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Abstract 

Development for next generation of polymeric membranes by using new classes of materials with 

novel preparation protocols is crucial to address the shortcomings of the existing commercial 

membranes such as antifouling resistance, chlorine intolerance and solvent stability. Polyaniline 

(PANI) membranes were foreseen a promising alternative material to existing membrane 

polymers, mainly due to their affordability and intrinsic antifouling behaviour, but more 

widespread applications were constrained by chlorine intolerance, and the need for prolonged 

post-treatment crosslinking to improve solute retention and solvent stability. This study presents 

a simplified technique to overcome these limitations by modifying PANI synthesis and tailoring 

the membrane preparation protocols using non-solvent induced phase separation (NIPS) 

technique. PANI was modified by introducing sulfonic acid groups (−SO3H) resulting in  

sulfonated polyaniline (S-PANI) that was used for the fabrication of S-PANI membranes at the 

ultrafiltration (UF) separation range (molecular weight cut off (MWCO) ≈ 25 kDa and pure water 

permeance 69.7 L m-2 h-1 bar-1). The prepared S-PANI membranes exhibited physical and 

chemical stability after soaking in 250 ppm sodium hypochlorite aqueous solution for 3 

consecutive days whereas PANI membranes suffered from chemical degradation and complete 

structural damage as confirmed by visual observation, dynamic filtration tests (permeance and 

rejection), Fourier transform infra-red (FT-IR) spectra, scanning electron microscopy (SEM) 

imaging and atomic force microscopy (AFM) analysis. The dynamic filtration test using three 

model foulants showed enhanced antifouling behaviour of S-PANI membranes with flux recovery 

rate (Fr) 84%, 89% and 92% compared to 65%, 68%, 77% for the PANI membrane with alginic 

acid, humic acid and bovine serum albumin, respectively. However, the developed UF 

membranes would have limited application unless otherwise the solute retention is narrowed to 

the nanofiltration (NF) range and beyond. As such, a novel facile preparation technique was 

adopted to produce S-PANI NF membranes (MWCO ≈ 680 Da and pure water permeance ≈ 5 L 
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m-2 h-1 bar-1). The presence of crosslinking sites (sulfonic and amide groups) at the polymer chains 

and the changes in the chemistry of the coagulation bath (1-3 M HCl) facilitated simultaneous 

coagulation and crosslinking. The instant stabilisation of the selective layer for the crosslinked S-

PANI hindered the solvent/non-solvent exchange rate (from 2 h to ca. 24 h), enabled the 

production of a tailored membrane morphology with a dense skin layer (1.1-2.3 times), 

suppressed macro-voids (50-70%), reduced porosity (26-37%), enhanced tensile strength (2.3 

times), increased hydrophilicity (21% drop in contact angle), and improved solvent stability (mass 

swelling degree and gel content in tetrahydrofuran was 88% and 90% (pristine S-PANI) 

compared to 3% and 100% (crosslinked S-PANI), respectively). In a water treatment scenario, 

the newly developed S-PANI NF membranes were compared with a commercial membrane and 

conventional adsorption-coagulation-flocculation, optimised for natural organic matter (NOM) 

removal. Artificially prepared surface water and seawater and a stabilised landfill leachate served 

as test solutions. S-PANI NF membranes showed best NOM separation performance for both 

surface water and seawater (higher by ~5-8% and ~24-41% for commercial membrane and 

conventional treatment, respectively). In contrast, the conventional treatment achieved higher 

leachate NOM removal by ~7% (S-PANI) and ~17% (commercial membrane). The S-PANI 

performed slightly better (~6%) in removal of chemical oxygen demand (COD) compared to the 

commercial membrane and conventional treatment. During long-term fouling S-PANI exhibited 

slower growth in transmembrane pressure (TMP) by ~52-52%, less affinity towards organic 

matter (~26-43% surface water, ~35-42% seawater and ~48-55% leachate) and higher flux 

recovery (~4-10% artificial surface and seawaters and ~12% in leachate) compared to the 

commercial membrane, particularly at high NOM concentration. The facile crosslinking 

technique was adopted for the preparation of in-situ tuneable high performance organic solvent 

NF S-PANI membranes (Tetrahydrofuran (THF) permeance was 2.1 to 16.4 L m-2 h-1 bar-1 with 

apparent MWCO between 250 to 1000 g mol-1). Different molecular weight organic acids (173 g 

mol-1 metanilic acid versus 800,000 g mol-1 poly(2-acrylamido-2-methyl-1-propanesulfonic 
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acid)) were incorporated and self-doped PANI membranes were fabricated at different aqueous 

coagulation bath acidic strength (0.1-3 M HCl). The transport properties of the OSN membranes 

were stable in dynamic ageing filtration test with sequential feed of dye solutions (MW range 

from 327 to 1470 g mol-1) in Methanol, acetonitrile, and tetrahydrofuran over 250 h. The cast 

membranes in higher coagulation bath acidic strength showed increased crosslinking degree as 

confirmed by the mass swelling degree and gel content measurements. The higher crosslinking 

degree was associated with an order decline in permeance (52-92%) and an increase in solute 

rejection due to the contractions in the polymer intersegmental spaces. PAMPSA doped 

membranes were only in the tight UF separation range (MWCO ≈ 1.5 kDa) due to the dopant high 

MW and membrane post-treatment by wet annealing was required to narrow the membrane’s 

solute rejection to NF range without substantial compromise to the membrane permeance. The 

OSN filtration results were reproducible without any irreversible structural ageing. The 

characterisation results (SEM, AFM, mechanical properties, and hydrophilicity) indicated that no 

membrane ageing occurred over the static test period of 30 days with THF. These results indicate 

that the membranes exhibit good stability over a long-term period whilst still maintaining the 

excellent separation performances. This work has significant novelty and believed to attract 

research communities and engineers as it is the first study to exploit the PANI polymer synthesis 

and membrane preparation protocols using simplified approach to produce S-PANI membranes 

with noticeable improvement in antifouling behaviour, chlorine intolerance, and substantial 

improvement in permselective properties and solvent stability. The developed membranes have a 

scalability potential to suit numerous applications in water and wastewater treatment, organic 

solvent nanofiltration (OSN) related industries and potentially high fouling solutions in food 

processing applications. 
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Thesis Outline 

This thesis was written in the alternative format. 

Chapter 1 provides a general introduction on the emerge of membrane processes for water and 

wastewater treatment compared to the conventional treatment processes. The chapter discusses 

membrane materials, preparation, and cross-linking protocols as well as ongoing challenges and 

solution approaches such as membrane fouling and antifouling techniques. The research aims and 

objectives are also embedded in this chapter. Chapters 2 to 5 consist of research results, presented 

in paper format and either published in peer-reviewed journals (Chapters 2, 3 and 4), or submitted 

for peer-review (Chapter 5). Each chapter contains an introductory section reviewing relevant 

literature, a methods section, a results and discussion section, a conclusions section. In addition, 

supplementary Information (SI) sections are available for chapters 3 to 5. 

Chapter 2 illustrates the preparation and characterisation of self-doped sulfonated polyaniline 

(S-PANI) membranes with enhanced chlorine resistance and improved antifouling properties 

compared to polyaniline (PANI) membranes. 

Chapter 3 presents a novel and scalable approach to produce in-situ cross-linked S-PANI 

membranes at nanofiltration (NF) separation range via non-solvent induced phase separation 

(NIPS).  

Chapter 4 offers inter-process comparison between a conventional treatment process and 

membrane processes including the developed S-PANI NF membrane across highly different 

water matrices that exists in drinking water, seawater desalination and landfill leachate treatment. 

Chapter 5 describes a new technique to produce high performance PANI membranes with in-situ 

tuned transport properties to suit a broad range of organic solvent nanofiltration (OSN) 

applications benefitting from the newly developed cross-linking method reported in chapter 3. 

The membrane permselective properties were optimised via using self-dopants of different 
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molecular weight and altering the cross-linking degree to suit different solvents within NF 

filtration range. 

Chapter 6 draws the discussion of the three important story lines which includes a) the 

application of S-PANI membranes to prevent fouling (chlorine tolerance), b) the simplified S-

PANI production method developed in this work, and c) the organic solvent nanofiltration 

application. 

Chapter 7 contains general conclusions drawn from the work presented in this thesis and 

recommendations for future research. 
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1.1 Overview 

A significant proportion of conventional separation processes is expected to be substituted by 

membrane process whose application has been increasing widely [1]. A conventional treatment 

system, in water treatment for instance, typically consists of coarse strainers, chemical 

conditioning (anti-scaling, acid or lime addition), coagulation, flocculation, clarification by 

sedimentation or dissolved air flotation (DAF), filtration and disinfection as shown in Fig. 1.1 [2–

4]. However, these processes still possess few shortcomings. The performance of these processes 

is directly afftected by the feed characteristics such as salinity, temperature, ionic strength, natural 

organic matter (NOM), algae, turbidity, pH, alkalinity and the type of dosed coagulant [5–9]. This 

requires continuous tuning and control of the chemical dose and also contributes to a surplus 

sludge production which implies sludge disposal management to comply with state landfill 

regulations [10,11]. The conventional treatment is also associated with a considerable footprint 

and high capital expenditure which entails 30-40% of the capital cost and 20-25% of the operating 

cost of the system in seawater industry, for instance [12–14]. Likewise, the successful application 

of membrane processes  in organic solvents favoured takeover of traditional purification and 

separation processes (such as distillation, evaporation, adsorption, extraction, and 

chromatography) in wide range of industrial applications [15–18]. However, replacement for all 

these processes, especially in water treatment, might be quite challenging due to the heritage 

infrastructure in place [19].  

 

Fig. 1.1 Typical flow schematic diagram for surface water treatment plant [12]. 
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In recent years, the application of pressure driven membranes had been widely investigated in 

many areas such as water purification [20] wastewater treatment [21], pharmaceutical industry 

[22] organic solvent nanofiltration [23] and textile effluent treatment [24]. Fig 1.2a shows the 

trend in published documents per annum for membranes in wide range of subject areas with 

particular focus in water and wastewater treatment shown in Fig 1.2b. A rapid rise in research 

interest in membrane development for different applications including water and wastewater 

treatment was observed in the 1990s which has been increasingly expanding until today echoing 

the importance of membrane processes.  

(a) (b) 

  

Fig. 1.2 The trend of published documents per annum for membranes in a) all disciplines and b) water and 

wastewater related applications in Scopus website database. 

1.2 Membrane treatment 

Membrane processes are a selective separation technique of mixtures and multicomponent 

solutions for solids, colloidal particles, macromolecules, and dissolved solutes [25]. The pressure-

driven membranes processes involve the utilisation of great variety of materials and structures for 

restricting the passage of different components in a very specific manner at the feed [26]. The 

membranes benefits from numerous advantages such as  a) not requiring a phase change for solute 

or the carrier solvent, b) exceptional combination of permselective properties, and (c) no necessity 

for regeneration of solid or liquid sorbents [27]. As such, membranes are widely used in many 

important chemical, biological, and environmental applications. Microfiltration (MF) membranes 

have a large pore size range 0.1-10.0 µm compared to 0.005-0.09 µm for the ultrafiltration (UF) 
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membranes [28] as shown in Fig 1.3. Nanofiltration (NF) membranes are closely related to RO 

and is sometimes called “loose RO” with pore size of 1-5 nm and a molecular weight cut-off 

(MWCO) 200-1000 g mol-1 compared to ~0.5 nm pore size and MWCO below 200 g mol-1 for 

the RO membranes [29,30]. The membrane processes can deliver consistent permeate quality 

despite fluctuations in the feed properties showing full removal of suspended solids and a 

substantial to full reduction in microbial species within a small footprint [31–33]. 

 

Fig. 1.3 Membrane separation process based on pore size [26]. 

A membrane module consists of multiple pressure vessels which are connected in parallel as 

shown in Fig 1.4a. Each pressure vessel accommodates few membrane elements which are 

mounted in series. The feedwater passes through the spacer of the spiral wound (SW) membrane 

element where the solvent/solute separation process occurs through the membrane active layer. 

The permeate is collected and carried by the permeate inner pipe as shown in Fig 1.4b. 

(a) (b) 

  

Fig. 1.4 a) general arrangement of RO membrane module [12] and b) cross-section of spiral wound reverse 

osmosis membrane element [34]. 
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1.3 Membrane transport theory 

The transport rate for certain components through a membrane, flux, is determined by both 

driving force and the permeability of the membrane which could be described by Darcy’s law as 

shown in the following equation [35]: 

𝐽 = −𝑃 
𝑑𝑥

𝑑𝑧
 Equation 1.1 

where J, P and 
𝑑𝑥

𝑑𝑧
 represents the flux or volumetric flow per unit membrane area, 

phenomenological coefficient which expresses the membrane permeability, and the driving force, 

respectively. The gradients in either pressure, electric potential or chemical potential establish the 

driving forces that could results in mass convection, ion migration and molecule diffusion, 

respectively [36]. The membrane processes can be classified based on the type of the driving force 

into dialysis (concentration driven), pervaporation (partial pressure driven), dialysis and 

electrolysis (electrical potential driven) and pressure driven which includes MF/UF, NF, RO and 

gas separation membranes [37]. The ratio of the volumetric flow rate over an active membrane 

filtration area at certain operating conditions defines the permeating flow rate also known as liquid 

permeability. This is used to describe the membrane productivity and passage of pure solvent or 

solution and can be expressed in volumetric (L m-2 h-1 bar-1) or gravimetric units (kg m-2 h-1 bar-

1), respectively [38]. The liquid permeability can be dependent on the transmembrane pressure 

(TMP), particularly if the membrane’s selective layers possess affinity to the solvent like for 

organic solvent nanofiltration (OSN). As such, partial and reversible decline in liquid 

permeability could take place due to the partial compaction of swollen polymer matrix as a result 

of the increase in the TMP across the membrane [23]. Filtration experiments in dead-end or cross-

flow regimes are interchangeably used to determine the liquid permeability [39]. Despite no 

difference between the two regimes for filtration of pure solvents or dilute solutions of solutes 

with no specific interaction with membrane material,  the filtration test in cross-flow membrane 

cells is preferably due to the high linear velocity (shear force) to minimize concentration 
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polarisation effect or membrane fouling during the filtration of real mixtures (e.g., ground or 

wastewater). Liquid permeability is constant for specific membranes in certain ranges of operating 

pressure since it is normalised by the applied TMP at constant feed composition and temperature 

[36]. This parameter allows to compare performance across a diverse number of membranes, 

tested in accordance with different filtration protocols. The liquid permeability of commercially 

sourced membranes is usually given by manufacturers along with values of molecular weight cut-

off (MWCO). The latter is characterised the ability of the membrane to retain 90% of the solutes 

at certain molecular weight [40]. The critical flux concept was introduced and defined in two 

ways a) the flux at which the TMP starts to deviate from the pure water line or b) the first permeate 

flux for which irreversible fouling appears on the membrane surface [41]. Exceedance of the 

critical flux can accelerate membrane fouling which could lead to a combination of reversible and 

irreversible decline in liquid permeability [42]. 

1.4 Membrane material and preparation 

Many types of synthetic materials are used for preparing membranes which are grouped into 

polymeric (organic polymers including crystalline and amorphous, glassy and rubbery) and 

inorganic (oxides, ceramics, metals, carbon) membranes [43]. Membrane preparation involves a 

number of techniques such as sintering, stretching, track-etching, template leaching, and dip-

coating, to obtain a membrane structure with desired morphology tailored for a specific [44]. 

Phase inversion/separation techniques are among the most vital and commonly used processes 

for making membranes from a large variety of polymeric building blocks. Fig 1.5 illustrates an 

exponential trend in publications related to phase inversion more noticeably in the past three 

decades. 
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Fig. 1.5. The trend of published documents per annum for the developments in the phase inversion 

technique for membranes preparation. 

In 1960s, a major breakthrough in the development of integrally skinned asymmetric (ISA) 

membranes took place by Loeb and Sourirajan [45]. The research method was utilised for a 

controlled transformation of polymer solution (also known as dope solution) to a solid form. Since 

then, a wealth of knowledge has been engendered about phase inversion membranes formed by 

immersion precipitation, also known as non-solvent induced phase separation (NIPS). The 

preparation of flat sheet membranes occurs by casting a thin film of polymer solution over a 

porous mechanical support layer. The applied dope solution consists of at least one polymer, at 

least one excellent solvent, and may contain additives. The thin film over the support layer is then 

immersed into a coagulation bath, which consists of a poor solvent, i.e., the nonsolvent (typically 

water), and may contain additives. The exchange of the solvent and nonsolvent (known as 

demixing) which must be miscible leads to precipitation (solidification) of polymer film [46,47]. 

Demands for membranes with certain physicochemical properties for different separation 

processes  encouraged further investigation of key factors affecting  the preparation process [48]. 

The main parameters that influence membrane formation by phase inversion include but are not 

limited to solvent type, polymer type and concentration, non-solvent system and composition, 

additives to the polymer solution, and casting conditions [49]. The thermodynamic aspects of 

instantaneous and delayed demixing processes which lead to different types of membrane 

conformations were studied using ternary phase diagram as shown in Fig 1.6a-c. The polymer, 

solvent and non-solvent are represented in the triangle angles, while any point within the triangle 
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represents a mixture of the three components. This helps to schematically define the composition 

path of a polymer film at a certain time of immersion in a non-solvent bath. The system consists 

of two regions: a one-phase region where all components are miscible and a two-phase region 

where the system separates into polymer-rich and polymer-poor phases. The line which connects 

a pair of equilibrium compositions in the phase diagram is called a tie line. The is the so-called 

binodal. Every composition inside the binodal curve will demixing into two liquid phases which 

differ in composition, but which are in thermodynamic equilibrium with each other. The cloud 

point is measured via rapid titration method and a turbidity measurement method in order to 

determine liquid-liquid phase boundary, known as binodal [50]. A two fundamentally different 

structures depending on the rate of polymer precipitation by NIPS [51]. Precipitation rate is 

measured as the time between immersing the casting solution in a precipitation bath and the time 

when that solution turns opaque or when the membrane separates from the glass plate. A slow 

precipitation rates produced membranes with “sponge-like” morphologies compared to large 

“finger-like” macro-voids in the substructure at fast precipitation rates as shown in Fig. 1.6b-d.
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(a) (b) 

  

(c) (d) 

  

Fig. 1.6. Composition paths and cross-sectional morphology of a cast film immediately after immersion (t 

< 1 s) demonstrating (a, b) instantaneous demixing and (c, d) delayed demixing, respectively; T and B 

represent top and bottom of the film, respectively [44,48,52,53]. 

1.5 Membrane cross-linking and solvent stability applications 

The transformation process of polymer chains to an integral three-dimensional network by the 

interactions of linear or branched polymer chains using the chemical or physical modification is 

known as cross-linking [54]. The physical cross-linking takes place by heating or photo initiation 

and involves the development of  van der Waals forces and hydrogen bond between the functional 

groups of the polymers and cross-linking agents and polymer chains [54,55]. The hydrogen bond 

of the physically cross-linked membranes is small with long bond length compared to the covalent 

bonds. However, the strong physical interactions of the large amount of hydrogen bonds makes 

them steadily exist at low pressure [56]. Chemical cross-linking occurs via polycondensation or 

polyaddition cross-link where a covalent bonding is formed between the functional groups of the 
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polymers and cross-linking agents due the interaction process of linear or branched polymer 

[57,58]. Small molecular compounds in the range of 200–400 g mol-1, that possess two or more 

functional groups such as amine group are commonly used as cross-linking agents [59]. The gap 

spaces between the polymer chain segments become smaller after cross-linking resulting in 

limited vibration of the polymer chain segment as shown in Fig. 1.7 [54,60]. As such, cross-

linking leads to enhanced molecular separation, chemical stability, mechanical stability, anti-

swelling properties and overall capacities to undertake extreme operating conditions such as 

treatment of organic solvents at the expense of lower flux [61]. Separation and purification of 

streams containing organic solvents is challenging but inevitable in many chemical and 

pharmaceutical processes due to the stringent environmental legislation and the increased cost of 

organic solvents [15,62–64]. 

         Polymeric membrane              Reduced pore size 

 

                         Deteriorated structure                Stable performance 

Fig. 1.7 Descriptive sketch of three-dimensional links after cross-linking and structural stability of organic 

solvent membranes [61]. 

Membrane cross-linking modifications takes place by three different methods. Post-treatment is 

achieved when the prepared membrane is heated to the cross-linking degree or immersed in the 

cross-linking solution to achieve physical or chemical cross-linking, respectively [65,66]. In 

contrast, simultaneous modification occurs when the cast film is immersed in a coagulation bath 
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containing the cross-linker [67,68]. The third type is known as pressure-assisted cross-linking 

where the cross-linker is forced through the bulk membrane to increase the cross-linking degree 

[61]. 

The sensitivity of most pharmaceutical products to temperature and the demand for high quality 

products favours the application of a membrane-based technique known as organic solvent 

nanofiltration (OSN) [69]. The OSN membranes are considered as a robust alternative to thermal 

separation processes that allows for broad market presence and core applications in the oil and 

petrochemical industry, food and bioproduct industry, pharmaceutical industry, bulk chemical 

and fine-chemical industry due process reliability, ecological and economic benefits [70–72]. 

OSN membranes also combine low-temperature with continuous separation of mixtures down to 

a molecular level without thermal energy, chemical additives or recycle streams which makes it 

competing with conventional separation techniques like crystallisation, chromatography, 

evaporation, distillation, adsorption and absorption [73]. There is a continuous demand for a wide 

range of different membrane materials and different MWCOs because each application has its 

special requirements for solute retention as well as a unique solvent system [74]. OSN 

applications grew early in the oil and petrochemical industry for dewaxing of lube oil followed 

by conditioning of liquid hydrocarbons,  biodiesel production and edible oil extraction [75]. Other 

applications in natural oil processing involve decolourisation, deacidification and solvent 

recovery from the degumming extraction step [76]. These membranes are also broadly used in 

the food and bioproduct industry for the extraction and separation of lactoferrin (milk), lysozyme 

(eggs), organic acids, zeaxanthin, omega-3 fatty acids and oligosaccharides (soy) [77]. OSN 

membranes have also contributed to purification of organic solvent streams as well as recovery 

of valuable homogenous catalyst systems of different kind of chemical reactions such as 

palladium catalyst systems which offered cost and energy savings in bulk chemistry applications 

[78]. The OSN membranes is playing a key role in the synthesis, purification and concentration 

of active pharmaceutical ingredients (APIs) and the production of high value natural compounds 
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(HVNCs) including non-thermal solvent recovery and non-thermal solvent exchange processes 

[79–81]. 

