and THF and later cross-linked for 3 days in 0.2M 

DCX, (C) PPHX prepared from a 20% wt solution of PANI PAMPSA in NMP, 4-MP and THF.  

Hydrophilicity of the prepared membranes was studied via dynamic contact 

angle and results are shown in Figure 80. PANI PAMPSA had the lowest initial 

contact angle of 40° that quickly dropped to 15 ° after 80 seconds. PPHX and 

PPDDCX, in contrast, had both a higher initial contact angle of 85° and 83° with 

PPDCX having the highest decreasing rate. The higher initial contact angle could 

be related to the denser structure obtained through chemical cross-linking of the 

PANI PAMPSA and thorough immersion in hexane during phase inversion. The 

C C-1 

C-2 C-3 



174 

 

rougher surface of PPHX membrane could also contribute to slowing down the 

water permeation rate. 

 

 

Figure 80: Evolution of contact angle with time of PANI PAMPSA, PPHX, and PPDCX 

membrane.  

C.4. Membrane performance 

Figure 81 reports the PPG rejection for the PPHX and the PPDCX membranes 

in acetone. The pure PANI PAMPSA membrane showed a lower stability in 

acetone and from previous works [25, 41] it is known that the MWCO is in the 

UF range, hence, the two novel membrane systems were the object of the 

filtration tests in solvents. PPHX membrane showed a pure acetone permeance 

of 0.59 Lm-2h-1bar-1 at 20 bar and a PPG permeance of 0.36 Lm-2h-1bar-1 with a 

good rejection of 58 % for the highest MW PPG. The pure acetone permeance 

of the PPDCX membrane was 6 ±3 36 Lm-2h-1bar-1 and 3±2 36 Lm-2h-1bar-1 for 

the PPG permeance in acetone, but the membrane was not able to reject the 

PPGS. However, in 2-propanol the PPDCX membrane showed good rejection of 
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the PPG, a permeance of 0.014 Lm-2h-1bar-1 and a pure solvent permeance of 

0.16±0.02 Lm-2h-1bar-1 as shown in Figure 82. 

 

Figure 81: PPG rejection of the PPHX and PPDCX in acetone. Filtration condition is 20 bar, 20 

°C in dead-end cell. 
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Figure 82: PPG rejection of the PPHX and PPDCX in 2-propanol. Filtration condition is 35 bar, 

20 °C in dead-end cell for PPHX membrane and 20 bar, 20 °C in dead-end cell for PPDCX 

membrane. 

C.5. Conclusion 

In summary, this work has reported the chemical cross-linking of PANI 

PAMPSA membrane to obtain a solvent stable membrane with good 

hydrophilicity and 50% rejection of PPG in 2-propanol. Furthermore, the phase 

inversion in hexane densify the structure of the PANI PAMPSA membrane that 

show a rougher surface, a higher water permeance resistance and 50% rejection 

of PPG in acetone and 2-propanol.  
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