1.6 Membrane fouling 

Despite the widespread application of the membranes, there is still a number of technical 

challenges to overcome [82]. Membrane longevity decreases as a result of scaling, fouling and 

biofouling due to presence of particulate foulants, colloidal foulants, organic foulant and 

microbial foulants in the feed stream [83,84]. Foulants accumulate at the membrane outer shell 

and clog membrane pores leading to formation of external fouling and internal fouling, 

respectively. Both fouling types result in flux decline and potential increase in membrane 

rejection [85]. Membrane fouling exposes the plant production to crucial threat throughout the 

operating life due to the gradual flux decline as shown in Fig1.8. 

 

Fig. 1.8 Flux decline over time due to membrane fouling [86]. 

In particular, organic matter, which serves as a nutrient for microbial foulants, cause the most 

severe type of fouling known as biofouling [84]. During biofouling growth, the microorganisms 

accumulate developing extracellular polymeric substances (EPS) which can protect the biofouling 

bacterial species from toxins and biocides [87]. Biofouling leads to significant irreversible 

performance loss, decreases process reliability and increase both, operating and maintenance 

costs [88]. As a result, this requires membrane replacement which contributes to 14-20% of the 

initial membrane installation cost [14]. Biofouling forms more than 45% of membrane fouling 

and identified as “Achilles heel” of membrane processes [89]. To imagine the progressive 
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academic interest in this problematic issue, over 3000 papers were published between 1992 and 

2016 and the number is expected to double by 2022 [3]. 

1.7 Antifouling techniques 

1.7.1 Feed water pre-treatment 

Several studies showed that pre-treatment of the membrane feed water could improve the overall 

operational performance by preventing rapid membrane fouling [90,91]. At certain times, the feed 

water may contain constituents such as colloidal material, suspended solids, organic compounds, 

and bacteria that cause irreversible fouling of downstream membrane systems [92]. Key threshold 

seawater quality parameters that have significant impact on the selection and configuration of the 

pretreatment system upstream the RO membranes were established. For instance, the TOC should 

be < 2 mg L-1, turbidity ≤ 0.1 NTU, silt density index (SDI) < 2, Fe+3 ≤ 2 mg L-1, Mn+2 ≤ 0.1 mg 

L-1, silica ≤ 20 mg L-1 and oil and grease ≤ 0.02 mg L-1 [93]. Ideally, the role of pre-treatment 

processes is to minimise the scaling potential, fouling and biofouling growth at the membrane 

surface and maintain a consistent feed water quality to the downstream membrane processes 

[94,95]. These pre-treatment technologies include but are not limited to coagulation, scale 

inhibition, flocculation, clarification, filtration, biofiltration, disinfection and low-pressure 

membranes (MF/UF) ahead of the RO membranes [3,96]. Coagulation is a physio-chemical 

process which aims to reduce the repulsive potential of the electrical double layer of colloids 

using various coagulants such as ferric chloride [97]. With the addition of coagulants, colloidal 

microparticles start to develop and then agglomerate into larger particles called micro flocs [12]. 

Feed waters that are associated with harmful algae blooms or oily wastes have severe impact on 

the membrane processes and pre-treatment with coagulation and DAF is deemed to be vital [98]. 

Dual media filtration (DMF) preceded by coagulation was reported to decrease the fouling of 

downstream membrane processes and remove more than 90% of micro-algae at low power 

consumption <1.0 kWh m-3 [99,100]. Likewise, the addition of coagulants upstream low pressure 
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membranes helped to reduce the TMP, minimise the extent of none back-washable fouling and 

decreases pore blocking due to the formation of a permeable cake/gel layer on the membrane 

surface [101,102]. High organic matter removal, 70% dissolved organic carbon (DOC) and 90% 

transparent exopolymer particles (TEP), was also achieved  by using granular activated carbon 

(GAC) adsorbents followed by low-pressure membranes [103]. Operating the DMF under 

biological mode (biofiltration) enhanced the NOM removal [104]. However, the biofiltration with 

GAC media revealed higher organic matter removal rates than biologically operated DMF due to 

the availability of a large surface area of the GAC media [105,106]. The bioactivity in DMF 

improved the removal of the biologically degradable organic carbon related compounds which 

reduced the biofouling formation on RO membrane surfaces [107]. Disinfection by ozonation 

disables the bacterial activity and hinders the fouling formation in principle. However, ozonation 

converts most of the NOM to assimilable organic carbon (AOC) and oxidises the phosphonate 

based anti-scale which increase the fouling and scaling potential on RO membranes, respectively 

[108–110]. The pre-treatment process is crucial to deliver a consistent feed water quality to 

increase the downstream membrane longevity. However, in-depth understanding of the feed water 

quality including seasonal variations is essential for proper process selection and design. The 

process performance dependence on feedwater quality changes also demands for continuous 

control and monitoring that involves manual intervention [10–12]. Additionally, the pre-treatment 

process entails considerable footprint, high capital expenditure, backwash water balancing and 

sludge waste management [12,111]. 

1.7.2 Chlorination 

Chlorine is the most widely used disinfectant in water and wastewater treatment [89]. The 

application of continuous chlorination was most often used in the 1990s where sodium 

hypochlorite, for instance, is used to control and suppress the growth microorganisms and algae 

species within the membrane treatment system [2]. Sodium hypochlorite is one of the commonly 
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used chemicals for particle removal from the membrane surface and the pores due to its strong 

oxidizing potential [112]. Intermittent chlorination (1-4 times a day) or shock chlorination (1-3 

times a week) were favoured continuous chlorination due to the formation of extra-cellular 

polysaccharides after long-term exposure to chlorine [113]. However,  biofouling cannot be 

simply eliminated by inactivation of the microorganisms via the disinfection. Dead biomass 

remain and serves as substrate for other bacteria [114]. The reaction of disinfectants such as 

chlorine, chlorine dioxide and ozone with humic acid enhance the formation of AOC and therefore 

increase in biodegradability of organic matter which enhance biofouling growth [104]. Also, most 

of the aromatic polymeric membranes suffers from performance degradation (18%) due to the 

high sensitivity to free chlorine [115]. Aromatic membrane chlorination takes place when the 

hydrogen on the polymeric ring is substituted by chloride ion followed by ring chlorination which 

is irreversible process as shown in Fig. 1.9 [116]. The free chlorine also attacks N-H group within 

the aromatic polymer structure and convert it to N-Cl group leading to increase in membrane flux, 

decrease in solute rejection and hence resulting in performance degradation [117]. Therefore, 

membrane chlorine sensitivity is still a crucial limitation for most aromatic based commercial 

membranes [118]. Disinfectants such as chlorine decrease the longevity of the membranes, and 

therefore this is not a viable solution, unless chlorine resistant membranes can be developed [119].  

 

Fig. 1.9 Chemical attack of polyamide membrane selective layer by chlorine oxidant [120]. 
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1.7.3 Surface modification 

Most pressure driven commercial membranes are made of hydrophobic polymers such as PVDF 

(Polyvinylidene fluoride), PES (Polyether sulfone), PS (Polysulfone), PP (Polypropylene), PAN 

(Polyacrylonitrile), PA (Polyamide) and PE (Polyethylene) [121,122]. The attachment of the 

organic and bacterial species is more favourable with hydrophobic and non-polar membrane 

surfaces [123]. In contrast with the hydrophilic membranes, the hydrophobic membranes do not 

tend to form hydrogen bonding interactions between the membrane interfaces and the water. 

Therefore, this spontaneous process leads to an increased entropy and foulant adsorption which 

dominates the boundary layer [112,124,125]. As such, highly hydrophilic membrane surfaces are 

effective to inhibit the adsorption and deposition of pollutants leading to reduced fouling  

[126,127]. Therefore, massive efforts were carried out till date to develop functional materials 

and employ effective techniques to improve membrane hydrophilicity. Neutral or highly negative 

surface charge, less hydrophobic, and smooth surfaces are identified as key features of the 

antifouling membranes [128]. Membrane hydrophilicity plays a dominant role in membrane 

fouling tendency over the surface roughness which provides higher surface area for more foulants 

to be attached [129]. One of the most common techniques to characterize the membrane 

hydrophilicity/hydrophobicity is the measurement of the contact angle (CA). Purely hydrophilic 

membranes retain CA=0° compared to semi hydrophilic 0°<CA<90° and hydrophobic CA≥90° 

[130]. 

Most recent studies concluded that the development in membrane fabrication and modification is 

a key solution to solve fouling challenge [3,125,131,132]. Fig. 1.10 shows a pictorial image of 

surface modification techniques which involves physical methods such as adsorption and coating, 

and chemical methods such as grafting, plasma polymerization and the addition of organic or 

inorganic nanoparticles (TiO2, silver, carbon nanotubes and graphene) to improve membrane 

fouling and biofouling resistance [133–138]. Surface grafting helps to amend the hydrophobic 

properties of the polyamide-based membrane, for instance, and deliver antifouling membrane 



 

17 

 

layer with easy cleaning properties and higher chlorine tolerance [139–141]. Plasma 

polymerization, UV grafting, coating or blending with hydrophilic additives are applied to 

produce antifouling membranes [142]. For instance, polyvinyl alcohol (PVA), graphene oxide 

functionalized chitosan, polydopamine, carbodiimide, polyethylene glycol (PEG) derivatives, 

polycations (polyethyleneimine) and chitosan were applied at laboratory scale as a coating 

material on PA membrane and exhibit antifouling behaviour through the improved hydrophilicity 

[135,143–149]. Despite these advantages, the coating layer might be sloughed off easily resulting 

in loss of membrane properties and flux fluctuation [150]. Likewise, the use of biocidal inorganic 

nanoparticles particles such as silver, copper, carbon nanotubes and graphene is still limited 

because these nanoparticles could either leach after long-term operation or lose their functionality 

over time [151]. Plasma is used to deposit the polymer onto membrane surfaces or to activate the 

membrane surface to generate oxide or hydroxide groups [152]. However, this process is not 

suitable for large-scale operation. In addition to other concerns such as high energy radiation, 

high power demand and the difficulty to control the reaction on the surface which might affect 

the original membrane characteristics [153]. The surface modification is still at an early stage and 

more intensive studies are needed [154]. Long-term chemical stability, partial removal of the 

biofouling layer, short term laboratory test and unavailability of commercial scale are ongoing 

hurdles towards the adoption of membrane surface modification techniques [132]. 

 

Fig. 1.10 Methods of chemical and physical surface modification of polymer surface [155]. 



 

18 

 

1.7.4 Material blending 

The blending of the polymers can efficiently generate new materials with synergistic advantages 

that cannot be obtained by the individual polymers. Polymer blending approach involves mixing 

several types of polymers at different loading rates which is extensively utilised in polymeric 

membrane preparation due to its ability and versatility to integrate desired membrane properties 

[156,157]. The common intention of the polymer blending is to improve the final structural 

morphology, wettability, permselective properties and fouling resistance [158]. Polymer blending 

was foreseen as one of the most straight-forward approaches to impose hydrophilic property and 

improve the membrane performance [142,159]. Many types of organic and inorganic materials 

have been used to improve the characteristics of the polymeric membranes such as polyethylene 

glycol (PEG) [160,161], polyvinylpyrrolidone (PVP) [162,163], cellulose acetate phthalate 

(CAP) [164] alcohols [165], polyaniline (PANI) [166–168], silica [169], silver [170], aluminium 

oxide [171] and titanium dioxide [172]. Despite the simplistic preparation protocols, there are 

many factors effecting the process such as additive loading rate and molecular weights, the 

miscibility characteristics, the compatibility properties (for inorganic materials), and the solvent 

type can influence the performance of these additives [172]. 

1.7.5 Antifouling and chlorine resistant material 

A significant attention on the improvement of next generation of membrane materials for the 

synthesis/processing to develop novel polymeric membranes and novel functionality as shown in 

Fig. 1.11. Generally, there is no single commercial polymeric membrane material mentioned in 

the above sections that simultaneously presents antifouling resistance, antibacterial growth, 

chlorine intolerance, solvent stability, thermal stability,  oxidation/pH resistance, and mechanical 

strength. As such, substantial effort has been directed toward enhancing permselective properties 

and membrane material longevity. 
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Fig. 1.11 Current trends in the field of organic membrane materials to develop next-generation membrane 

materials [20]. 

Cellulose-based membrane materials is another widely used class of organic membranes [173]. 

Cellulose acetate (CA) membranes were among the first polymeric membrane materials which 

benefits from relative low cost and hydrophilicity [174]. Due to its high hydrophilicity, CA 

polymer is often blended with other widely used hydrophobic polymers to produce composite 

membranes such as PES and PVDF [175,176]. However, CA membranes lack long-term 

chemical, thermal, and biological stability [177]. 

Recent reports addressed the utilisation of functional polymeric membranes such as polyacrylic 

acid (PAA) and polymethyl methacrylate (PMMA), and conductive polymers such as PANI as 

blending polymers to produce tuneable membranes through improving the stimuli-responsive 

behaviour [20,178]. PANI, a π-conjugated structure with alternating single and double bonds (Fig. 

1.12) is one of the most studied polymers in the last decade due to its superior built-in antifouling 

properties and antibacterial behaviour [179–181]. 

 

Fig. 1.12 PANI chemical structure. 

PANI was used either as a membrane main building block [178] or as an additive to enhance 

antifouling behaviour of other commercial polymers [182–184]. Membrane conductivity, easy 

fabrication and abundance of PANI material raises its significance for treating feed streams 

enriched with organic matter [185,186]. PANI has a cross-linkable nature which could shift the 
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molecular separation towards NF range making it a suitable material for further OSN applications. 

Successfully thermal [187] and chemical [188,189] cross-linking of PANI membranes was 

reported in the literature (Fig. 1.13). 

 

Fig. 1.13 Cross-linking PANI with (a) DCX, (b) GA, and (c) thermal treatment [61,189]. 

However, all the reported prepared membranes with PANI polymer blends have a MWCO in the 

UF separation range (above 50 kDa) which limits further applications at NF range and beyond. 

Additionally, PANI membranes are chlorine intolerant due to the oxidation of the aromatic 

structural after exposure to free chlorine [190]. The only reported chlorine resistance PANI 

derivative membrane is poly(n-2-hydroxyethyl aniline) (MF border line) which was tested at 250 

ppm free chlorine for prolonged period [190]. The PANI derivative membrane benefits from the 

presence of the hydroxyl group which altered the hydrogen bond which makes enhanced the 

chlorine resistance and hydrophilicity [191]. The cross-linked PANI membrane in NF range 

enjoyed high stability in harsh organic solvents but  suffered from considerable compromise to 

the membrane permeance due to the high cross-linking density. The cross-linking process lacks 

interest of scalability due to the use of toxic and hazardous solvents with tedious post-synthetic 

treatment up to 6 days [67]. Therefore, the development of chlorine tolerant and solvent stable 
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membranes in NF range and beyond using scalable methods is of high interest to unlock the 

potential of the intrinsic antifouling properties of PANI membranes. 

1.8 Aims and objectives 

The research was focused on addressing important research gaps in membrane synthesis processes 

and PANI membrane were chosen as material of interest. The aim of this PhD thesis is to a) 

improve the chlorine resistance and enhance the antifouling properties of PANI membranes, b) 

lay out the techniques for in-situ preparation of PANI membranes with the desired performance, 

morphology, and stability in NF separation range, c) benchmark the performance of the developed 

membrane with the conventional treatment processes and d) explore simplified techniques to tune 

the PANI membrane permselective properties with enhanced permeance for tight UF and NF 

applications. These aims were addressed through the following objectives: 

o Introduction of electron-withdrawing sulfonic acid functional groups (−SO3H) into the 

aromatic PANI polymer chain to a) reduce the electron density on amino groups and 

diminish the reactivity of polymer backbone with chemical agents such as chlorine and b) 

improve antifouling behaviour. 

o Exploiting the presence of cross-linkable functional groups in the sulfonated polyaniline (S-

PANI) polymer chain and chemical changes of the coagulation bath during the preparation 

of to yield cross-linked membranes in the NF range. 

o Determine the suitability of S-PANI NF membranes for organic matter separation and 

compare with both a commercial membrane and a conventional treatment option using 

representative feed solutions of surface water, seawater, and leachate wastewater treatment. 

o Incorporating organic acids of different molecular weight, acidity, and hydrophilicity during 

polymerisation in addition to the changes in the coagulation bath chemistry to in-situ tune 

the permselective properties of the prepared cross-linked membranes. 

o  
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Context: 

Improving chlorine stability of membranes consisting of aromatic polymers will be highly advantageous 

to current membrane-based separation processes which struggle with membrane longevity and 

unavoidable fouling issues. Membranes heavily rely on chlorination to diminish (bio)fouling growth, 

but chlorination can also lead to membrane degradation. The potential cost savings are associated with 

chlorine tolerant membranes and as such, waiving the need for existing dechlorination and re-

chlorination processes applied upstream and downstream of the membranes. This work aims at 

developing chlorine tolerant self-doped sulfonated polyaniline (S-PANI) membranes that can overcome 

the current limitations of its precursor i.e., polyaniline (PANI) membranes, such as chlorine degradation 

and low fouling resistance. The S-PANI polymer was prepared in-situ and membranes were fabricated 

through Non-solvent Induced Phase Separation (NIPS) technique. The membranes' performance was 

evaluated under harsh chlorine conditions (250 ppm hypochlorite for three days under different 

conditions). The S-PANI membranes showed much higher resistance to chlorine  compared to lab-

fabricated PANI membranes and commercial Polyethersulfone (PES) UF membranes. The S-PANI 

membranes exhibited a stable pure water flux and complete rejection of bovine serum albumin (BSA) 

on chlorine exposure under different pH conditions. In comparison, on exposure to chlorine, PANI 

membranes suffered critical structural damage with complete leakage whilst PES membranes showed 

a 76% increase in pure water flux and a noticeable decrease in BSA rejection due to the poly(vinyl 

pyrrolidone) (PVP) addition. Additionally, the S-PANI membranes showed better antifouling properties 

with a high flux recovery ratio in comparison to PANI membranes using alginic acid, humic acid and 

BSA model foulants. Chemical cleaning by chlorine hypochlorite re-instated the transport properties to 

its initial condition. Overall, the high chlorine tolerance and enhanced fouling resistance make S-PANI  

a promising material to overcome the outstanding challenges (i.e., fouling, membrane longevity and 

cost) of polymeric membranes. 
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Abstract 

Membranes heavily rely on chlorination to diminish (bio)fouling, but chlorination can also lead to 

membrane degradation. We developed sulfonated polyaniline (S-PANI) ultrafiltration (UF) membranes 

with improved chlorine resistance and intrinsic antifouling properties. The S-PANI membranes were 

synthesised through Non-solvent Induced Phase Separation (NIPS). Membrane performance was 

evaluated under harsh chlorine conditions (250 ppm sodium hypochlorite for 3 days under different pH 

conditions). The S-PANI membranes showed improved chlorine resistance including a stable 

performance without changes in model foulant BSA rejection. In contrast, PANI membranes suffered 

critical structural damage with complete leakage and commercial PES membranes showed a 76% 

increase in pure water flux and a noticeable change in BSA rejection. Small changes in S-PANI 

membrane performance could be linked to membrane structural changes with pH, as confirmed by 

SEM, IR spectroscopy, and contact angle measurements. Additionally, the S-PANI membranes showed 

better antifouling properties with a high flux recovery ratio in comparison to PANI membranes using 

alginic acid, humic acid and BSA model foulants. Chemical cleaning by sodium hypochlorite re-instated 

the transport properties to its initial condition. Overall, the developed S-PANI membranes have a high 

chlorine tolerance and enhanced antifouling properties making them promising for a range of UF 

membrane applications. 

Keywords: Sulfonated polyaniline, chlorine resistant, antifouling, ultrafiltration, water treatment.
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2.1 Introduction 

Membrane technology has become integral for separation processes in the water industry including 

seawater desalination [1–3], municIPAl/industrial wastewater treatment [4,5] and other industries such 

as food processing [6]. The success of membranes can be attributed to their high separation 

performance, including consistency in permeate quality, the ease of operation and significant reductions 

of capital and process costs [7–10]. However, fouling, including biofouling is a critical issue for every 

membrane system, decreasing the membrane’s lifetime and limiting more widespread application 

[11,12]. Membrane fouling leads to a decrease in process performance by increasing the transmembrane 

resistance due to blockage of membrane pores and the formation of a fouling layer [13,14]. The type of 

membrane material plays an important role in the build-up of the fouling layer on the membrane surface. 

Most commercial pressure-driven membranes are prepared from hydrophobic polymers [15,16]. While 

hydrophobic membranes allow for high permeance and excellent mechanical properties [17,18], their 

hydrophobic nature makes them more prone to fouling due to strong hydrophobic interactions between 

the foulants and the membrane surface [14,19,20]. 

To remove (bio)fouling layers and limit decreases in process performance, chlorine disinfection is the 

most commonly applied chemical treatment to the feed stream [21,22]. Chlorine bleach (sodium 

hypochlorite) is used for routine chemical cleaning tasks (1-5 ppm active chlorine) due to its low cost, 

its ability to inactivate microorganisms and its removal efficiency of natural organic matter deposits 

from membrane surfaces [23–25]. However, chlorine is a strong oxidising agent and it attacks the 

chemical bonds of polymeric membranes, which can lead to a decline in performance due to membrane 

degradation [26]. Extended exposure to chlorine has been found to impact the physical and chemical 

properties of membranes more severely than increases in chlorine concentrations. [27]. 

Upon exposure to free chlorine, amides (N-H) within membranes can be chlorinated to N-Cl which is 

reversible by reducing agents [28,29]. Electron rich moieties (aromatic rings) are also susceptible to 

direct chlorination including sequential (step) chlorination of amides followed by intermolecular 
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rearrangement, forming various aromatic substitution products [30,31]. These reactions are known as 

N-chlorination and Orton re-arrangement, respectively, and can lead to degradation of membranes by 

creating void space openings resulting in higher water flux and/or solute carryover into the membrane 

permeate [8,31]. 

In typical water treatment works, the feed water is chlorinated to reduce membrane biofouling and then 

dechlorinated before membrane passage. This protects the membranes from chlorine attack followed 

by rechlorination to stabilize the water in the distribution network [32]. The chlorination – 

dechlorination – rechlorination process increases the operational costs for water treatment [33,34]. 

Chlorine resistant antifouling membranes could save these costs by eliminating the need for 

dechlorination/rechlorination and by reducing the time and frequency of membrane cleaning cycles 

[26]. Several methods have been reported to enhance membrane chlorine resistance, for example, 

replacing amidic hydrogen on the amide linkages with other moieties, for example, methyl or phenyl 

for polyamide membranes; preventing Orton rearrangement by adding protective groups [30,35] and; 

grafting the vulnerable active membrane layer with chlorine resistant material [36–38]. However, most 

of these methods require complex chemistry and membrane treatments and do not enhance antifouling 

properties. Therefore, developing stable membranes with improved chlorine tolerance and enhanced 

antifouling properties by appropriate materials and simple methods is of great interest. Among 

polymeric membrane materials polyaniline (PANI) exhibits good separation characteristics due to the 

preparation simplicity, high conductivity, simple doping/dedoping chemistry, chemical durability, and 

relatively low cost [39,40]. PANI can be used as an additive to improve membrane hydrophilicity [41–

43]. Spiral-wound PANI membrane modules showed scalability for commercial applications [43]. 

The introduction of sulfonic acid groups (−SO3H) into the aromatic polymers shows significant 

improvement in chemical and physical properties [44–46]. The incorporation of −SO3H groups into the 

polymer chain may alter membrane properties such as ion-exchange capacity, hydrophilicity, solubility 

in polar solvents, and electroactivity over a broad range of pH [47]. Additionally, the internal dopant 

anion of the sulfonated polymers may suppress anion exchange between the polymer and electrolyte 

during oxidation and reduction [48]. Polymeric membranes with oxygen and sulfur functional groups 
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have shown increased chlorine stability [49–52]. Sulfonation of aromatic rings occurs when the sulfur 

atom of a sulfonating agent binds to atoms with higher electronegativity such as oxygen and acts as 

electrophilic centre by reacting with the delocalised π electron system of the aromatic ring [53]. The 

presence of various substituents on the aromatic ring can result in the insertion of the −SO3H group in 

preferential positions [54] and hence could prevent Orton re-arrangement in the presence of a chlorine 

residual. The presence of electron-withdrawing sulfonate groups can significantly reduce the electron 

density on amino groups and the reactivity of polymer backbone with chemical agents.  

The aim of this work was to produce chlorine-resistant sulfonated polyaniline (S-PANI) membranes 

and test them under various fouling and chlorination conditions. S-PANI polymer powder was prepared 

in-situ and membrane coupons were fabricated at bench-scale through the non-solvent induced phase 

separation (NIPS) technique. Membrane performance was tested before and after exposure to sodium 

hypochlorite solution, under different pH conditions, to evaluate chlorine tolerance. The membranes 

were characterised by Fourier-transform infrared spectroscopy (FT-IR), scanning electron microscopy 

(SEM), atomic force microscopy (AFM), contact angle and membrane surface charge measurement. 

Fouling behaviour was determined using the three model foulants BSA, alginic acid and humic acid to 

cover a wide range of molecular sizes and different charged molecules [55,56]. S-PANI has been used 

for proton exchange membranes and as co-polymer additive in commercial hydrophobic polymer 

mixtures to enhance membrane hydrophilicity, which led to high flux recovery [57–59]. The fouling 

behaviour of S-PANI has been investigated with BSA [60]. However, to the knowledge of the authors 

this is the first study on developing stable S-PANI membranes with improved chlorine resistance 

including tests on enhanced antifouling properties using a comprehensive set of different model 

foulants. 
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2.2 Experiment 

2.2.1 Materials 

Aniline, ammonium persulfate (APS), hydrochloric acid (HCl), ammonium hydroxide solution, 4-

methylpiperidine (4MP), N-methyl-2-pyrrolidone (NMP), Polyethylene glycol (PEG) 20/35 kDa, humic 

acid (HA, ~2–500 kDa) as natural organic matter (NOM), bovine serum albumin (BSA, ~66 kDa) as 

protein and alginic acid (~12–80 kDa) from Brown algae as polysaccharide were obtained from Sigma-

Aldrich, UK. Methanol, 3-aminobenzene sulfonic acid (metanilic acid), sodium hypochlorite and 

sodium hydroxide (NaOH) were obtained from VWR, UK. PET/PBT non-woven backing layer - 

Novatexx 2484 (120 µm) was supplied by Freudenberg Filter technologies (Germany). Commercial UF 

PES membrane (Molecular weight cut-off  [MWCO] 30 kDa) was sourced by Sartorius, Germany. All 

materials were used as received. All solutions were prepared with deionised (DI) water. 

2.2.2 Synthesis of PANI and S-PANI polymers 

Sulfonation reaction of aniline monomer before polymerisation (pre-sulfonation) has been reported to 

form S-PANI [60,61]. In this work, S-PANI polymer synthesis was modified for better polymer 

processability and higher membrane performance.  

S-PANI was synthesised by radical polymerisation of aniline and metanilic acid in the presence of 

ammonium persulfate in acidic medium. For synthesis, aniline was added to HCl aqueous solution (1.0 

M). The mixture was poured into glass beaker surrounded by ice for cooling. metanilic acid was added 

to the aniline-hydrochloric acid mixture and stirred for 5 min using an overhead mechanical mixer fitted 

with a Teflon coated impeller. In a separate beaker, APS was dissolved in HCl aqueous solution (1.0 

M). The APS-HCl solution was added into the aniline beaker dropwise using a peristaltic pump to allow 

control over the reaction temperature and formation of a reasonably long-chain polymer. The aniline, 

metanilic acid and APS molar ratio was 1:1. After a reaction period of 24 h, which involves APS 

addition and extended stirring, the solution was filtered (Whatman paper) and washed multiple times 

with pure water and then Methanol until a neutral pH of the washing solution was reached. 

Subsequently, the powder was placed in 200 mL of ammonium hydroxide solution (1.0 M) and left to 
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mix using a magnetic stirrer for 1.0 h at room temperature to deprotonate the polymer salt to its base 

form. The powder was washed with pure water, followed by Methanol/water (50%, w/v), and rinsing 

with pure water. The filtered polymer powder was dried under vacuum for 24 h at 60°C. The dry S-

PANI powder was grounded and then passed through fine mesh screen to remove any remaining clusters 

leaving a fine powder with 72±1% yield based on the aniline monomer. The powder was stored in 

plastic vials until required. Fig. 2.1 shows the chemical structure of the formed S-PANI with sulfonate 

functional group binding with the aromatic benzene ring. PANI was synthesised by an established 

method [62]. 

 

Fig. 2.1. Polymerisation scheme for S-PANI. 

2.2.3 Membrane fabrication 

Non-Solvent Induced Phase Separation (NIPS) was used to prepare all membranes with DI water as a 

coagulation bath at room temperature. To prepare the polymer solution, S-PANI (20 wt%) was added 

in small portions to the mixture of NMP (74 wt%) and anti-gelling agent 4MP (6 wt%) using a funnel 

(1 h). The mixture was stirred at 100 rpm for 2 h until a homogeneous solution was achieved and then 

left stirring at 50 rpm overnight. The polymer solution was left unstirred for 12 h for deaeration. 

Viscosity tests were performed using a stress-controlled rheometer (Discovery HR-3, TA Instruments, 

USA) equipped with a sandblasted plate-plate stainless steel geometry (40 mm) at 25°C. Approximately 

1 mL of the sample was placed between the plates (with a plate-plate gap of 0.5 mm) and the flow curve 

was measured to study the viscosity response of the sample to shearing, with a shear rate ranging from 

0.01 to 100 s-1. The measured viscosity of the S-PANI polymer solution at 25°C was 14.6 Pa.s. 

The support layer (Novatexx 2484) was placed on a flat glass plate before casting.  Elcometer 3540 film 

applicator was used to cast 200 µm (clearance gap) membranes at room temperature and controlled 

relative humidity of ~30%. The membrane was formed after immersion precipitation in a pure water 
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bath at room temperature considering a consistent evaporation time of 10 s before immersing the 

polymer solution into the coagulation bath. All membranes were kept immersed in DI water at room 

temperature for at least 24 h and then rinsed with freshwater and stored in pure water until used for 

further characterisation. PANI membranes were prepared in the same way. Tensile strength, Young's 

modulus and % elongation at break of the S-PANI membranes were measured to assess the effect of 

the sulfonation to the membranes’ mechanical properties. An Instron 3369 mechanical tester was used 

and the dried membrane casts without support layer were cut into rectangular strips of approximately 

6 × 70 mm for testing. All tests were conducted with a pull speed of 2 mm min-1 at room temperature. 

Membrane thickness was measured using standard Vernier callipers. 

2.2.4. Membrane characterization 

Fourier-transform infrared spectroscopic analysis 

The Fourier-transform infrared (FTIR) spectra of the pristine and sodium hypochlorite solution exposed 

membranes were obtained by using an 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.  

Morphology 

Cross-section morphologies and the surface images of the membranes were obtained using a JEOL 

JSM-6301F, Germany, scanning electron microscopy (SEM). The cross-sectional samples were 

prepared by freeze fracturing in liquid nitrogen to obtain a smooth cross-section. The samples were 

coated with a thin gold layer using a sputter coater (Q150T S, Quorum) to reduce electron charging. A 

voltage of 10 kV was used for all SEM cross section and surface images. 

The topography of the membrane surface and roughness were determined by Nanoscope IIIa, Digital 

Instruments Atomic force microscopy (AFM). Non-contact probe (Nu Nano Ltd, UK) was used to 

ensure soft tapping mode in air. 

Surface charge 

Membrane surface charge measurement was carried out by using Zetasizer nano series model ZS, 

Malvern-Panalytical, UK. Zeta potential planar cell (ZEN 1020) along with tracer particles (Latex 
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beads, polystyrene 0.3 µm mean particle size) were used to measure the electrophoretic mobility of the 

particles at varying distances from the planar surface at consistent and neutral pH value. 

 

Permeance and rejection test 

Membrane permeance and rejection tests were carried out using stainless steel chemically resistant 

dead-end cell (Sterlitech HP4750) with an active membrane area of 14.6 cm2. Permeate flow rates were 

measured using a digital scale connected to a computer. 

BSA (MW~66 kDa 6 nm in diameter [55]) solution (1 g/L) was used at neutral pH to evaluate the 

membrane rejection properties before and after chlorination using the dead-end cell set-up. 

 The BSA concentration in the feed and permeate samples were measured through the surrogate UV 

absorbance using Agilent Carry 100 UV-Vis spectroscopy.  

Free chlorine concentration between 1-5 ppm is used for commercial routine cleaning. To evaluate 

chlorine tolerance, 250 ppm sodium hypochlorite solution was used at different pH values (4.5, 7.4 and 

10.5), in agreement with literature [63–65]. Hypochlorite treatment efficacy is pH-dependent due to 

dissociation into hypochlorous acid (HOCl) and the less active hypochlorite (OCl−) [66]. HOCl and 

OCl− are the dominant species at pH 4.5 and pH 10.5, respectively, while at pH 7.4 both species are 

present [61].  

Hypochlorite solution is very alkaline due to the presence of sodium hydroxide [57], therefore, the pH 

of the chlorinated water through sodium hypochlorite solution can increase. PANI responds to pH 

changes [58] including chlorine attacking the polymer more severely at lower pH. A set of membrane 

samples were soaked in water at different pH as controls. Chlorine stability was conducted according 

to literature protocols [26,67,68]. 

Chlorine solution was prepared by diluting sodium hypochlorite with DI water. The solution pH was 

adjusted by adding either hydrochloric acid or sodium hydroxide. The sodium hypochlorite solution 

strength was measured via HACH Pocket Colorimeter™ II chlorine test kit. The sodium hypochlorite 

solution strength was identical at all pH values. 
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A fresh membrane coupon was used for each measurement. Fresh membrane coupons were placed in 

sodium hypochlorite solution for 3 days, using fresh solution every 24 h, while controls were in water 

at different pH for 3 days. Subsequently, water flux and BSA rejection was measured as described above 

for pristine membranes.  

PANI and commercial UF PES membrane coupons were soaked in sodium hypochlorite solution (250 

ppm) at pH 7.4 and compared to S-PANI membranes. The MWCO of the S-PANI and the commercial 

PES membranes was verified by measuring PEG rejection [69]. 

Hydrophilicity and fouling behaviour 

Dynamic droplet penetration over time was measured by using a contact angle goniometer (Contact 

Angle System OCA 15Pro, Dataphysics, Germany). A small droplet of water (2.0 μL) was placed onto 

the membrane surface at a dosing rate of 1.0 μL s-1 using a Hamilton syringe. The software SCA20 was 

used to calculate the dynamic effective contact angle (CA) and water droplet height.  

Pure water flux (PWF) and organic fouling experiments were carried out using a pilot scale crossflow 

rig (Fig 2.2) with an active membrane area of 14.6 cm2 and controlled temperature of 20±0.5°C. 

Membranes were preconditioned at 2 bar until the measured PWF stabilised. Experiments with model 

foulants (HA, BSA and NaAlg) were implemented at initial feed concentration of 100 ppm as total 

organic carbon (TOC) of each foulant. The fouling behaviour was also investigated over a prolonged 

period of 24 h by using a mixture of the model foulants with equal TOC surrogate portions to achieve 

total feed concentration of 100 ppm as TOC. Following that extended fouling time, the membrane flux 

recovery was measured after physical cleaning (30 min) with pure water and chemical cleaning with 

sodium hypochlorite solution (5 ppm) for 15 min at neutral pH to prevent the bias of the solution pH to 

the flux recovery. 

Calibration curve of the feed solution TOC and the fouling test were established after passing the feed 

through 0.45 µm Whatman filter paper to ensure that the fouling is not biased by any particles. The pH 

of the feed solution was adjusted (pH 7.0) to prevent the influence on the transport properties by ionic 

interactions. 
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Fluxes of the PANI and S-PANI are slightly different [60], and thus fouling load differs. To make 

fouling behaviour values of the different membranes comparable a flux-step method was adopted 

[70,71]. The applied pressure was maintained by the dual-acting pump on the feed stream. The 

permeation rate was gradually increased and the pressure change was continuously monitored by precise 

pressure transducer (model PXM309-007-GI, OEMGA Engineering, UK) situated in the feed line, 

allowing accurate measurements to be recorded on a computer (Pico data logging system 1000 Series, 

Pico Technology, UK). Under the experimental conditions, the transmembrane pressure (TMP) 

assumed to vary only due to fouling. 

Membrane fouling indicators were calculated following a literature method [72]. In brief, the PWF was 

recorded and the membranes were fouled for 1 h. Afterwards, a membrane physical cleaning cycle was 

initiated with pure water for 30 min and the permeance was recorded. The fouling-cleaning cycle was 

repeated and the permeance of the PWF after the final physical cleaning was recorded. 

 

Fig. 2.2. Process flow diagram of the crossflow rig. 

2.3 Results and Discussion 

2.3.1 FT-IR spectroscopic analysis of membranes  

Fig. 2.3 shows FTIR spectra for S-PANI membrane samples soaked in pure water and 250 ppm of 

sodium hypochlorite solution, respectively, for 3 days at three different pH values (4.5, 7.4 and 10.5). 

The pristine S-PANI membrane spectrum shows characteristic peaks at 1565, 1498 and 1296 cm-1, 

corresponding to N = Q = N stretching of the quinoid rings, N − B − N stretching of the benzenoid 
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rings and C − N − C stretching of the secondary aromatic amine, respectively [73,74]. The peaks at 

1169, 1034 and 722 cm-1 corresponded to symmetric S = O stretching [75]. The results demonstrate a 

successful introduction of sulfonate groups into PANI and are in agreement with the literature [57]. 

Soaking the membranes sample either in water or 250 ppm sodium hypochlorite solution at different 

pH values did not leave a residual impact on the membrane material and the membrane remains 

unchanged upon chlorine exposure. However, the FTIR revealed a few minor intensity shifts after being 

doped with hydrochloric acid at pH 4.5 in consistent with literature [76]. 

S-PANI membrane Young's modulus was 488±15 MPa, which is almost 6 times higher than the Young's 

modulus of the PANI membrane reported in literature making the S-PANI membrane more brittle [77]. 

A high level of sulfonation can make polymeric membranes amorphous and reduce their mechanical 

strength [78]. The tensile strength and elongation at break of the S-PANI membrane were 3.4±0.3 MPa 

and 5.6±1.3%, respectively. S-PANI membranes' tensile strength is almost 92% of the PANI 

counterparts reported elsewhere [62]. 

  

Fig. 2.3 FTIR spectra for S-PANI membrane soaked in water and 250 ppm sodium hypochlorite solution, 

respectively, at different pH values (4.5, 7.4 and 10.5) for three consecutive days. 

2.3.2 Morphology 

Fig. 2.4(a)-(d) shows the digital backlight photographs of S-PANI and PANI membrane coupons before 

and after hypochlorite treatment. Visual inspection showed no damage to the membrane surface and no 

bleaching (colour change) of S-PANI exposed to chlorine (Fig. 2.4(e)). In contrast for the PANI 

membrane, the hypochlorite solution changed colour indicating polymer degradation (Fig. 2.4(f)). After 
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placing the chlorinated PANI membrane in the dead-end cell a clear defect at the circumferential part 

of the membrane coupon developed showing compromised mechanical stability (Fig. 2.4(d)).  

The chlorinated commercial PES membrane did not show any visual surface damage. Fig. 2.5 shows 

SEM images of the S-PANI membrane surface for samples soaked in water at pH 7.4 (Fig. 2.5(a)) and 

soaked in hypochlorite solution at different pH values (Fig. 2.5(b)-(d)). There was no indication of 

deterioration or imperfection on the S-PANI membrane surface after chlorine exposure within the tested 

pH range. Conversely, SEM images of chlorinated PANI membrane exhibit damages including surface 

cracks (Fig. 2.5(f)) compared to the pristine membrane (Fig. 2.5(e)). Fig. 2.6 shows SEM images for S-

PANI and PANI membrane cross-sections. All membranes exhibit a morphology typical for phase 

inversion membranes [15,79]. From membrane cross-sectional images, the membrane skin layer 

appears stable without visible defects, consistent with surface SEM images. The macro-voids of the 

membranes soaked in water or hypochlorite solution at pH 10.5 showed a pear-like shape with a depth 

of circa 25 µm. A change in membrane macro-void depth was observed as a function of soaking solution 

pH. The soaked membranes at pH 7.4 and 4.5 exhibit macro-voids up to 25 µm and 14.3 µm depth, 

respectively. The observed morphology change in the macro-void depth could contribute to the change 

in membrane permeance as observed in permeation tests. The morphological change is attributed to the 

shrinkage or swelling of the stimuli responsive membranes when immersed in doping/dedoping solution 

[80]. Free volume shrinkage may take place while exposing the membrane to reducing agents, which 

lead to reduction or expulsion of cations. In contrast, free volume swelling occurs by the addition of 

cations to a fully reduced polymer [81]. This explains the tuneable properties which affect the solution 

transport and the slight subsequent change in membrane morphology. 

Fig. 2.6(e),(f) confirm structural deterioration of PANI on exposure to chlorine as previously reported 

[82]. A slight change in PES surface roughness was observed after exposure to chlorine as shown in 

Fig. 2.5(g)-(h) whereas no changes were apparent in PES cross-sectional images. The tolerance of PES 

membrane can be attributed to sulfonyl groups in the polymer backbone, which is formed by the reaction 

between dihalo-diphenylsulfone and the salt of bisphenol compound [83].  
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 (a) S-PANI in water pH 7.4 (b) S-PANI in hypochlorite solution pH 7.4 

  

(c) PANI in water pH 7.4 (d) PANI in hypochlorite solution pH 7.4 

  

(e) S-PANI in hypochlorite solution pH 7.4 (f) PANI in hypochlorite solution pH 7.4 

  

Fig. 2.4 Digital micrographs of membrane coupons (a, c) pristine control S-PANI and PANI samples before 

chlorination soaked in pure water at pH 7.4; (b, d) S-PANI and PANI samples after chlorination with 250 ppm 

sodium hypochlorite solution for three consecutive days at pH 7.4; (e, f) PANI and S-PANI samples soaked in 

hypochlorite solution at pH 7.4. One square box is 1cm2. 
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(a) S-PANI in water pH 7.4 
(c) S-PANI in hypochlorite solution pH 7.4 

  
(b) S-PANI in hypochlorite solution pH 4.5 (d) S-PANI in hypochlorite solution pH 10.5 

  
(e) PANI in water pH 7.4 (f) PANI in hypochlorite solution pH 7.4 

  
(g) PES in water pH 7.4 (h) PES in hypochlorite solution pH 7.4 

  

Fig. 2.5 SEM images for S-PANI membrane surface (a) soaked in water at pH 7.4 (b, c, d) soaked in sodium 

hypochlorite solution at pH 4.5, 7.5 and 10.5 (e) PANI soaked in water pH 7.4 (f) PANI soaked in sodium 

hypochlorite solution at pH 7.4 (g) PES soaked in water at pH 7.4 (h) PES soaked in sodium hypochlorite solution 

at pH 7.4. 

Since no difference was observed in the S-PANI membrane surface by SEM images, AFM was utilised 

to analyse the surface topography of the chlorine exposed membranes. Surface roughness plays an 

important part in the fouling behaviour of membranes, for example, rougher surfaces have higher 

tendency to trap foulants/particles within the valleys leading to a build-up of a fouling layer [84]. Fig. 
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2.7 shows the change in surface roughness for S-PANI membrane samples soaked in water at pH 7.4 

(Fig 2.7 (a)) and sodium hypochlorite solution at pH 4.5, 7.4 and 10.5 (Fig 2.7 (b), (d) and (c)). AFM 

micrographs corroborate the results of SEM on the stability of the membrane under chlorine exposure 

with no observed surface deterioration. SEM and AFM results are consistent with literature findings 

where a chlorine exposure led to an increase in surface roughness and visible surface defects for chlorine 

intolerant membranes whilst, no visible effects were observed for chlorine tolerant membranes [85,86]. 

(a) S-PANI in water pH 7.4 (c) S-PANI in hypochlorite solution pH 7.4 

  

(b) S-PANI in hypochlorite solution pH 4.5 (d) S-PANI in hypochlorite solution pH 10.5 

  

(e) PANI in water pH 7.4 (f) PANI in hypochlorite solution pH 7.4 

  

Fig. 2.6 SEM images for membrane cross-section (a) S-PANI soaked in water at pH 7.4, (b, c, d) S-PAN soaked 

in hypochlorite solution at different pH values 4.5, 7.5 and 10.5, respectively, (e) PANI soaked in water at pH 7.4 

(f) PANI soaked in hypochlorite solution at pH 7.4. 
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(a) water pH 7.4 (c)  hypochlorite solution pH 7.4 

  

(b)  hypochlorite solution pH 4.5 (d)  hypochlorite solution pH 10.5 

  

Fig. 2.7 AFM analysis of S-PANI membrane surface (a) soaked in water at pH 7.4 (b, c, d) soaked in hypochlorite 

solution at different pH values 4.5, 7.5 and 10.5, respectively. 
 

Table 1 illustrates the average roughness (Ra), root mean square roughness (Rq) and the maximum 

roughness (Rmax) of the S-PANI membrane surface. The data suggests that there is no obvious surface 

deterioration after the chlorine exposure and the membrane had a smooth surface which is advantageous 

to prevent entrapments of foulants in the ridge and valley structure. 

Table 2.1 The quantification of the AFM roughness data for the S-PANI membrane surface. 

Solution pH Ra, nm Rq, nm Rmax, nm 

Water 7.4 2.66 3.34 23.3 

Sodium hypochlorite, 250 ppm 4.5 2.28 2.84 16.90 

7.5 2.39 2.92 21.50 

10.5 3.10 3.72 23.70 

 

2.3.3 Surface charge 

When S-PANI membranes interacted with the hypochlorite solution, the evolution of surface zeta 

potential with pH value became evident as shown in Fig. 2.8. For all pH values, the zeta potential of the 

S-PANI membrane remained positive. The zeta potential of all tested membranes decreased with 

increasing pH. The charge on S-PANI membranes soaked in hypochlorite solution became less positive 
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than that of S-PANI membranes soaked in water at neutral pH value. However, at solution pH 4.5 and 

pH 10.5, the zeta potential of membranes after immersion in water and hypochlorite solution is identical 

within error margins. 

The reported surface charge of PANI emeraldine salt at pH 4.5 is around 20 mV [87] and the measured 

surface charge of S-PANI membrane, at similar pH, falls within the same range (Fig. 2.8). Note that at 

lower pH, zeta potential is higher. This can be attributed to the presence of more H+ ions at lower pH 

and thus more S-PANI chains are protonated, implying an increase of positive charges on these chains. 

In contrast, soaking the membrane in higher pH solution enhanced the dedoping process and hence 

removed all residual protons leading to a decrease in surface zeta potential by 26%. The 

doping/dedoping process is reversible where dedoping entails the deprotonation of the original polymer 

without degradation of polymer backbone [88]. 

 

Fig. 2.8 S-PANI membrane surface charge at neutral pH with a standard deviation after soaking in water and 250 

ppm sodium hypochlorite solution for three days at different pH values of 4.5, 7.4 and 10.5, respectively. 

2.3.4 Permeance and rejection tests 

Membrane permeance was evaluated using pure water and BSA feed solution. Fig. 2.9 shows S-PANI 

membrane permeance stability after exposure to chlorine under the different pH conditions. Fig. 

2.9(a),(b) show an increase in the steady-state permeance of S-PANI membranes with an increasing pH 

for both water and hypochlorite solution-soaked membranes. At pH 4.5, for instance, the pure water 

permeance was 63.9 L m-2 h-1 bar-1 compared to 72.3 L m-2 h-1 bar-1 at pH 10.5 which measures a 13% 

increase. The relatively low permeance at pH 4.5 can be associated with doping process forcing the 
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membrane polymer network to reorganize in order to accommodate the proton and the counterion of 

the acid [66]. 

BSA permeance increased with increasing pH, introducing a change of 36%. The relatively low BSA 

permeance at lower pH could be explained by the repulsion between positively charged BSA (isoelectric 

point pH 5) [89] and positively charged S-PANI membrane. The BSA permeance of S-PANI membrane, 

at pH 4.5, accounts only for 39% of pure water permeance due to the accumulation of the BSA fouling 

protein on the membrane surface layer. 

The pure water permeance of S-PANI membrane soaked in hypochlorite solution also showed a slight 

increase in value with pH (2.1% (pH 4.5) to 3.6% (pH 10.5)). Note that this negligible permeance 

change is not necessarily due to the chlorine oxidant attack to the polymeric structure and can be 

attributed to the swelling of the membrane with increasing pH [75,90]. 

(a) Pure water permeance (b) BSA permeance 

  

Fig. 2.9 (a) Pure water and (b) BSA solution feed permeance of the S-PANI membranes, immersed in water and 

hypochlorite solution with a standard deviation at different pH values under an applied pressure of 1.0 bar at room 

temperature.  

Fig. 2.10 shows the BSA rejection of S-PANI membranes soaked in water and hypochlorite solution at 

different pH values. The rejection of BSA remained almost unchanged for all membranes, which 

suggests that the interior cross-section (pore size) of the membrane had not been affected by chlorine 

exposure. The minor difference in BSA rejection results was due to the use of different membrane 

coupons for each measurement.  
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Fig. 2.10 BSA rejection of the S-PANI membranes, immersed in water and hypochlorite solution with a standard 

deviation at different pH values with applied pressure 1.0 bar at room temperature. 

Table 2.2 exhibits a noticeable change of the commercial PES membrane pure water permeance and 

BSA rejection before and after exposure to hypochlorite solution at pH 7.4. The observed finding is in 

agreement with the reported performance of PES membranes on chlorine exposure [91]. PES 

membranes were selected to emphasise the role of the sulfonated backbone for membrane chlorine 

stability. Although PES membrane permeance increased by 74% after chlorine exposure, SEM images 

confirmed that there were no observed structural damages. PES membranes, including the one used, 

often contain poly(vinyl pyrrolidone) (PVP) as additive to improve the surface hydrophilicity and 

prevent macro-void formation during membrane preparation. PVP is vulnerable to chlorine attack 

causing PES/PVP membranes to be more permeable after chlorine treatment [92], which was observed 

here.  

Table 2.2 Pure water permeance and BSA rejection with a standard deviation of the S-PANI and commercial PES 

membranes, immersed in water and 250ppm sodium hypochlorite solution at pH 7.4 for three days at room 

temperature. 

Membrane 

type 

MWCO Pristine sample* After sodium hypochlorite exposure (pH 

7.4,  3 days at 250 ppm) 

kDa Pure water 

permeance 

(L m-2 h-1 bar-1) 

BSA rejection 

(%) 

Pure water permeance 

 (L m-2 h-1 bar-1) 

BSA rejection (%) 

S-PANI 25±4.0 67.74±1.02 98.0±0.16 69.72±1.93 98.0±0.57 

PES 34±6.0 122.0±1.0 100±0.30 215.0±10 94.0±4.3 

* Controlled samples soaked in pure water at pH 7.4 before pure water filtration. 
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2.3.5 Hydrophilicity and fouling behaviour 

Hydrophobic and non-polar membranes have a higher tendency to foul [93]. Therefore,  highly charged 

(more hydrophilic), and smooth surface morphology are identified as key features of anti-fouling 

membranes [94]. Membrane hydrophilicity and the wettability of the prepared S-PANI membranes were 

determined by the sessile drop contact angle technique. Fig. 2.11 shows that the contact angle remained 

the same with no noticeable change for S-PANI membranes soaked in water under different pH values. 

However, the contact angle dropped by 21.5% and 22.0% after soaking the S-PANI membranes in 

hypochlorite solution at pH 4.5 and 7.4, respectively. Conversely, the S-PANI membrane soaked in 

hypochlorite solution at pH 10.5 showed a similar contact angle to the samples soaked in water at pH 

10.5.  

Hypochlorous acid influences the surface characteristics of S-PANI. Therefore, higher exposure levels 

can induce a higher concentration of ionic moiety in the conducting polymers. The decrease in the 

contact angles of water for doped S-PANI suggests that the wetting of the water on a doped S-PANI 

surface is better for low pH than for high pH-soaked S-PANI. This may be indicative of a stronger 

intermolecular attraction between water and doped S-PANI at lower pH values and less interaction at a 

higher pH value [62,95]. This also suggests that S-PANI membranes doped at lower pH could form a 

hydration layer at their surface, which prevents foulants from adsorbing on the surface [96]. 
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Fig. 2.11 The contact angle of S-PANI membranes immersed in water and hypochlorite solution at different pH 

values. 

The change in the TMP was derived to depict fouling behaviour and identify the critical flux at identical 

feed concentration and crossflow conditions. Fig. 2.12 shows that a zero rate of TMP increase over time 

was not obtained, including critical flux, during the trial. However, the experiment provided useful data 

on comparative fouling propensity. The TMP was slightly increased and then stabilised for an arbitrary 

test period of 30 min at initial flux (J0) of 60 to 100 L m-2 h-1 whereas significant TMP increase was 

observed at higher flux values for all model foulants. The dramatic TMP increase could be attributed to 

the exceedance of the foulant convection towards the membrane over the back-transport velocity of the 

permeate [97]. Alginic acid had the highest TMP growth followed by the humic acids and the BSA. 

Charged hydrophilic organic macromolecules such as alginic acid possess higher intermolecular 

bridging (gelation) compared to the hydrophobic humic acids used here [98]. The bulky nature and the 

positive charge of the BSA molecules which were fully retained by both PANI and S-PANI membranes 

would have resulted in deposited foulant cake layer without further pore blocking. The hydrodynamic 

conditions may have created a continuous shear force to the foulant deposits leading to the least TMP 

growth in comparison with the alginic acid and humic acids. The S-PANI membrane demonstrated less 

TMP increase than PANI which could be explained by the reduced foulant adsorption due to the 

formation of the hydration layer by the zwitterionic surface [58].
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Fig. 2.12 The change in the TMP for S-PANI and PANI membranes while being fouled with humic acid (a, b) 

alginic acid (c, d) and BSA (e, f), respectively, at different initial flux values (J0). 

Table 2.3 shows the fouling indicators of the PANI and S-PANI membranes. The S-PANI membrane 

shows excellent antifouling behaviour with lower total fouling rate (FT) by 44%, 39% and 34% than 

PANI membranes for alginic acid, humic acid and BSA, respectively. The flux recovery rate (Fr) for 
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the S-PANI is 84%, 89% and 92% in comparison with 65%, 68%, 77% for the PANI membrane using 

alginic acid, humic acid and BSA, respectively. Higher Fr% value exhibited intrinsic antifouling 

properties which could be attributed to the introduction of the sulfonic groups to the polymer backbone 

[60]. 

Table 2.3 Fouling indicators for PANI and S-PANI membranes related to the initial cleaning-fouling cycle at 

equal initial flux. 

  Total fouling, FT % Reversible fouling, FRev % Irreversible fouling, FIrr % 

Humic acid    

PANI 51±2 19±1 32±1 

S-PANI 20±2 8±1 11±1 

Alginic acid    

PANI 56±2 21±1 35±2 

S-PANI 25±2 9±1 16±1 

BSA    

PANI 41±2 18±2 23±1 

S-PANI 14±2 6±1 8±1 

 

Fig. 2.13 shows the fouling behaviour of the PANI and S-PANI membranes with a mixture of model 

foulant over an extended period of 24 h. Both membranes demonstrated further increase in TMP and 

flux decline over time in comparison with the use of individual foulants for short test period (30 min). 

Dramatic performance changes were observed for the first 5 h of operation followed by gradual changes 

in the next 5 h. However, the performance was stable for the remaining 14 h of the trial period. After 

the completion of the fouling test, both membranes were flushed with pure water for 30 min and then 

chemically cleaned with pure water containing 5 ppm of sodium hypochlorite at neutral pH. Chemical 

cleaning re-established the initial transport properties. S-PANI membranes showed an improved 

performance demonstrating that sulfonic groups provide intrinsic antifouling properties without the 

need for additional membrane conditioning. 



 

72 

 

 

Fig. 2.13 The change in TMP and flux for S-PANI and PANI membranes over a prolonged period of operation 

using an aqueous solution with a mixture of model foulants (BSA, humic acid and alginic acid) at feed 

concentration of 100 mg/L as TOC. 

2.4 Conclusions 

S-PANI membranes with improved chlorine resistance and enhanced antifouling properties were 

successfully developed. The S-PANI membranes withstood chlorine exposure at a concentration of 250 

ppm of sodium hypochlorite for three consecutive days under different pH values ranging from acidic 

to basic conditions. S-PANI membrane stability was verified by FTIR spectroscopy, visible inspection, 

SEM images and, AFM showing no change in membrane polymeric structure on chlorine exposure. 

Stable S-PANI performance on chlorine exposure was further confirmed by a constant pure water flux 

and complete rejection of BSA.  In contrast, PANI membranes suffered critical structural damage and 

completely lost their ability to reject BSA. Furthermore, PES membranes showed 74% increase in pure 

water permeance and a noticeable change in BSA rejection, on chlorine exposure due to the PVP 

addition to improve the fouling resistance. S-PANI membranes also showed better antifouling 

properties including a high flux recovery ratio in comparison to the PANI membranes using alginic 

acid, humic acid and BSA model foulants. Chemical cleaning by sodium hypochlorite was able to re-

instate the initial transport properties of the membranes. SEM, IR spectroscopy, contact angle, and 

filtration results suggest that the presence of sulfonated groups (−SO3H) within the polymer structure 

is key for enhancing membrane chlorine and fouling resistance. Chlorine resistance and enhanced 
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antifouling properties make S-PANI a promising material to overcome outstanding challenges, such as, 

fouling propensity and membrane longevity. 
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Chapter 3  

 

Simplified in-situ tailoring of cross-linked self-doped sulfonated 

polyaniline (S-PANI) membranes for nanofiltration applications 
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Context: 

A simplified and scalable approach for tailoring cross-linked sulfonated polyaniline (S-PANI) 

membranes at nanofiltration (NF) range could have wide-ranging applications due to their electrical 

tunability, antifouling behaviour and chlorine resistance. Little work has been done on S-PANI 

membranes, while recent efforts that are deemed costly, laborious, and complex resulted in tight UF 

membranes. Developing simple methods for producing cross-linked and solvent stable S-PANI 

membranes in the NF range is critical for unlocking their full application potential. In this work, the 

authors systematically investigated, for the first time, the simultaneous cross-linking and coagulation 

of S-PANI membranes in high acidity solution to produce membranes at the NF range. The proposed 

procedure is simple, fast, and cost-efficient. Exposing S-PANI casting solution to a high strength acidic 

coagulation bath could yield cross-linked membranes due to (a) associated acid doping with cross-

linking, (b) interaction between sulfonic and amine groups, (c) pH effects on polymer re-assembly and 

(d) delayed demixing. The chemical analysis indicated a potential interaction between sulfonic groups 

and nitrogen within S-PANI during the polymer re-assembly process. A loose structure of precipitated 

polymer particles was observed in pure water compared to a dense and inter-linked structure in an acidic 

coagulation bath. The simultaneous cross-linking led to an instant formation of a dense skin layer which 

diminished the solvent/non-solvent exchange rate. This resulted in altered membrane conformation with 

suppressed macro-voids, reduced porosity, improved tensile strength, enhanced hydrophilicity, and 

significant improvement in N,N-dimethylformamide (DMF) solvent stability over an observation time 

of two weeks. Polyaniline (PANI) membranes formed at the same conditions were dissolved in DMF, 

which reaffirms the sulfonic group's role to facilitate the cross-linking process. In-situ tailored NF S-

PANI membranes with MWCO≈680 g mol-1  (sucrose octa-acetate) showed a rejection of 99% for PEG 

1000 g mol-1 compared to 34% rejection for a commercial membrane with labelled MWCO 1000 g mol-

1. This new simplistic, time, chemical and cost savings scalable approach can be effortlessly applied to 

design new classes of high-performance S-PANI membranes without the complications of using 

laborious post modification cross-linking methods. 
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Abstract 

Sulfonated polyaniline (S-PANI) membranes could have wide-ranging applications due to their 

electrical tunability, antifouling behaviour and chlorine resistance. However, S-PANI membranes 

below the ultrafiltration (UF) separation range have not been successfully established. This study 

presents a scalable approach to produce the first in-situ cross-linked S-PANI membranes at 

nanofiltration (NF) range. S-PANI membranes were produced by non-solvent induced phase separation 

(NIPS). The presence of sulfonic groups as polymer cross-linking anchors and controlling the 

coagulation bath’s acidic strength resulted in instant stabilisation of the selective layer, which hindered 

the solvent/non-solvent exchange rate. This enabled the production of a tailored membrane morphology 

with a dense skin layer, suppressed macro-voids, reduced porosity, enhanced tensile strength, increased 

hydrophilicity, and solvent stability. S-PANI membranes cast in 3M HCl(aq) with MWCO≈680 g mol-

1 (sucrose octa-acetate) showed a rejection of 99% for PEG 1000 g mol-1 and 91-100% for dye solution 

(MW range of 320-1017 g mol-1) compared to 34% and 74-85% rejection for a commercial 

fluoropolymer membrane (nominal MWCO 1000 g mol-1), respectively. The reported approach is 

simple and can be applied to design new classes of cross-linked solvent stable S-PANI NF membranes. 

Keywords: sulfonated polyaniline, cross-linked, nanofiltration, coagulation bath, acidity 
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3.1 Introduction 

Membrane separation processes are important in numerous industrial applications [1]. Nanofiltration 

(NF) membranes have been employed in seawater desalination pre-treatment [2], drinking and 

wastewater treatment [3] and food processing [4]. NF membranes cover a transition region between 

reverse osmosis (RO) and ultrafiltration (UF) and have a pore size of 1-5 nm with a molecular weight 

cut off (MWCO) of 200-1000 g mol-1 [5]. Separation by NF membranes is based on three primary 

mechanisms: size exclusion (sieving), charge interaction (Donnan exclusion effect), and solute-

membrane affinity (e.g., hydrophobic attraction, hydrogen bonding) [6,7]. Polymeric membranes are 

preferred over other materials due to their low cost and processability [8].  

Non-solvent induced phase separation (NIPS) is a commonly-used process for producing polymeric 

membranes with desired morphologies [9]. During NIPS, the membrane material gradually separates 

from a liquid polymer casting solution by phase inversion in a coagulation bath consisting of a non-

solvent, typically water [10]. Phase inversion provides a gradual membrane morphology transitioning 

from a relative dense selective upper layer to a fully porous bottom structure with large macro-voids 

[11]. Altering the composition of the coagulation bath can result in simultaneous cross-linking and 

coagulation [12], while the presence of cross-linkable groups in the chain end or the side-chains of the 

polymer backbone unit is essential [13]. This eliminates need for additional solvent-based post-

treatment for chemically and thermally stable membranes. The cross-linking of polymer chains within 

a three-dimensional network is the most common way to improve mechanical strength, solvent 

resistance, and permeate selectivity, while choosing an appropriate cross-linker for a particular polymer 

may not be straightforward [14]. 

Both casting solution composition and choice of solvent/non-solvent coagulation bath couples control 

demixing (instantaneous or delayed) and membrane characteristics, such as morphology, that in turn 

determine mechanical strength, permeance, rejection and fouling behaviour [14–16]. Cross-linking 

often diminishes the gap space between the polymer chain segments resulting in limited vibrational 

freedom [13]. Instant cross-linking may lead to the formation of a dense selective layer which affects 

the coagulation kinetics by hindering the exchange rate of the solvent/non-solvent. Delayed demixing 
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may be preferred to produce membranes at the NF range, because it results in a dense top layer with 

sponge-like substructures while inhibiting the formation of large macro-voids [17]. Contrarily, 

instantaneous demixing leads to a porous top layer and a finger-like substructure [18]. 

Polyaniline (PANI) has been explored as a free-standing polymer and blending agent to enhance 

membrane performance by increasing membrane hydrophilicity [19–22]. Sulfonation of aromatic 

polymeric membranes increases proton conductivity, mechanical strength, thermal stability, and 

chemical stability as compared to non-sulfonated polymeric membranes [23]. Integration of covalently-

bound sulfonic (−SO3) groups into a PANI backbone creates sulfonated polyaniline (S-PANI) [24], 

which was found to improve both antifouling behaviour [25]. S-PANI membranes showed improved 

chlorine resistance (250 ppm sodium hypochlorite for 3 days under different pH conditions) including 

a stable performance and solute rejection. In contrast, PANI membranes suffered critical structural 

damage with complete leakage upon chlorine exposure at the same testing conditions [26]. 

The production of PANI membranes in the NF range is costly, laborious, and complex, requiring post-

treatment cross-linking procedures with organic compounds [27–29]. Little work has been done on NF 

S-PANI membranes, while recent efforts to condition S-PANI membranes resulted in tight UF 

membranes (1800 g mol-1 MWCO) [25] with improved solvent stability but low permeance. Developing 

simple methods for producing cross-linked and solvent stable S-PANI membranes in the NF range is 

critical for unlocking their full application potential.  

Exposing the S-PANI casting solution to a high strength acidic coagulation bath could yield cross-

linked membranes in the NF range, due to: (a) associated acid doping with cross-linking [27], (b) 

interaction between sulfonic and amine groups [30], (c) pH effects on polymer re-assembly [31], and, 

(d) delayed demixing. In this work, simultaneous in-situ cross-linking, and coagulation of S-PANI 

membranes in a high acidity solution to produce membranes at the NF range was systematically 

investigated for the first time. The proposed procedure is simple, fast, and cost-efficient. 

S-PANI powder was synthesised by free-radical polymerisation. The membrane cast solution was 

prepared and applied over a non-woven support layer. Membranes were produced by NIPS in pure 

water, 1 M, and 3 M HCl aqueous coagulation baths, respectively. The polymer molecular weight was 
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identified by gel permeation chromatography (GPC). Sulfonation of PANI polymer was determined 

using energy dispersive X-ray (EDX) analysis. Membrane properties were analysed by Fourier 

transform infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), X-ray 

diffractometry (XRD), scanning electron microscopy (SEM), gas adsorption-desorption, mechanical 

analysis, thermal analysis such as thermogravimetric analysis (TGA) and differential scanning 

calorimetry (DSC), contact angle (CA) and membrane surface charge measurements. Cross-linking is 

hypothesized to occur at the polymer doping sites (imine and sulfonic groups) and the change in ion 

exchange capacity was measured by titration. Membrane water uptake, hydrolytic stability and 

dimensional stability were verified after wetting at different water bath temperatures. Alkaline stability 

was also confirmed by measuring the weight loss after wetting the membrane in basic aqueous solution. 

The polymer re-assembly process (precipitation) was explored by transmission electron microscopy 

(TEM). Precipitation kinetics were determined by measuring the solvent/non-solvent demixing rate 

[32]. Solvent stability in static condition, swelling degree and gel content were also quantified. 

Membrane permeance and rejection performances were determined via filtration experiments. 

Permeance and rejection benchmarking were conducted with a commercial membrane of nominal 

MWCO 1000 g mol-1. 

3.2 Experimental 

3.2.1 Materials 

Chemicals were obtained from various commercial suppliers and used as received. A list of chemicals 

is provided in the supporting information (SI), Materials S1. All solutions were prepared with deionised 

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

3.2.2 Synthesis of S-PANI polymer 

Established methods for sulfonation of aniline monomer before polymerisation (pre-sulfonation) for S-

PANI synthesis are described elsewhere [25,33]. Here, a modified S-PANI polymer synthesis was used. 

A detailed description of the synthesis is provided in SI, S-PANI synthesis S2. In brief, ammonium 

persulfate aqueous solution was added dropwise to a glass beaker surrounded by ice containing aniline, 
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metanilic acid (1:1 M ratio) and hydrochloric acid solution (1 M) within controlled time intervals for a 

prolonged time i.e., 13 h. The resulting S-PANI salt precipitate at 72±1% yield was filtered, washed, 

dried, sieved in 160 µm and stored until required. 

Gel permeation chromatography (GPC) was used to characterise the dried S-PANI powder to identify 

the weight average and the degree of polymerization dispersity. A detailed description of the molecular 

weight measurement is provided in SI, Polymer molecular weight determination S3. The average MW 

was calculated as 46,898 g mol-1 with a polydispersity of 1.93. The incorporation of the sulfonic groups 

to the polymer backbone and the degree of sulfonation of the S-PANI powder was confirmed by SEM-

EDX (details provided in SI, Energy dispersive X-ray S4). The calculated sulfur to nitrogen (S:N) ratio 

of the synthesised S-PANI is 0.43 (SI, Table S 3.1) corresponding to a fully doped S-PANI [25]. 

3.2.3 Membrane fabrication 

A detailed description of the membrane fabrication is provided in SI, Membrane fabrication S5. In brief, 

S-PANI membranes were prepared by the NIPS method. The solution (20 wt% SPANI) was used to 

cast 200 µm membranes (clearance gap) at room temperature at a controlled relative humidity of ~30%. 

Membranes formed after immersion precipitation in the coagulation bath solution at room temperature, 

considering a consistent evaporation time of 10 seconds before immersing the cast film into the 

coagulation bath. An overview of sample nomenclature and the conditions applied is provided in Table. 

3.1. Note M6 and M7 are identical to M2 and M3, respectively, except the latter were dedoped to remove 

the residual H+ ions. The former membranes were included in the study to understand if the dedoping 

process may have an impact on the membrane morphology. 
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Table 3.1 In-situ and post-treatment conditions of the tested S-PANI membranes. 

Membrane  
Membrane type Coagulation solution Post-treatment 

M1 S-PANI Pure water - 

M2 S-PANI 1M HCl Stored in pure water for a week 

M3 S-PANI 3M HCl Stored in pure water for a week 

M4 S-PANI Pure water Doped in 1M HCl overnight 

M5 S-PANI Pure water Doped in 3M HCl overnight 

M6 S-PANI 1M HCl - 

M7 S-PANI 3M HCl - 

M8 Commercial composite 

fluoropolymer 

- - 

 

3.2.4 Membrane characterisation 

A detailed description, including suppliers of analytical equipment, is provided in SI, Membrane 

characterisation S6. In brief, the chemical properties of S-PANI membranes were determined using an 

FT-IR spectrometer. The change in the chemical state of the sulfur and nitrogen atoms was analysed by 

X-ray photoelectron spectroscopy (XPS). The ion exchange capacity was measured using a titrator. The 

S-PANI membrane water uptake, hydrolytic stability and dimensional stability were verified after 

wetting at different water bath temperatures. Alkaline stability was also confirmed by measuring the 

weight loss after wetting the membrane in basic aqueous solution. The polymer structure was analysed 

by X-ray diffractometry (XRD). The morphological properties, such as membrane surface and cross-

sectional area, including the change in the thickness of the selective layer of the membranes, were 

investigated by SEM. The S-PANI re-assembly process in neutral and acid aqueous solution was 

investigated by transmission electron microscopy (TEM). The change in membrane porosity was 

measured by N2 adsorption-desorption. To understand the effect of the simultaneous cross-linking 

which resulted in the formation of the dense selective layer, precipitation kinetics were investigated by 

measuring the change of relative concentration of total organic carbon (TOC) in the coagulation solution 

at time (t) and at infinite time (∞) defined here as 24 h immersion. Thermal and mechanical analysis 

was carried out to explore the effect of the cross-linking. Solvent stability was determined by soaking 

the membranes for two weeks in N,N-dimethylformamide (DMF). In parallel, PANI membranes were 

produced at the same conditions as S-PANI for comparing the role of the sulfonic groups in the cross-
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linking process. The swelling degree and the gel content were measured using different polar protic, 

polar aprotic and nonpolar solvents. 

The hydrophilicity of the membranes was measured by sessile dynamic droplet penetration using a 

contact angle goniometer. Membrane filtration experiments were conducted in dead-end mode with a 

magnetic stirrer. To ensure that all H+ ions were leached out during the prolonged rinsing process, the 

pH measurements of permeates at different filtration stages were conducted and reported as an average 

of three samples. The solute rejection was carried out using different solutions containing dyes, PEG 

(1000 g mol-1) and sugar. The membrane surface charge and dye feed solutions’ zeta potential were 

measured to understand the charge interactions between membranes and dye solutes. 

3.3 Results and Discussion 

3.3.1 FT-IR spectroscopy, XPS and XRD analysis 

Fig. 3.1 shows the FT-IR spectra of M1-M3. Characteristic transmittance bands of the S-PANI were 

observed at 1595 cm−1 (quinoid C = C stretching), 1497 cm−1 (benzenoid C = C stretching) [25]. The 

presence of aromatic amine C − N stretching was observed at 1295 cm−1 for all samples. C − C bending  

for all samples was distinct at 816 cm−1 [34,35], and symmetric S = O stretching was detected at 1033 

cm -1 and 708 cm -1 [36,37]. Results indicate the introduction of sulfonate groups to PANI structure in 

agreement with the literature [38]. Nonetheless, M2-M3 exhibited a peak shift from 1168 cm-1 (M1) 

towards 1148 cm-1. The original peak was assigned to a strong asymmetric stretching vibration of S=O 

(sulfonate) whereas the new detected peak was linked to S=O stretching of sulfonamide bonds [39]. 

Similar peak shifts were reported for sulfonamide formation [40–42]. 

The relative intensity changes of the transmittance band at 1033 cm-1, which is assigned to the stretch 

vibration of the sulfonic acid group, decreased after cross-linking. This could be attributed to the partial 

consumption of the sulfonic acid groups (due to the formation of sulfonamide groups) during the cross-

linking process. The aromatic imine C = N stretching at transmittance band 1111 cm-1 [29] was only 

noticed for M1 and disappeared for M2-M3. The imine nitrogen double bond may break on either side 

of the quinoid ring reacting with the sulfonic group during the polymer re-assembly process. This would 
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lead to an increased benzoid to quinoid ring ratio which then prevents re-dissolution or dispersion when 

exposed to aprotic solvents [43]. The pronounced changes in the FT-IR spectra of the M2-M3 samples 

compared with M1 indicate a potential interaction between sulfonic groups and nitrogen within S-PANI 

during the polymer re-assembly process.  

The cross-linking reaction may involve nucleophilic Sn1 substitution between an electron pair donor 

(secondary amine) and an electron pair acceptor (sulfonic group). Also, reactions occur between 

NMP/4MP solvents and  HCl(aq) in the coagulation bath as reported elsewhere [44]. These reactions 

involve degradation of NMP potentially impacting polymer precipitation during re-assembly and the 

polymer-polymer bonding. 

Cross-linking of M2-M3 takes place during the membrane solidification rather than after. The liquid 

state of the polymer solution makes the polymer chains more accessible and susceptible for reaction 

i.e., potential nucleophilic Sn1 substitution or due to the side reaction between the NMP/4MP solvents 

and the HCl(aq), enabling a higher degree of cross-linking of the entire bulk of the membrane. 

Exploiting the enhanced reactivity of liquid state aromatic polymer solutions for in-situ cross-linking 

has been previously reported [12]. Post-treatment of S-PANI membranes in their solid-state in acidic 

solution, conducted with M4-M5, does not interfere with the sulfonic groups because of the absence of 

polymer mobility. The effect of soaking solidified S-PANI membrane in acidic solution is limited to 

the introduction or withdrawal of protons at polymer doping sites, as illustrated in SI Fig. S3.15. 

Cross-linking of PANI membranes in solid-state requires an organic solvent to swell the polymer and 

allow contact between the polymer chains and the introduced cross-linker [27]. Alternatively, a heat 

source could be employed in the presence of the cross-linker to facilitate cross-linking during the 

condensation process [29]. 
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Fig. 3.1 FT-IR spectra of membranes produced in neutral coagulation bath (M1) and acidic coagulation bath (M2- 

M3). 

High-resolution XPS was also used to study M1-M3. The core-level spectra of carbon (C 1s) for all 

membranes M1-M3 was aligned confirming calibration (XPS spectra S8, Fig. S3.16a), while oxygen 

peaks were similar (Fig. S3.16b). Core level spectra of sulfur S 2p of M1 were higher compared to M2 

and M3 suggesting an increased oxidation state or effective nuclear pull in M1 (Fig. S3.16c). Slight 

change in core level spectra N 1s was observed between M1 and M2-M3 (Fig. S3.16d). Both XPS and 

FT-IR results are in agreement suggesting a change in the chemical state of the sulfur and nitrogen 

bonding following the cross-linking reaction. 

XRD was used to investigate changes in polymer crystal structures of M1-M3. PANI and its derivatives 

have semi-crystalline structures showing three different XRD peaks [45]. Fig. 3.2 provides XRD of M1 

with three peaks at 2Θ=18.4°, 27° and 42°, as expected. M2 and M3 exhibited two distinctive peaks at 

2Θ=24° and 40.4°. M2-M3 showed a broader peak at 2Θ=40.4° compared to M1 while the peak at 

2Θ=18.4° disappeared. This suggests that cross-linking of M2 and M3 was less structured than M1 

which can be ascribed to shrinkage of the intersegmental distance of polymer chains [25]. 
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Fig. 3.2 XRD patterns of S-PANI membranes M1-M3. 

3.3.2 Ion exchange capacity and water stability 

The presence of amine/imine groups and sulfonic cation-exchange functional groups makes the S-PANI 

a promising material for fuel cell applications [46,47]. Therefore, changes in the chemical state of the 

ion exchange functional groups are expected to influence the ion exchange capacity. The ion exchange 

capacity (IEC) of M1 and M2-M3 was measured via titration. A significant reduction of about 86% in 

the IEC was observed for M2 compared to M1, while a marginal difference was noticed between the 

cross-linked membranes M2 and M3 (Table 3.2). The change in the IEC could be attributed to the 

consumption of the amine/imine groups and cation-exchanging sulfonic groups. 

Water uptake measurements showed that cross-linking caused about 20-24% suppression of uptake for 

M2-M3, respectively, compared to M1. The lower water uptake could be attributed to the three-

dimensional network of the cross-linked membranes. 

Table 3.2 Ion exchange capacity (IEC) and water uptake of S-PANI membranes M1-M3. 

Membrane  IEC (meq g-1) Water uptake 

M1 1.29±0.2 1.94±0.14 

M2 0.18±0.03 1.55±0.04 

M3 0.16±0.03 1.47±0.03 

 

The water stability test was performed by immersing membrane samples in pure water at 20, 40 and 

80°C for 4 h while the dry weight was measured before and after the test. All the tested membranes M1-

M3 showed a stable and consistent dry weight as shown in SI, Table S 3.2. Also, the UV absorbance 



 

98 

 

spectra of the water bath did not show an indication of leaching impurities from the membrane samples. 

M1-M3 exhibited dimensional stability in a pure water bath at different temperatures 20, 40 and 80°C 

overnight. Similarly, M1-M3 exhibited dry weight stability before and after soaking in 0.1 NaOH(aq) 

for 24 h at 20°C. The resulting membranes were alkaline stable, insoluble, and their dimensions were 

stable even at 80°C deionized water.  

3.3.3 Morphology and porosity 

Fig. 3.3a-c shows SEM surface images of membranes M1-M3. High magnification SEM images 

provide no apparent difference between the surface morphologies of different S-PANI membrane 

samples. This demonstrates that the acidic strength of the coagulation solution and the doping/dedoping 

process of the S-PANI membranes does not have a noticeable effect on the surface morphology. Fig. 

3.3d-f shows SEM images of cross-sectional areas of membranes M1-M3. All membranes exhibited a 

typical asymmetric morphology of phase inversion, including a dense skin layer, a transition region, 

and a porous bottom layer [10,48]. Membranes prepared in acidic coagulation solution (M2-M3) had a 

denser skin layer with suppressed macro-void structure (Fig. 3.3e-f) compared to membranes produced 

in pure water (M1, Fig. 3.3d). The in-situ cross-linking of the polymer matrix resulted in the formation 

of a dense skin layer which hindered the demixing rate of solvent/non-solvent and inhibited the 

formation of large macro-voids. Membranes with dense substructure are favoured over finger-like 

structures due to the enhanced solute rejection and improved mechanical strength [9,49,50]. The doped 

sample of the cross-linked membrane (M6-M7) exhibited identical morphological structure to the 

dedoped samples M2-M3 as shown in the SI, Morphology S10 Fig. S3.17c-d. This emphasizes that HCl 

doping of the S-PANI membrane was not dominating the conformation and the simultaneous 

coagulation and crosslinking could be the dominant factor for the changes in membrane morphology as 

explained in the following sections. Post-treatment doping of M4 and M5 with H+ ions (SI, Morphology 

S10 Fig. S3.17a-b) resulted in similar structures compared to the pristine M1 membrane (Fig. 3.3d), in 

agreement with a previous study [20]. Morphological differences were more obvious for the cross-
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linked membranes while leaching of residual H+ ions did not induce an apparent change of membrane 

structure. 

The morphological changes were quantified by measuring the thickness of the selective layer and the 

overall membrane thickness (excluding the support layer). Fig 3.4d-f shows an increase of selective 

layer thickness from 737 nm to 794 and 1700 nm for M1, M2 and M3, respectively. The overall 

membrane thickness decreased gradually from 94.8 µm to 66.2 and 47.7 µm for M1, M2 and M3, 

respectively, due to increasing inhibition of macro-void formation. 

 
Fig. 3.3 SEM surface and cross-sectional area images of S-PANI membranes prepared in neutral coagulation bath 

(M1), 1M HCl acidic coagulation bath (M2) and 3M HCl acidic coagulation bath (M3). 

To better understand the polymer re-assembly (precipitation) process, 2 mL of S-PANI polymer 

solution (0.2 wt/wt%) was added to 18 mL of neutral and acidic coagulation bath. The visual observation 

and TEM images showed different precipitation structures. Immersing the polymer solution in an acidic 

coagulation bath formed an organised flaky structure whereas the precipitated polymer in a neutral 

coagulation bath showed a cloudier solution with a fine pin floc-like structure (Fig. 3.4a-c). This was 

   
(d) M1 (e) M2 (f) M3 

   

   
 1 

(a) M1 (b) M2 (c) M3 

737 nm 

794 nm 1700 nm 

94.8 µm 66.2 µm 47.7 µm 
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verified by TEM images showing a loose structure of precipitated polymer particles compared to a 

dense and inter-linked structure in an acidic coagulation bath (Fig. 3.4d-f). 

PANI exhibits a different conformation in low pH coagulation solutions including forming cross-linked 

networks with fibrillar structure [51]. The morphology changes were attributed to the absence of H-

bond interaction between the solvent and the polymer chains due to protonation of the latter. Instead, 

strong intrinsic interaction between polymer chains causes cross-linkages to form during the polymer 

re-assembly [31]. Here, the presence of sulfonic groups in S-PANI is believed to significantly affect the 

polymer re-assembly process and the cross-linking of the polymer matrix due to the potential interaction 

between the sulfonic groups the nitrogen atom in the doping sites. A solvent stability test of S-PANI 

and PANI membranes formed in an acidic coagulation is reported in a separate section below to validate 

this claim. 

(a) (b) (c) 

   
(d) (e) (f) 

   

Fig. 3.4 Visual and TEM images of the S-PANI polymer solution in neutral coagulation bath (a, d), 1M coagulation 

bath (b, e) and 3M coagulation bath (c, f). 

100 

nm 

100 

nm 

100 

nm 
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The isotherms of the porosity measurements showed a sharp decrease in the surface area of M2 and M3 

(37% and 27% of M1 BET surface area, Table. 3.3). The change was also observed for total volume 

and a total area of pores <=5 nm. The maximum pore volume of M2 and M3 was 26% and 18% of M1, 

respectively, which corresponds to the observed suppression of the membrane’s macro-voids as 

illustrated in the SEM images. 

Table 3.3 Porosity measurements of S-PANI membranes M1-M3. 

 Unit M1 M2 M3 

BET surface area m2 g-1 33.6 12.5 8.9 

Volume in pores <=5 nm cm³ g-1 8.83E-02 2.41E-02 1.98E-02 

Maximum pore volume* cm³ g-1 1.50E-02 5.76E-03 3.68E-03 

Area in pores <=5 nm m² g-1 33.6 8.7 6.2 

*At P/Po = 0.144111684 

3.3.4 Demixing kinetics 

The demixing rate was measured for the M1-M3 membrane sample as shown in Fig. 3.5. M1 exhibited 

an abrupt shift in organic solvent concentration within the first hour of polymer precipitation. 

Subsequently, the concentration stabilised, showing a steady-state profile within 2 h of immersion. The 

instant demixing explains the formation of the finger-like voids as shown in the SEM images of 

membrane cross-sections. (Fig. 3.3d) [48]. In contrast, the in-situ cross-linking resulted in a dense 

selective layer which simultaneously delayed the demixing of the solvent/non-solvent, leading to a 

gradual release of the organic solvent to the coagulation bath over time. Note that, demixing kinetics 

for polymer precipitation was obtained by measuring the solvent leaching rate into the coagulation 

solution [32,52–54]. Light transmittance or microscopy techniques determining demixing kinetics [55–

57] could not be employed due to the dark green colour of S-PANI.   
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Fig. 3.5 S-PANI solvent demixing kinetics in neutral (M1) and increasingly acidic (M2, 1M HCl; M3, 3M HCl) 

coagulation solutions.  

3.3.5 Thermal and mechanical analysis 

Fig. 3.6 shows the TGA results which elucidate the change of weight during controlled heating as a 

percentage of the initial membrane sample weight and the derivative weight with respect to temperature 

up to 600°C. Plotting the derivative weight loss showed a first peak in the range of 20–120°C for the 

pristine M1 (~2.6%) and extended further to 160°C for the cross-linked M2-M3 membrane samples 

(~12-15%). This was attributed to the evaporation of entrapped water molecules in the polymer matrix 

and any residual 4-methylpyridine (4MP). The second weight-loss peak of the M1 sample was in the 

range of 390-590°C. The cross-linked membranes showed different thermal degradation behaviour in 

the range of 340-410°C for the M2 membrane, followed by the integrated broad and less intense peak 

to 590°C. M2 showed a more intense reduction in weight than M3 at the second peak. The weight loss 

at such high-temperature band was assigned to free N-methyl-2-pyrrolidone (NMP) volatilisation and 

release of NMP molecules, which are hydrogen-bonded to the amine groups of S-PANI [58]. The DSC 

thermograms also showed that the glass transition temperature of the M1 membrane sample was shifted 

down from 243°C to 204°C and 187°C for the cross-linked membranes M2 and M3, respectively (SI, 

Differential scanning calorimetry S12 Fig. S3.24-S3.26). PANI membranes contain considerable 

amounts of NMP, about 18% by weight [58]. The cross-linked membranes might have entrapped a 

surplus quantity of NMP compared to M1 due to the dense structure. NMP could have a plasticising 
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effect at high temperatures resulting in lower glass temperature and a further change in the thermal 

behaviour. 

(a) (b) 

  

Fig. 3.6 TGA curves for pristine and cross-linked S-PANI membranes (a) weight loss (b) derivative weight loss 

with respect to temperature from room temperature to 600°C. 

Fig. 3.7 shows the mechanical strength and the elongation at the breakage point of the S-PANI 

membranes, M1-M3 at room temperature. The mechanical strength of the cross-linked membranes M2-

M3 is 2.3 times higher than the pristine S-PANI membrane M1, whereas a slight and inconsistent 

change in the elongation at breakage was observed for all samples. The cross-linked polymer structure 

exhibits a dense three-dimensional network, with limited freedom for motion by the individual segments 

of the molecules’ steric hindrance to chain movement, which enhanced the mechanical strength. 

 

Fig. 3.7 Mechanical properties of the pristine M1 and cross-linked (M2-M3) S-PANI membranes. 

The commercial membrane was cast over a support layer which dominates the membrane’s tensile 

strength. As such, the tensile strength of the free-standing S-PANI membrane and commercial 

membrane values are not comparable. 
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3.3.6 Solvent stability 

Solvent stability in DMF as an exemplary solvent was tested. Fig. 8 shows the effect of DMF on 

membranes stability after immersion for two weeks. M1 readily dissolved resulting in a vivid blue 

solution. M2 and M3 were resistant to DMF showing only a slightly discolouring of the solution after 

30 minutes without any subsequent changes over the observation time of two weeks. Contrastingly, 

PANI membranes formed in a pure water and acidic coagulation bath (M1’, M2’, M3) dissolved in 

DMF (Fig. 3.8b). M2’ and M3’ were more resistant than M1’, while all samples dissolved within one 

hour. Solvent stability of M2 and M3 may be attributed to the formation of interchain bonds, making 

the material less vulnerable to solvent attack.  

(a) S-PANI 
 

   (b) PANI 

  
 

    

  
 

M1 M2 M3     M1’ M2’ M3’ 

Fig. 3.8 Effect of DMF on membrane stability after two weeks. 

3.3.7 Mass swelling degree and gel content 

Identifying the extent of swelling for polymeric membranes is essential to understand their transport 

properties and behaviour while being exposed to organic solvents [59]. A set of organic solvents 

including Methanol (MeOH), Isopropanol (IPA), Acetone (AC), Toluene (TOL), Tetrahydrofuran 

(THF) was used to determine the membrane swelling (Fig. 3.9a) and solvent stability (Fig. 3.9b). The 

mass swelling degree of M1 increased in the sequence of TOL<MeOH<AC<IPA<THF. The maximum 

swelling was found for THF at 88±8%. M1 did not qualify for swelling tests with DMF due to instant 

dissolution. Swelling trends for M2-M3 were different and in the order AC<THF<MeOH<IPA≈TOL. 

The difference in the swelling degree trend between M1 and M2-M3 could be attributed to the change 

in the Hansen solubility parameter following the cross-linking reaction. Generally, significant polymer 

swelling with strong polymer-solvent interaction is anticIPAted for polymers that have similar Hansen 
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solubility parameters to the surrounding solvent [60]. The highest swelling degree for M2 was about 

9±1% (TOL≈IPA) while the THF swelling was only 3±0.2%. Marginal difference in the swelling degree 

was observed between M2 and M3. The decreased swelling degree of M2-M3 could be explained by 

the reduced porosity due to the inter-linked segments of the polymer. Besides, the top layer of M2-M3 

was more hydrophilic than M1 (see also contact angle section), which effectively prevented the 

dissolution and permeation of organic solvents into the bulk of cross-linked S-PANI matrix. 

Fig. 3.9b showed membrane stability static test in organic solvents including DMF over two weeks. M1 

was unstable in THF and DMF as the transparent solvent turned blue due to the gradual dissolution of 

the polymer in THF while being readily dissolved in DMF. The dry mass of the M1 was reduced by 

10±5.6% and 78.5±3.2% with THF and DMF, respectively. M1 was more stable in MeOH, IPA, AC 

and TOL than THF and DMF as there was only a slight colour change with maximum decreased mass 

by 3.5% with MeOH. M2-M3 exhibited stability for all solvents tested providing no change in solvent 

colour after the two weeks, except a slight discolouring with the DMF in the first 30 minutes. The dry 

mass of the soaked membrane remained constant while showing weight loss around 4.3±0.5% (M2) 

and 0.9±1% (M3) with DMF. 

Functionalising the PANI polymer with sulfonic groups (pre-sulfonation) was proven to be essential for 

the in-situ cross-linking to take place in an acidic coagulation bath. This test indicates that M2 and M3 

may qualify for organic solvent applications, while extended solvent stability tests are part of an 

ongoing study. 

(a) (b) 

  

Fig. 3.9 Mass swelling degree and gel content of pristine and crosslinked S-PANI membranes M1-M3 in different 

polar protic, polar aprotic and nonpolar solvents. 
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3.3.8 Contact Angle 

The hydrophilicity of the pristine and cross-linked S-PANI membranes was estimated by measuring the 

apparent contact angle of the membrane surface. High affinity to water with a contact angle less than 

90° indicates a hydrophilic membrane. As shown in Fig. 3.10 the dynamic CA of M2-M3 showed a 

continuous and higher decline compared to M1, which provided a relatively constant value. The contact 

angle of M2 and M3 decreased continuously for 100 s. However, a slightly dynamic decrease was 

observed after 120 seconds, reaching a steady level (~28°) after 140 s. The changes in CA can be 

rationalised by (a) higher polarity (surface charge) of the membrane surface and therefore stronger 

intermolecular attraction between water and membrane surface [61–63], and (b) the dense skin layer 

with less porosity produced a smoother surface which could affect the contact angle and hydrophilicity 

[18,48]. The hydrophilicity followed the opposite order of the contact angle: M1 < M2 < M3 with the 

marginal difference between M2-M3. A higher hydrophilicity with a smooth and charged surface of 

M2-M3 could indicate a higher antifouling property [19,29]. 

 

Fig. 3.10 The contact angle of the S-PANI membranes (M1-M3). 

3.3.9 Membrane transport properties 

The permeance of M1-M5 and the commercial M8 membranes was evaluated using three solutions: 

pure water (Fig. 3.11), PEG aqueous solution (MW 1000 g mol-1) (Fig. 3.12a) and aqueous dye solution 

(MW 320 to 1017 g mol-1) (Fig. 3.13a). The permeance of M1-M3 and M8 experienced an initial drop 
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during the preconditioning phase due to the compaction of the membrane under the transmembrane 

pressure [64]. The permeance became steady (5% difference) after 30 min. A slight increase in the M4-

M5 membrane permeance was observed during preconditioning and filtration, therefore, an average 

permeance value is shown in Fig. 3.11 and Fig. 3.12a. This can be attributed to leached H+ ions, which 

increased the membrane’s free volume. Soaking M4-M5 in an aqueous solution for a week with a daily 

change of the solution reinstated the membranes’ permeance with stable and neutral permeate pH. Both 

residual H+ ions on the polymer chains and the pH variability of feed solution could affect membrane 

permeance stability, solute rejection, and surface charge [22]. To better understand the in-filtration 

membrane stability and confirm the absence of residual H+ ions in the membrane, the pH of the permeate 

was measured using a feed solution at neutral pH (SI, Transport properties S13 Fig. S3.27). Permeate 

pH of HCl-doped M4 and M5 decreased during filtration, indicating leaching of H+ ions. Immersing the 

M4 and M5 membrane samples for a week in pure water while changing the soaking solution daily 

helped to de-dope the membranes and reinstate the initial transport properties with stable permeate pH. 

The permeate pH of M1-M3 remained stable, indicating: (a) the fabrication method of the self-doped 

S-PANI membrane overcame the acid leaching problem, and (b) rinsing of M2 and M3 for a prolonged 

time with pure water removed residual H+ ions. The interwoven and/or double-stranded structure in the 

S-PANI complex binds the acid more strongly, and thus there is no loss of sulfonated groups during the 

filtration, which is consistent with the literature [21,36,65]. S-PANI membranes prepared in acidic 

solution and left in water for one week did not show any leaching of H+ ions that suggested stable and 

comparable performance in contrast to the HCl-doped S-PANI membranes that leached H+ ions and 

showed unstable performance. 

Fig. 3.11 shows that the higher acidic strength of the coagulation bath led to a considerable drop in the 

pure water permeance by 63-67% and 92-94%, respectively, compared to M1. Transmembrane pressure 

of M1, M2 and M3 increased from 2 to 3 and 6 bar, respectively, because of the change in density of 

the selective layer (Fig. 3.3) and porosity (Table. 3.3). The average permeance of M4 and M5 exhibited 

a decline of around 12-14% compared to M1. The cross-linking resulted in a decrease in the gap space 

between the polymer chains during the re-arrangement process, explaining the performance change of 
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M2 and M3 [19,32,66]. Doping the S-PANI membranes in acidic solution resulted in a slight swell [61]. 

The proposed changes could reduce the pore size of the membrane and create further water transport 

resistance as illustrated in SI, Transport properties S13 Fig. S3.28. The increase in the doping solution’s 

acidic strength (polymer chains swelling) with reduction of membrane permeance and increase in solute 

rejection quantitatively confirmed our proposed hypothesis. 

 

Fig. 3.11 Pure water permeance for the S-PANI membranes (M1-M5) and the commercial membrane (M8). 

 

Fig. 3.12a and Fig. 3.13a show the effect of the solutes’ concentration polarisation on the membrane 

performance. A generic permeance decline of 36-56% and 71-79% was observed for the tested 

membranes with PEG solution and the dye feed solutions, respectively, compared to pure water 

permeance. The PEG and dye solution permeance results are in good consistency with the pure water 

results reflecting the effect of the coagulation bath’s acidic strength. NF membranes are known to 

operate at transmembrane pressure around 2-10 bar with approximate pure water permeance 5-50 L m-

2 h-1 bar-1 [48]. The obtained permeance results of M1, M2, M3 and M8 agree with the literature [67,68]. 

The permeance and rejection of the dye solution through the HCl-doped M4 and M5 membranes were 

not evaluated due to the interaction between the dye solutes with the leached H+ ions leading to biased 

UV absorbance and incorrect dye rejection [69]. 

Fig. 3.12b shows that M1 to M5 and M8 produced distinct MWCO curves with the PEG rejections in 

the following order: M1<M8<M4<M5<M2<M3. The different PEG rejections between pristine and 
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HCl-doped M4-M5 membranes were attributed to the contraction of the membrane pore size, because 

of the different free volumes in the skin layer. The strength of the HCl doping solution enhanced the 

PEG-1000 g mol-1 rejection to 40% and 49% for the M4 and M5 membranes, respectively, in 

comparison with 29% rejection by M1. A substantial increase in the PEG rejections to 66% and 99% 

were obtained by M2 and M3, respectively. The higher density of the top skin layer and the change in 

the membrane conformation to the suppressed macro-void structure with less porosity was directly 

reflecting the PEG rejections. To evaluate the enhanced performance of S-PANI membranes, the 

commercial M8 membrane rejection was also acquired. A rejection of around 34% was achieved at 

1000 Da in comparison with nominal (labelled) MWCO around 90%. The PEG comprehends a series 

of water-soluble, linear chain polymers of oxyethylene units, which are mainly present as a helix [70]. 

The hydrated polymer shows a conformation as an expanded random coil [71], therefore, the wiggling 

effect of the linear PEG could contribute to the solutes carry-over to the permeate under applied pressure 

which explains the difference between the measured MWCO and the nominal rejection as found in 

previous work [72]. The wiggling effect may underestimate the actual MWCO of the tested membranes. 

Additionally, the measured TOC of the feed PEG solution is high (≈312 mg L-1) which may also 

underrate the rejection of the tested membranes. To exclude the PEG wiggling effect and identify the 

exact MWCO of the NF membrane (M3), rejection for sucrose octa-acetate and raffinose was 

determined at TOC feed of 20 mg L-1. Table. 3.4 shows that the cross-linked M3 membrane has a 

MWCO around 680 g mol-1 compared to 900 g mol-1 using the PEG1000 solute.  

Table 3.4 The MWCO determination of the NF membrane (M3) using sugar solutes. 

Solute 
MW (g mol-1) Rejection (%) 

Sucrose octa-acetate 678.6 90.0±2 

Raffinose 504.4 60.0±3 
 

The nominal MWCO of M8 (charged membrane), as presented by the supplier, might have been 

measured based on the different dye solutions. The Donnan effect could have resulted in such higher 

dye rejection and apparently lower MWCO. On the other hand, PEG is electrically neutral, and its 

rejection will not be influenced by the Donnan effect, thus resulting in lower rejection of M8 for PEG 
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solution and higher MWCO [72]. The overall outcome shows coherence between the permeance and 

the rejection results. The results also suggest that M3 was the only one to be classified as an NF 

membrane. The specific MWCO values of the other membranes can be determined using solutes that 

are larger than the maximum MW of 1074 g mol-1 used in this work. 

To have an accurate evaluation of the membrane rejection because of the adopted modifications, the 

rejection test of four different dyes was implemented for the M1-M3 and the commercial M8 membrane. 

Fig. 3.13b shows the rejection values from 50-84% to 72-96% and 91-100% for the M1-M3 membranes 

at a molecular weight range from 320 to 1017 g mol-1. Also, M8 exhibited a high dye rejection between 

74 to 85%. The membrane surface charge and the dye feed solution’s zeta potential measurements were 

undertaken to evaluate membrane-solute charge interaction, which could influence the dye exclusion 

and show higher apparent rejection of dye [73]. Fig. 3.14a shows the surface charge of M1-M5 and the 

commercial M8 membrane. The reported surface charge of the S-PANI membrane doped in acidic 

solution at pH 4.5 was around 20 mV [26,74], which falls within the same range as the HCl-doped M4 

membrane. It can be observed that the higher acidic strength enhanced the surface charge of the doped 

M5 membrane to 25 mV. This can be attributed to the abundance of H+ ions which protonated the 

polymer chains and therefore implied an increase of membrane surface charge. M2 and M3 membranes 

exhibited a significant step-change (74%) in surface charge even after leaching of all residual H+ ions 

compared to the M1 membrane. Compared to the S-PANI membrane, the surface charge of the M8 was 

obtained (-11.7±3.4 mV) and the negative surface charge agreed with the literature values [75]. The 

zeta potential of the four tested dye feed solutions was measured, as shown in Fig. 3.14b. All dye 

solutions were negatively charged with zeta potential ranging from -1.6 to -27.4 mV. The difference 

between the S-PANI membrane surface charge and the zeta potential of the dye solutes could 

underestimate the membranes’ rejection, in contrast with the commercial membrane, where the actual 

rejection rate could be overestimated. 

The anionic charge of the aqueous dye feed solution and the negative surface charge of the commercial 

M8 membrane appeared to have a contribution to the solute repulsion leading to higher rejection due to 

the Donnan effect [72]. However, all tested S-PANI membranes (M1-M3) which had an opposite charge 
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to the retained dye solutes, also demonstrated a higher rejection than the PEG solutes. To differentiate 

the S-PANI membrane’s dye rejection mechanism, i.e., size-exclusion versus adsorption, as there would 

not be any Donnan exclusion in the cationic membrane for anionic molecules, the adsorbed dye mass 

was quantified for the M1 membrane based on the mass balance of the feed, concentrate and the 

permeate, (SI, Table. S3.3). The mass of the adsorbed dye to the M1 membrane was in the following 

order Indigo carmine>Rose bengal>Methylene blue. The dye mass adsorption follows similar order to 

the dye’s zeta potential -27.4, -6.1 and -1.5 mV, respectively. The significant difference in the 

membrane surface charge and the Indigo carmine solution’s zeta potential (ΔV≈38.9 mV) resulted in 

the highest mass adsorption (≈42%) compared with the methylene blue dye solution where the adsorbed 

mass ≈16%. This means that the size exclusion is the dominant rejection mechanism for the methylene 

blue dye solutes for the S-PANI membranes. The bulky nature of the dye molecule showed a higher 

rejection compared to the flexible PEG molecule for the same MW of PEG and dye solution, as the 

PEG chain allows it to wiggle through the small size pore while the dye molecule clogs the pore [76,77]. 
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(a) (b) 

  

Fig. 3.12 (a) PEG permeance and (b) rejection of the S-PANI membranes (M1-M5) and the commercial membrane 

(M8). 

(a) 
(b) 

  

Fig. 3.13 (a) dye feed solution (methylene blue, indigo carmine, bromothymol blue and rose bengal) permeance 

and (b) rejection for of the S-PANI membranes (M1-M3) and the commercial membrane (M8). 

(a) 
(b) 

  

Fig. 3.14 (a) The surface charge of M1-M5 membranes and the commercial M8 membrane and (b) The zeta 

potential of dye feed solutions (methylene blue 10 mg L-1, indigo carmine 10 mg L-1, bromothymol blue 50 mg L-

1 and rose bengal 10 mg L-1). 
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3.4 Conclusions 

S-PANI powder was synthesised by oxidation polymerisation and subsequently, integrally skinned 

asymmetric membranes were prepared using the NIPS technique. The presence of sulfonic groups in 

the polymer backbone provides the anchor to cross-link the polymer while precipitating in an acidic 

aqueous coagulation bath. FT-IR, XPS and XRD spectra of the SPANI membranes produced in 1 M 

and 3 M HCl(aq) coagulation bath (M2-M3) indicates a potential interaction between the sulfonic 

groups and the nitrogen resulting in a more amorphous matrix compared to the pristine S-PANI 

produced in pure water coagulation bath (M1). TEM images showed a loose structure of precipitated 

polymer particles in pure water, compared to a dense and inter-linked structure in an acidic coagulation 

bath. The simultaneous cross-linking led to an instant formation of a dense selective layer, which 

diminished the demixing rate. This resulted in an altered membrane conformation with suppressed 

macro-voids, reduced porosity, improved tensile strength, enhanced hydrophilicity, and a significant 

improvement in DMF solvent stability over an observation time of two weeks. The TGA of the cross-

linked membranes also showed a broad and extended peak at high temperature whereas the glass 

transition temperature was decreased. In-situ tailored NF S-PANI membranes (M3) with MWCO≈680 

g mol-1 (sucrose octa-acetate) showed a rejection of 99% for PEG 1000 g mol-1 and 91-100% for dye 

solutes (MW range of 320-1017 g mol-1) compared to 34% and 74-85% rejection for a commercial 

membrane with nominal (labelled) MWCO 1000 g mol-1, respectively. In summary, high-performance 

S-PANI membranes were prepared in-situ by exploiting cross-linkable sulfonic groups, while tailoring 

the coagulation bath conditions. This new simplistic, time, chemical and cost savings scalable approach 

can be effortlessly applied to design new classes of S-PANI membranes in NF range without the 

complications of using laborious post modification cross-linking methods. 
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Materials S1 

Aniline, ammonium persulfate (APS), 4-methylpyridine (4MP), N-methyl-2-pyrrolidone (NMP), 

ammonium hydroxide solution, acetonitrile (ACN) HPLC grade, N,N-dimethylformamide (DMF),  

raffinose (MW 504.5 g mol-1), sucrose octa-acetate (MW 678.6 g mol-1), methylene blue (MW 319.8 g 

mol-1), indigo carmine (MW 466.4 g mol-1), bromothymol blue (MW 624.4 g mol-1) and rose bengal 

(MW 1017.6 g mol-1) were obtained from Sigma-Aldrich, UK. Methanol, 3-aminobenzene sulfonic acid 

(metanilic acid), sodium hydroxide and hydrochloric acid (HCl) aqueous solution were obtained from 

VWR, UK. Polyethylene glycol (PEG) 1000 g mol-1 was obtained from Fisher, UK. Commercial 

composite fluoropolymer flat sheet membrane (nominal MWCO 1000 g mol-1) was obtained from Alfa 

Laval, UK. 

S-PANI synthesis S2 

S-PANI was synthesised by radical polymerisation of aniline and metanilic acid in the presence of 

ammonium persulfate in an acidic medium. During a typical synthesis, aniline was added to HCl 

solution (1.0 M). The mixture was then poured into a glass beaker surrounded by ice for cooling. 

Metanilic acid was added to the aniline-hydrochloric acid mixture and then stirred for 5 minutes using 

an overhead mechanical mixer fitted with a Teflon coated impeller. In a separate beaker, ammonium 

persulfate (APS) was dissolved in HCl solution (1.0 M). The APS-HCl solution was then added into 

the aniline flask drop by drop using a Watson Marlow peristaltic pump to allow control over the reaction 

temperature and formation of a reasonably long-chain polymer. The aniline, metanilic acid and APS 

were 1:1 M ratio. The total APS-HCl solution addition period was around 13 h. After a reaction period 

of 24 h which involves APS addition and extended stirring, the solution was filtered (Whatman paper) 

and washed multiple times with pure water and then Methanol until a neutral pH of the washing solution 

was reached. Subsequently, the powder was added to ammonium hydroxide solution (1.0 M) and left 

to mix using a magnetic stirrer for 1 h at room temperature to deprotonate the polymer salt to its base 

form. The powder was then washed down with pure water (1 L), followed by 200 mL of Methanol 

(50%, w/v) and finally 1 L of pure water. The filtered polymer powder was dried under a vacuum for 
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24 h at 60°C. The dry S-PANI powder was grounded by ceramic mortar and pestle, then passed through 

a 160 µm mesh sieve to remove any remaining clusters, leaving a fine powder with 72±1% yield based 

on the aniline monomer. This powder was then stored in plastic vials until required.  

Fig. S3.1 shows the chemical structure of the formed S-PANI salt with the sulfonate functional group 

bonded with the aromatic benzene ring. The obtained powder was analysed by FT-IR to confirm that 

sulfonation had occurred.  

 

Fig. S3.1 Polymerisation scheme for S-PANI. 

S-PANI molecular weight determination S3 

All analysis was performed on an Agilent Infinity II MDS instrument equipped with differential 

refractive index (DRI), viscometry (VS), dual-angle light scatters (LS) and variable wavelength UV 

detectors. The system was equipped with 2 x PLgel Mixed D columns (300 x 7.5 mm) and a PLgel 5 

µm guard column. The eluent is DMF with a 5 mmol NH4BF4 additive. Samples were solubilised 

overnight before filtration through a nylon membrane with 0.22 µm pore size before injection. Samples 

were run at 1 mL min-1 at 50°C. Poly(methyl methacrylate) standards (Agilent EasiVials) were used for 

calibration between 955,000–550 g mol-1. Respectively, experimental molar mass (Mn, SEC) and 

dispersity (Đ) values of synthesized polymers were determined by conventional calibration using 

Agilent GPC/SEC software. 

Energy dispersive X-ray S4 

The element analysis of the S-PANI powder was studied via Scanning electron microscope- energy 

dispersive X-ray (SEM-EDX) using an FSEM (JSM-6301F, JEOL, Germany). The element analysis is 

shown in Table S 3.1. 
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Table. S3.1 Element analysis (Atomic % and weight%) of S-PANI powder. 

Element Weight % Atomic % 

C 67.6±0.3 76.8±0.5 

N 11.4±0.2 10.3±0.1 

O 9.8±0.4 7.2±0.1 

S 9.3±0.1 4.4±0.1 

Cl 1.9±1.1 1.3±0.3 

Membrane fabrication S5 

For the cast film solution, S-PANI powder (20 wt%) was added in small portions to a mixture of NMP 

(74 wt%) and an anti-gelling agent 4MP (6 wt%). The mixture was stirred at 100 rpm for 2 h until a 

homogeneous solution was obtained and then left stirring at 50 rpm overnight. Afterwards, the polymer 

solution was left unstirred for 12 h for deaeration. A PET/PBT non-woven support layer (Novatexx 

2484, 120 µm, Freudenberg Filter Technologies, Germany) was placed on a flat glass plate before 

casting. Elcometer 3540 film applicator was used to cast 200 µm membranes (clearance gap) at room 

temperature at a controlled relative humidity of ~30%. Membranes formed after immersion 

precipitation in the coagulation bath solution at room temperature, considering a consistent evaporation 

time of 10 seconds, before immersing the polymer solution into the coagulation bath. Different acidic 

strengths of coagulation solution (pure water, 1 M HCl and 3 M HCl) were used to produce membrane 

samples. After 24 h, some of the resulting membrane sheets were rinsed and stored at room temperature 

in pure water for a week, while the others were used freshly to understand the effect of H+ ion leaching 

on membrane morphology and transport properties. The rinsing water was changed daily to ensure 

complete H+ ion removal from the membranes. A set of S-PANI membrane control samples was 

produced in a pure water coagulation bath and subsequently doped in acidic aqueous solutions (1 M 

and 3 M HCl) overnight to understand the effect of doping as a post-treatment of the membrane transport 

properties. The H+ doped S-PANI membranes were rinsed with water for 5 min before use. In parallel, 

a set of the post-treated (doped) membranes was also rinsed in water for a week to assess the membrane 

performance after dedoping. 
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Membrane characterisation S6 

FT-IR, XPS and XRD analysis 

The chemical composition of S-PANI membranes was determined using an FT-IR spectrometer (PIKE 

Technologies Inc, USA) fitted with an attenuated total reflectance (ATR) accessory. Each FT-IR 

spectrum had 32 scans with 4 cm-1 resolution. 

XPS data were acquired using a Kratos Axis SUPRA using monochromated Al kα (1486.69 eV) X-rays 

at 15 mA emission and 12 kV HT (180W) and a spot size/analysis area of 700 x 300 µm. The instrument 

was calibrated to gold metal Au 4f (83.95 eV) and dispersion adjusted to give a binding energy (BE) of 

932.6 eV for the Cu 2p3/2 line of metallic copper. Ag 3d5/2 line FWHM at 10 eV pass energy was 

0.544 eV. Source resolution for monochromatic Al Kα X-rays is ~0.3 eV.  The instrumental resolution 

was determined to be 0.29 eV at 10 eV pass energy using the Fermi edge of the valence band for metallic 

silver. Resolution with charge compensation system on <1.33 eV FWHM on PTFE. High-resolution 

spectra were obtained using a pass energy of 20 eV, step size of 0.1 eV and sweep time of 60 seconds, 

resulting in a line width of 0.696 eV for Au 4f7/2. Survey spectra were obtained using a pass energy of 

160 eV. Charge neutralisation was achieved using an electron flood gun with filament current = 0.38 A, 

charge balance = 2 V, filament bias = 4.2 V. Successful neutralisation was adjudged by analysing the C 

1s region wherein a sharp peak with no lower BE structure was obtained. Spectra have been charge 

corrected to the mainline of the carbon 1s spectrum (adventitious carbon) set to 284.8 eV. All data was 

recorded at a base pressure of below 9 x 10-9 Torr and a room temperature of 294 K. Data was analysed 

using CasaXPS v2.3.19PR1.0. Peaks were fit with a Shirley background before component analysis. 

X-ray diffractometry (XRD) was used to characterise M1, M2 and M3. XRD spectra were scanned on 

a STOE STADI P double setup, equipped with mythen detectors, using pure Cu-Kα1 radiation (λ= 

1.54060 Å). 

 

 



 

128 

 

Ion exchange capacity (IEC), Water uptake (WU), hydrolytic and alkalinity stability 

After immersion in pure water for one day, membrane samples were subsequently immersed for one 

day in 100 mL of HCl(aq) solution to fully protonate the polymeric structure. The membrane was then 

washed and equilibrated for 4 h with distilled water, while the distilled was changed several times to 

remove the last traces of acid. The membrane was then equilibrated with 50 mL of 0.01 M NaOH(aq) 

solution for 24 h and the cation exchange capacity was determined from the reduction in alkalinity 

determined by back titration. The ion exchange capacity of the cation exchange membrane was 

calculated using equation: 

𝐼𝐸𝐶 =
𝑉𝑁𝑎𝑂𝐻  𝑥  𝑆𝑁𝑎𝑂𝐻

𝑚𝑑𝑟𝑦

 
Equation S 3.1 

 

where, 𝑉𝑁𝑎𝑂𝐻 is the volume of NaOH used in the titration, 𝑚𝑑𝑟𝑦 is the dry weight of the membrane in 

g, and  𝑆𝑁𝑎𝑂𝐻 is the strength of NaOH used for the determination of IEC (meq g-1). 

Water uptake was measured by first drying all membranes at 40°C for 24 h and the dry mass of 

individual membrane strips was recorded. The membrane strips were then immersed individually in 

pure water at room temperature for 24 h. The water remaining on the surface of the wetted membrane 

was carefully dried utilizing absorbent paper before weighing. The water uptake was calculated as: 

𝑊𝑈 = (
𝑚𝑤𝑒𝑡 − 𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦

) × 100 Equation S 3.2 

Where 𝑚𝑤𝑒𝑡 is the mass of the swollen membrane after equilibrium and 𝑚𝑑𝑟𝑦 is the mass of the dry 

membrane. 

The hydrolytic stability test of the membranes was explored by weighing the dried samples before and 

after wetting at different water bath temperatures 20, 40, 80°C for 4 h. UV spectroscopy was also used 

to look for small changes in the absorption of the solution. 

The S-PANI membranes M1-M3 were cut into strips with approximate dimensions of 75 x 5.5 mm. 

The samples were dried in a vacuum oven overnight and then the dimensions of the dried samples were 



 

129 

 

measured. Afterwards, the membranes were soaked in pure water at 20, 40 and 80°C overnight. 

Afterwards, the samples were dried in a vacuum oven and the final dimensions were measured. 

The membrane stability in alkaline solution was tested by weighing the dried samples before and after 

wetting in the alkaline solution (0.1 NaOH(aq)) at 20°C for 24 h.  

Morphology and porosity 

The morphological properties of the membranes were investigated by SEM (SU3900, Hitachi, Japan). 

To analyse membrane morphology, SEM images on both the surface and the cross-section of 

membranes were captured at an acceleration voltage of 10 kV. A representative cross-section was 

obtained by fracturing membranes in liquid nitrogen. Samples were mounted onto SEM stubs and 

coated with gold using a sputter coater (S150B, Edwards, USA). Change of skin layer thickness was 

determined for different coagulation bath conditions. 

Also, the re-assembly (precipitation) process of S-PANI polymer solution in neutral and acid aqueous 

solution was investigated by dissolving 0.2 wt% of S-PANI powder into NMP and adding 2 mL of the 

solution to either 18 mL of pure water, 1 M, and 3 M HCl, respectively. The precipitated polymer was 

dipped into a copper grid and submitted to transmission electron microscopy (TEM), JEOL JSM-

2100Plus . 

Adsorption isotherms, combined with the Brunauer-Emmet-Teller (BET) theory for multilayer 

adsorption, allowed the determination of the internal surface area of the membrane. Although the use 

of gas adsorption isotherm is more common for characterisation of porous media, its application in 

membrane research was reported elsewhere [1]. The application of this method was seen as 

complementary to other methods due to the low membrane porosities as well as difficulties in correctly 

interpreting these results [2]. N2 adsorption-desorption measurements were performed with a 

Micromeritics; model 3 Flex 3500, USA. For porosity measurements, separate batches of M1-M3 were 

prepared without a support layer. Membrane samples were first dried at ambient laboratory conditions. 

Afterwards, each sample was placed in a sample tube to ensure complete drying and degassing at 40°C 

for 24 h. The specific surface area and pore size distribution measurements were completed within 24 

h in a liquid nitrogen bath. 
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Demixing kinetics 

Polymer films along with the glass plate were immersed in coagulation solution to produce membranes 

M1 to M3. Samples of the coagulation solution were taken at hourly intervals over 8 h and after 24 h at 

6 mm distance to the cast film. Change of organic (solvent) concentration was measured using a total 

organic carbon analyser (TOC-L CPH, Shimadzu, Japan). The demixing rate was determined by 

plotting the change of relative concentration of TOC in the coagulation solution at time (t) and at infinite 

time (∞) defined here as 24 h immersion. 

Thermal and mechanical analysis 

The thermal degradation property of the S-PANI was studied by thermogravimetric analysis (TGA, TA 

instruments Q-500). All S-PANI membrane samples were heated from 30 to 600°C with an airflow rate 

of 60 mL min-1 and a heating rate of 10°C min-1. Differential scanning calorimeter (DSC, TA 

Instruments Q2000) measurements were implemented under a nitrogen flow rate of approximately 20 

mL min-1 at a heating rate of 10°C min-1 from 30 to 300°C. 

Tensile strength and % elongation at breakage of the S-PANI membranes were measured to assess the 

effect of the cross-linking on the membranes’ mechanical properties. An Instron 3369 mechanical tester 

was used and dried membrane casts without a support layer were cut into rectangular strips of 

approximately 70 × 6 mm for testing. All tests were conducted with a pull speed of 2 mm min−1 at room 

temperature. The membrane thickness was measured using standard Vernier callipers. The reported 

mechanical data is an average of three different membrane samples. 

Solvent stability 

Solvent stability of M1-M3 was determined by immersion for two weeks in DMA solvent. To 

understand the role of sulfonic groups in the cross-linking process, PANI powder was prepared 

following the protocol described in section S-PANI synthesis S2 but without metanilic acid. Afterwards, 

PANI membranes were prepared while mimicking the coagulation bath conditions as used for M1-M3. 

The obtained PANI membranes were also immersed in DMA for two weeks and labelled as M1’-M3’. 
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Mass swelling degree and gel content 

A set of organic solvents such as Methanol (MeOH), Isopropanol (IPA), Acetone (AC), Toluene (TOL), 

Tetrahydrofuran (THF) were used to determine the membrane swelling and stability. In terms of 

polarity, MeOH and IPA are polar protic solvents, AC and THF are polar aprotic solvents, and TOL is 

a nonpolar solvent. M1-M3 were cut into small samples (2 × 2 cm) and dried in the vacuum oven. The 

dried membrane samples (of known mass) were allowed to equilibrate with an excess of the solvent in 

a sealed flask at 25°C for 1 h. The swollen membranes were taken from the solvent and quickly dried 

with filter paper to remove solvent from the external surface. The mass of the swollen membranes was 

then determined. The mass swelling degree (SD) was calculated using the following equation: 

𝑆𝐷 = (𝑚𝑤𝑒𝑡 − 𝑚𝑑𝑟𝑦) 𝑚𝑑𝑟𝑦⁄  
Equation S 3.3 

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

membrane. 

The stability of the S-PANI membranes in the solvents was determined by immersing the membrane 

sample in the solvent for two weeks (same conditions as per swelling test) including for DMF. After 

two weeks, the membrane samples were removed from the solvent and dried in the vacuum oven. The 

mass change of the dry membrane before and after soaking in the solvent indicates membrane 

dissolution. The gel content is a parameter that is used to define the polymer stability in different solvent 

was calculated by using the following equation: 

𝐺𝑒𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 % = (𝑊𝑎 𝑊𝑏⁄ ) 𝑥 100 Equation S 3.4 

where 𝑊𝑏 and 𝑊𝑎 is the dry weight of the membrane sample before and after solvent soaking, 

respectively. Partially or fully dissolved membranes are designated as dissolved (for DMF). Moderately 

swollen membranes or those with gel content below 90% are designated as swollen. Membranes that 

showed no swelling or dissolution in DMF and had a gel content higher than 90%, are designated 

crosslinked [3]. 
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Contact Angle 

The hydrophilicity of the membranes was measured (3 times per sample) by sessile dynamic droplet 

penetration using a contact angle goniometer (Contact Angle System OCA 15Pro, Dataphysics, 

Germany). A small droplet of water (2.0 μL) was placed onto the membrane surface at a dosing rate of 

1.0 μL s−1 using a Hamilton syringe. The software SCA20 was used to calculate the dynamic effective 

contact angle (CA).  

Membrane transport properties 

Membrane filtration experiments were conducted in dead-end mode using a stainless steel chemically 

resistant dead-end cell (Sterlitech HP4750) with an active membrane area of 14.6 cm2. The schematic 

of the experimental set-up is illustrated in Fig. S3.2. Permeate flow rates were measured using a digital 

scale connected to a computer. The software programme LabVIEW 2011 was used to calculate the 

membrane permeance 𝐽𝑝(L m-2 hr-1 bar-1) by using the following equation: 

𝐽𝑝 =
𝛥𝑊

𝐴. 𝛥𝑃. 𝑡. 𝜌𝑝

 Equation S 3.5 

Where 𝛥𝑊 (kg) is the obtained permeate weight during a fixed time slot, 𝜌𝑠 (kg m-3) is the permeate 

density at room temperature, 𝐴 (m2) is the membrane coupon active surface area (filtration area), t is 

the time intervals between each measurement and 𝛥𝑃 (bar) represents the differential pressure at the 

membrane, which is maintained by the inline 𝑁2 cylinder. For M1-M5 stability and performance 

changes related to the membrane, doping was assessed via pH measurements of permeates at different 

filtration stages, reported as an average of three membrane samples.  

To define the effect on the membranes’ solutes’ retention, different batches of dye feed solutions 

ranging from 320 to 1017 g mol-1 were used sequentially. Methylene blue, indigo carmine, 

bromothymol blue and rose bengal dye powder were separately dissolved in pure water. For a typical 

dye solution, 10 mg of dye powder was added to 1 L of pure water at room temperature except for 

bromothymol blue where 50 mg were added instead. The dye powder was dissolved and stirred using a 

magnetic stirrer at 200 rpm until the dye powder was completely dissolved. 
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Dye rejection was measured by filtering 50 mL of the fresh dye feed solution using a dead-end cell set-

up. The dye concentration in the feed and permeate samples were measured via UV absorbance using 

an Agilent Carry 100 UV-Vis spectrometer (Agilent Corporation). For calibrations curves see Fig. S3.3-

S3.6. The adsorbed dye mass on the membrane surface was quantified by conducting a mass balance 

for the M1 membrane sample. The dye rejection was calculated using the following equation: 

𝑅% = (1 −
𝐶𝑝

𝐶𝑓

) × 100 
Equation S 3.6 

Where 𝐶𝑝 is the dye solution concentration in the permeate and 𝐶𝑓 is that in the feed. 

The membrane surface charge and the dye feed solutions were measured (3 times per sample) to 

understand the charge interactions between the membranes and the dye solutes. The surface charge of 

M1-M5 and M8 was measured by using Zetasizer nano series model ZS, Malvern-Panalytical, UK. Zeta 

potential planar cell (ZEN 1020) along with tracer particles (Latex beads, polystyrene 0.3 µm mean 

particle size) were used to measure the electrophoretic mobility of the particles at varying distances 

from the planar surface at neutral pH. The zeta potential of the dye solution feed was measured with a 

Zetasizer (Malvern-Panalytical Instruments, UK) at 20°C. 

The MWCO of membranes, defined as the MW weight at 90% solute retention [4], was obtained using 

the 90% retention value for rejection curves recorded with PEG and two sugars of a defined MW, as 

described in detail in SI, Materials S1. 

To prepare PEG feed solution, 600 mg of PEG 1000 g mol-1 was added to 1 L of pure water and 

continuously stirred at 200 rpm until complete dissolution. The PEG feed solution (50 mL) was filtered 

through the dead-end cell to obtain 25 mL permeate. The PEG concentrations were analysed by an 

Agilent 1260 infinity series high-performance liquid chromatography (HPLC) machine equipped with 

an evaporative light scattering (ELSD) detector. A flow rate of 1.0 mL min-1 was used with mobile 

phase acetonitrile/water (15/85). Analytic peaks were analysed using an established method for MWCO 

determination by using 1000 g mol-1 PEG exclusively [5]. Calibration curves are provided in Fig S 3.7-

S 3.14. Raffinose and sucrose octa-acetate aqueous solutions (20 mg L-1 as TOC) were also used to 

verify the MWCO of the obtained NF membrane. 
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Fig. S3.2 Schematic diagram of the dead-end cell filtration. 

 

 

Fig. S3.3 The calibration curve of methylene blue dye aqueous solution as a relation between the feed solution 

concentration and the UV absorbance (peak absorption at wavelength 661 nm). 
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Fig. S3.4 The calibration curve of indigo carmine dye aqueous solution as a relation between the feed solution 

concentration and the UV absorbance (peak absorption at wavelength 612 nm). 

 
Fig. S3.5 The calibration curve of bromothymol blue dye aqueous solution as a relation between the feed solution 

concentration and the UV absorbance (peak absorption at wavelength 430 nm). 

 
Fig. S3.6 The calibration curve of rose bengal dye aqueous solution as a relation between the feed solution 

concentration and the UV absorbance (peak absorption at wavelength 549 nm). 
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Fig. S3.7 The calibration curve of the PEG oligomer MW 766 g mol-1 at different concentrations. 

 

Fig. S3.8 The calibration curve of the PEG oligomer MW 810 g mol-1 at different concentrations. 

 

Fig. S3.9 The calibration curve of the PEG oligomer MW 854 g mol-1 at different concentrations. 
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Fig. S3.10 The calibration curve of the PEG oligomer MW 898 g mol-1 at different concentrations. 

 

Fig. S3.11 The calibration curve of the PEG oligomer MW 942 g mol-1 at different concentrations. 

 

Fig. S3.12 The calibration curve of the PEG oligomer MW 986 g mol-1 at different concentrations. 
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Fig. S3.13 The calibration curve of the PEG oligomer MW 1030 g mol-1 at different concentrations. 

 

Fig. S3.14 The calibration curve of the PEG oligomer MW 1074 g mol-1 at different concentrations.  

S-PANI doping S7 

 
Fig. S3.15 pictorial representation of both doped/dedoped M4-M5 and M1 membranes. 
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XPS spectra S8 

(a) 
(b) 

  

(c) (d) 

  

Fig. S3.16 Core-level spectra of S-PANI membranes M1-M3 (a) C 1s (b) O 1s (c) S 2p (d) N 1s. 

Water stability S9 

Table. S3.2 Hydrolytic and alkalinity stability of S-PANI membranes M1-M3. 

Membrane  
Weight loss in DI water (%) Weight loss in 0.1 NaOH(aq) 

20°C 40°C 80°C 20°C 

M1 None None None None 

M2 None None None None 

M3 None None None None 
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Morphology S10 

(a) M4 
(b) M5 

  
(c) M6  (d) M7  

  

Fig. S3.17. SEM surface and cross-sectional area images of HCl doped S-PANI membranes prepared in neutral 

coagulation bath (M4-M5), 1M HCl acidic coagulation bath (M6) and 3M HCl acidic coagulation bath (M7). 

Porosity S11 

 

Fig. S3.18 The isotherm of the S-PANI membrane produced in pure water coagulation bath (M1). 
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Fig. S3.19 The isotherm of the S-PANI membrane produced in 1M HCl(aq) coagulation bath (M2). 

 

Fig. S3.20 The isotherm of the S-PANI membrane produced in 3M HCl(aq) coagulation bath (M3). 

 

Fig. S3.21 The cumulative pore volume versus the pore width of the S-PANI membranes prepared in a neutral 

coagulation bath (M1) without a support layer. 

Pore Width (nm)
0.9 1 2 3 4 5

C
u

m
u

la
ti
v
e

 P
o

re
 V

o
lu

m
e

 (
c
m

³/
g

)

0.0100.010

0.015 d
V

/d
W

 P
o

re
 V

o
lu

m
e

 (c
m

³/g
·n

m
)

0.000.00

0.02

Cumulative Pore Volume vs. Pore Width



 

142 

 

 

Fig. S3.22 The cumulative pore volume versus the pore width of the S-PANI membranes prepared in 1M HCl 

acidic coagulation bath (M2) without a support layer. 

 

Fig. S3.23 The cumulative pore volume versus the pore width of the S-PANI membranes prepared in 3M HCl 

acidic coagulation bath (M3) without a support layer. 

Differential scanning calorimetry S12 

 

Fig. S3.24 DSC thermogram register from 20 to 300°C of M1 S-PANI membrane produced in DI water 

coagulation bath. 
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Fig. S3.25 DSC thermogram register from 150 to 350°C of M1 S-PANI membrane produced in 1M HCl 

coagulation bath. 

 

Fig. S3.26 DSC thermogram register from 150 to 350°C of M1 S-PANI membrane produced in 3M HCl 

coagulation bath. 

Transport properties S13 
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Fig. S3.27 pH change of the M1-M5 membranes’ permeate after preconditioning and filtration. 

 

 

Fig. S3.28 A schematic representation of asymmetric S-PANI membrane and matrix swelling and pore contraction 

of the membrane after HCl(aq) acid doping. 

 

Table. S3.3 The dye removal mechanism of the S-PANI M1 membrane. 

Dye 
MW (g mol-1) Total rejection (%)  Size exclusion (%) Adsorption (%) 

Rose bengal 1017.6 84±6.9  74±0.1 26±0.1 

Indigo carmine 466.4 73±0.1  58±0.5 42±0.5 

Methylene blue 319.8 50±3  84±0.2 16±0.2 
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Chapter 4  

 

Organic matter removal and antifouling performance of 

sulfonated polyaniline nanofiltration (S-PANI NF) membranes 

 

The work presented in this chapter has been published to Journal of Environmental Chemical 

Engineering Jun 2022. H. Alhweij, E.A. Carolina Emanuelsson, S. Shahid, J. Wenk, Organic 

matter removal and antifouling performance of sulfonated polyaniline nanofiltration (S-PANI 

NF) membranes.
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Context: 

In this study we investigate the removal performance of natural organic matter (NOM) of a newly 

developed sulfonated polyaniline nanofiltration (S-PANI NF) membrane. We used three different types 

of water, namely artificial surface water, artificial seawater, and a stabilised landfill leachate as test 

solutions to determine membrane separation performance. NOM removal across five different size 

fractions of the NOM and at different NOM concentrations was measured. In addition, for the landfill 

leachate we also investigated chemical oxygen demand (COD) removal efficiency. Test solutions at 

higher NOM concentrations were used for long term fouling experiments, followed by performance 

recovery measurements after cleaning and microscopic investigation of the membrane surface. Test 

results for the newly developed membrane were compared with the performance of a commercial 

hydrophilic polyimide membrane, that had similar properties to our membrane and a conventional 

flocculation – coagulation treatment process optimised for organic matter removal.  

This work has significant novelty as it is the first study of S-PANI membranes for water treatment 

applications and under high fouling conditions. In addition, we believe that the inter-process comparison 

between a conventional treatment process and membrane processes across highly different water 

matrices, including results for NOM fractionated into five size range provides interesting and important 

results for drinking water, seawater desalination and landfill leachate treatment research communities 

and engineers for the efficiency of NOM removal and how this could affect downstream treatment 

processes. 

Our study is part of a series of recently published studies on developing a novel type of polyaniline-

based sulfonated membranes, with superior properties over other types of polymeric membranes, 

including separation performance, fouling resistance and longevity. Specifically, we modified regular 

polyaniline (PANI) membranes to achieve better antifouling behaviour and chlorine resistance by 

introducing sulfonic acid groups (−SO3H) resulting in synthesized sulfonated polyaniline (S-PANI) 

membranes at the ultrafiltration (UF) separation range (chapter 2, https://doi.org/10.1002/app.50756). 

 

https://doi.org/10.1002/app.50756
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Subsequently, S-PANI membranes were tailored into the nanofiltration (NF) separation range 

(molecular weight cut off (MWCO) ≈ 680 g mol-1) with a densified selective layer via refining the 

membrane production procedures (chapter 3, https://doi.org/10.1016/j.memsci.2021.119654). This 

technique was adopted for the preparation of in-situ tuneable high performance organic stable NF S-

PANI membranes which endured organic solvent ageing tests without physical or chemical 

deterioration (chapter 5, https://doi.org/10.1016/j.polymer.2022.124682). Here, we expand the 

application of the newly developed S-PANI NF membranes towards water treatment with very 

promising results pointing out the potential of this membrane material for water treatment. S-PANI 

membranes show high and consistent organic matter removal efficiencies at variable organic loads at 

highly different water matrices that are either better or similar when compared to conventional treatment 

and the commercial membrane, including fouling behaviour and recovery.  
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Hassan Alhweija,c,d, Emma Anna Carolina Emanuelssona,b, Salman Shahida,b,c, Jannis Wenka,c*  
a Department of Chemical Engineering, University of Bath, Bath BA2 7AY, United Kingdom 
b Centre for Advanced Separations Engineering, University of Bath, Bath BA2 7AY, United Kingdom 
c Water Innovation and Research Centre (WIRC@Bath), University of Bath, Bath, BA2 7AY, United Kingdom 
d Stantec UK Limited, Dominion House, Warrington, WA3 6GD, United Kingdom 

Abstract 

Natural organic matter (NOM) removal from water prior to other treatment processes can improve 

treatment efficiency and final water quality. Here, NOM removal across five size fractions by newly 

developed sulfonated polyaniline nanofiltration (S-PANI NF) membranes was compared with a 

commercial membrane and conventional adsorption-coagulation-flocculation, optimised for NOM 

removal. Artificially prepared surface water and seawater containing 10 – 100 mg C L-1 NOM extract 

and a stabilised landfill leachate served as test solutions. S-PANI NF membranes showed best NOM 

separation performance for both surface and seawater followed by the commercial membrane and 

conventional treatment. For landfill leachate conventional treatment had the best performance followed 

by S-PANI NF membranes. S-PANI performed slightly better in removal of chemical oxygen demand 

(COD) (74%) compared to the commercial membrane (70%) and conventional treatment (70%). Both 

membranes performed consistent with increasing salinity and NOM concentration, while experiencing 

a modest carryover at higher salinity. During long-term fouling S-PANI exhibited slower growth in 

transmembrane pressure (TMP), less affinity towards organic matter and higher flux recovery compared 

to the commercial membrane, particularly at high NOM concentration. This is the first study to 

investigate S-PANI membranes for water treatment applications and under high-fouling conditions. 

Results indicate S-PANI NF membranes are promising for such applications. In addition, this study also 

provides an inter-process comparison for NOM removal over an extreme range of water matrix 

conditions. 

Keywords: Nanofiltration, sulfonated polyaniline, NOM removal, antifouling, conventional 
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4.1 Introduction 

Aqueous organic matter is ubiquitous in natural waters and comprises a complex mixture of organic 

compounds derived from biological and chemical degradation processes of plants and animals [1]. 

Natural organic matter (NOM) significantly affects water treatment, for example due to its interference 

with treatment processes such as coagulation and chemical oxidation [2], as membrane foulant, ligand 

for metal ions [3], sorbent of hydrophobic organic chemicals, substrate for bacterial growth in 

distribution systems, cause of colour, taste, and odour issues and as disinfection by-product precursor 

[4–7]. Organic matter in landfill leachate is critical for mobilization of pollutants [8,9]. To address 

NOM-induced water treatment performance issues and water quality problems organic matter can be 

fully or partially removed via ion exchange [10], advanced oxidation [11] and conventional treatment 

including coagulation, flocculation, clarification, sand filtration, adsorption, and biodegradation [12]. 

Seasonal or temporal variability in source water quality, organic matter concentration and 

characteristics require careful control and frequent adjustments of such processes [13,14]. 

Microfiltration (MF) in combination with ultrafiltration (UF) as alternative to conventional water 

treatment allows removal of suspended solids and reduction of microbial load [15]. MF/UF provides 

limited organic matter removal, between 5-10% and 6-56% for MF and UF membranes, respectively 

[16–19]. Integration of conventional (pre)treatment with MF/UF membranes or nanofiltration (NF) 

results in higher organic matter removal  [20,21]. NF membranes are increasingly used for removal of 

organic contaminants in drinking water [22], for leachate treatment, wastewater reuse [23,24], and 

seawater pre-treatment [25]. Challenges persist due to membrane (bio)fouling requiring frequent 

physical and chemical cleaning, while decreasing membrane lifetime [26,27].  

Altering commercially available hydrophobic membranes towards hydrophilicity and smoother 

surfaces for less fouling may overcome this challenge [27–31]. Physical or chemical membrane 

modification processes such as graft polymerization, plasma treatment, preadsorption of hydrophilic 

components and incorporation of hydrophilic additives by sulfonation, carboxylation, and nitration in 

the membrane matrix during membrane synthesis have been used to create more hydrophilic surfaces 
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to enhance membrane fouling resistance [32]. Surface modification by graft copolymers using additives 

that chemically attach to the polymer such as polyethylene glycol (PEG) were extensively studied to 

enhanced hydrophilicity of the hydrophobic polymeric backbones [33]. The incorporation of tailor-

made surface-active macromolecules and polymers into membrane casting solution to manufacture 

surface modified membranes via a single-step casting has been an attractive approach to decrease flux 

reductions and NOM accumulation of polyethersulfone (PES) membranes for environmental 

applications [34,35]. A combination of a high-throughput platform approach together with 

photoinduced graft polymerization (PGP) was also reported for facile modification of commercial 

membranes to control NOM fouling [36]. Two step surface grafting was investigated to introduce 

hydrophilic and low surface energy sites to minimize the intermolecular forces between the NOM and 

membrane surfaces leading to easily removable foulants via modest hydrodynamic shear forces at 

mechanical cleaning [37]. Membrane charge modification, for example by covalent attachment of 

negatively charged sulfonic acid groups to the membrane surface was an effective way to improve 

removal of humic acids and reduce membrane fouling [38]. Incorporation of hydrophilic inorganic 

nanoparticles such as TiO2, graphene oxide (GO) and silica into polymeric membranes can improve 

antifouling behaviour and permselective properties of NF membranes for NOM removal [39–42]. 

However, nanoparticles may negatively affect membrane performance, while potentially toxic 

properties of nanoparticles, especially in drinking water applications, need to be considered [43]. Also, 

inorganic nanoparticles such as GO exhibit poor compatibility with the organic polymer matrix leading 

to weak interfacial interactions and resulting in unfavourable effects on membrane stability and 

mechanical properties [42,44]. Achieving uniform mixed matrix membranes with long shelf life and 

long-term stability during operation without leaching of grafting compounds remains challenging 

despite numerous modification strategies [45]. 

Polyaniline (PANI) is a hydrophilic polymer membrane material with high compatibility towards other 

polymers, exhibiting favourable transport properties including antifouling behaviour and tuneable 

separation characteristics  [46–50]. PANI membranes are straightforward to produce, while tuning e.g., 

to increase permselectivity or chemical durability, is simple via low-cost doping/dedoping chemistry 

[51,52]. Previously, we have modified PANI membranes to improve both antifouling behaviour and 
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chlorine resistance by introducing sulfonic acid groups (−SO3H) resulting in  sulfonated polyaniline (S-

PANI) UF membranes [53]. Subsequently, S-PANI membranes were tailored into the NF separation 

range (molecular weight cut off (MWCO) ≈ 600-680 g mol-1)  [54]. Simultaneously, this increased 

tensile strength and solvent stability as static long-term 30-day ageing tests in harsh solvents showed 

[55]. We anticIPAte that the newly developed hydrophilic NF S-PANI membranes may also strongly 

perform for organic matter removal applications in water, wastewater treatment and aqueous leachate 

treatment. Therefore, the goal of this work was to determine the suitability of S-PANI NF membranes 

for organic matter separation and compare with both a commercial membrane and a conventional 

treatment option. This included determining the removal of dissolved organic carbon (DOC) as NOM 

surrogate and individual organic fractions at different DOC concentration [DOC] and different water 

matrices for membranes and the conventional treatment process. Fouling behaviour of S-PANI NF 

membranes was characterized in comparison with the commercial membrane. To our knowledge, this 

is the first study to investigate aqueous organic matter separation and fouling behaviour of S-PANI NF 

membranes. S-PANI NF performance was benchmarked against a comparable commercial modified 

hydrophilic NF membrane (nominal MWCO ≈ 500 g mol-1) and against an optimized conventional 

treatment for organic matter removal consisting of adsorption / coagulation / flocculation  / clarification 

/ filtration [56]. For this study a batch of new S-PANI NF membranes was synthesized [54]. S-PANI 

and commercial membrane performance tests were conducted in artificial surface water, seawater at 

different [DOC] ranging from 10-100 mg C L-1 and stabilized landfill leachate sampled from a nearby 

treatment site. Organic matter was characterized via optical and size-separation methods. Membrane 

fouling was determined measuring transmembrane pressure (TMP), foulant mass and optically via 

scanning electron microscopy (SEM). 

4.2 Experimental 

4.2.1 Materials 

A list of chemicals obtained from various commercial suppliers is provided in the supporting 

information (SI), Materials S1. All solutions were prepared with deionized (DI) water produced from 



 

155 

an ELGA deionizer (PURELAB Option). 

4.2.2 Artificially prepared waters and leachate characterization 

Artificially prepared surface water and seawater were used as feed solutions containing NOM as probe 

foulant. The employed natural source NOM solution (Fulvic 25, Solufeed, UK) is a by-product of a 

commercial scale potable water purification process and was used as a more realistic approach in 

comparison to model foulants reported elsewhere [53]. NOM concentrations (measured as dissolved 

organic carbon [DOC]) of 10 and 20 mg C L-1 were used to mimic real-life conditions (at the upper end 

of concentrations normally expected in most natural waters) whereas high concentration of 100 mg C 

L-1 was applied to reveal the membrane performance at accelerated fouling [57]. NOM concentrations 

in natural surface waters are mostly in the range of 1 to 20 mg C L-1 [10,58], while seawater [DOC] is 

in the range of 1 mg C L-1 [7] (note, in case of algal blooms [DOC] can be higher [7]). A stabilized 

landfill leachate sample after primary treatment was used as wastewater probe solution and was 

obtained from an aerated lagoon in Southwest England, Wiltshire, UK. All feed solutions were initially 

filtered through 0.45 µm Whatman™ filter paper. The effect of suspended solids was not investigated 

in this work as NF membrane feed streams are typically polished to avoid accumulation and build-up 

of suspended solids at the membrane surface [59]. 

The artificially prepared waters and leachate were characterized via various standard methods. The 

[DOC] was measured using TOC-L CPH analyser, Shimadzu, Japan. Ultraviolet absorption at 254 nm 

(UV_254) using quartz glass cuvettes was measured with an Agilent Carry 100 UV-Vis as a simple 

means to observe changes in NOM composition. The specific ultraviolet absorption (SUVA) was 

calculated (Equation 4.1).  

SUVA = (
UV254

Cf

) × 100 
Equation 4.1 

Where UV254 and Cf represent the UV254 absorbance and [DOC] in the feed stream. 

The conductivity was measured using a portable Hach, HQ14D conductivity meter. Total hardness was 

measured using an AT1000 titration bundle, Hach, UK. The Turbidity was measured via 2100Q 

portable turbidimeter, Hach, UK. The feed solutions’ zeta potential was measured with a Zetasizer 

(Malvern-Panalytical Instruments, UK) at 20°C to understand the effect of the charge interaction 
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between the solutes and the membrane to the rejection and fouling behaviour. The leachate’s phosphate, 

chemical oxygen demand (COD), nitrite, nitrate, ammonium, and chloride were analysed using DR3900 

Laboratory Spectrophotometer, Hach, UK. Table. 4.1 summarizes the properties of the artificially 

prepared surface water and seawater. 

Table 4.1 Properties of artificially prepared surface water and seawater at different natural source [DOC]. 

Parameter Unit Artificial surface water Artificial seawater 

DOC mg L-1 10.0/20.0/100.0 10.0/20.0/100.0 

UV254 m-1 4.5/9.6/50.9 4.5/9.6/50.9 

SUVA254 L mg-1 m-1  0.5 0.5 

Conductivity 20 °C μS cm-1 350.0 55,000.0 

Total hardness mg CaCO3 L-1 170.0 7,210.0 

Turbidity NTU 0.1 0.1 

pH - 7.2 7.2 

Zeta Potential mV -19.7±1.0 -6.9±0.6 

Orthophosphate mg L-1 <0.03 <0.03 

 

Table. 4.2 illustrates the leachate characteristics. The analytical results showed a high fraction of 

recalcitrant organic matter based on a chemical oxygen demand (COD) to biological oxygen demand 

(BOD) ratio of approximately 31:1 which is considered difficult to treat at a conventional sewage 

treatment works [60,61].  The COD/DOC ratio is 1.86 which indicates that 86% of the COD is organic 

origin. 

Table 4.2 Characterization of a stabilized solid waste landfill leachate. 

Parameter 
Unit Landfill leachate 

BOD (ATU) mg L-1 22.0 

Total COD mg L-1 688.0 

DOC mg L-1 368.8 

pH - 8.0 

Ammonia as N mg L-1 4.0 

Total oxidized N mg L-1 712.3 

Nitrite as N mg L-1 0.4 

Nitrate as N mg L-1 712.0 
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Orthophosphate mg L-1 13.5 

Chloride mg L-1 608.0 

 

A tangential (crossflow) flow filtration, custom-made, bench scale membrane unit equipped with five 

different commercially available membranes with different MWCO ranging from 0.5 kg mol-1 to 30 kg 

mol-1 (SI, Solute fractionation S2, Table S4.1) was used for separation of NOM and leachate fractions. 

The DOC and COD of each membrane permeate was measured to quantify the apparent molecular 

weight distribution (AMWD) of the solute. 

4.2.3 Conventional treatment 

Fig. 4.1 shows the schematic diagram of the lab-scale simulated conventional treatment for both 

artificially prepared water and leachate. The process consisted of powder activated carbon (PAC) 

adsorption, coagulation, flocculation, clarification by sedimentation, and sand filtration and was 

optimised for DOC removal in an iterative process. PAC optimised dose of 300, 400 and 700 mg L-1 

was applied for 20 minutes followed by optimized coagulant (ferric chloride) addition of 8, 12 and 32 

mg L-1 as Fe+3 to treat artificially prepared water containing 10, 20 and 100 mg C L-1 [DOC], 

respectively, at dosed sample optimized pH ≈ 5.5. To enhance settlement and avoid floc breakage 

resulting in NOM carryover into the sand filter column, BASF Magnafloc® LT22S flocculant additive 

was supplemented at 0.1, 0.15 and 0.2 mg L-1 with increasing [DOC]. Details of the process set up and 

optimisation are available in supporting information (SI), conventional treatment S3. Conventional 

treatment of landfill leachate was similar except that no flocculant aid had to be added. Due to the high 

[DOC] of ≈370 mg C L-1 of the leachate sample used, both optimal ferric chloride and PAC doses were 

relatively high using 100 mg L-1 as Fe+3 and 1,000 mg L-1 of PAC, respectively, at dosed water pH of ≈ 

6.0. 
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Fig. 4.1 Schematic diagram for the sequence of the applied conventional treatment for artificially prepared surface 

water and seawater solutions. 

4.2.4 Membrane treatment and fouling behaviour 

S-PANI membrane fabrication 

S-PANI polymerisation and membrane preparation including cross-linking via a NIPS protocol was 

conducted as previously described [53,54]. In brief, S-PANI powder was prepared by pre-sulfonation 

of aniline monomers followed by radical polymerization. For membrane preparation, a fixed amount 

(20 wt%) of S-PANI was gradually added in small portions and dissolved in a mixture of 74 wt% N-

methyl-2-pyrrolidone (NMP) and 6 wt% anti-gelling agent 4-methylpiperidine (4MP) using a funnel 

within1 h. The mixture was stirred until a homogeneous solution was achieved and then left unstirred 

for deaeration. Subsequently, the mixture was cast at room temperature and controlled relative humidity 

of 30% on a flat glass plate using a polyethylene terephthalate/ polybutylene terephthalate (PET/PBT) 

support layer (Novatexx 2484) and spread with an Elcometer 3540 film applicator to produce 200 µm 

(clearance gap) sheets. Membrane sheets were in-situ formed and cross-linked through immersion 

precipitation in a 3 M HCl(aq) coagulation bath. After 24 h, the finished membrane sheets were rinsed 

with 0.01 M NaOH solution to remove residual H+ ions and then stored at room temperature in pure 

water until further use. 

Membrane transport properties 

Permselective properties of S-PANI and the commercial DuraMem®500 (Evonik, UK) membranes were 

evaluated using a crossflow setup following a procedure illustrated in previous work [53]. Permeate 

flow rates were measured using a digital scale connected to a computer. LabVIEW 2011 software was 
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used to calculate the normalized membrane permeance. DuraMem®500 membranes are made of 

modified hydrophilic polyimide [62] and are therefore considered as suitable benchmarking membrane 

for S-PANI. DuraMem®500 hydrophilic properties provide a water contact angle of 67° [63] with a 

measured MWCO around 600 g mol-1 [55]. This compares to a water contact angle of 61° and MWCO 

≈ 680 for S-PANI [54]. The [DOC] and [COD] were measured at the feed, concentrate, and permeate 

to quantify the solute rejection for both membrane samples after prolonged operation period of 24 h.  

 

 

Fouling behaviour 

Real-time monitoring of TMP was conducted using a pressure transducer (model PXM309-007-GI, 

OEMGA Engineering) connected to a Pico data logging system 1000 Series, Pico Technology. Note, 

foulant solution application time was 24 h rather than 30 minutes as employed previously [53] to obtain 

a more realistic understanding of the membrane antifouling behaviour. 

Membrane-Foulant affinity 

Solute mass balance in the feed, permeate and retentate was derived to obtain the accumulated foulant 

mass in the membrane coupon (equation 4.2).  

 M = (VF. CF) − (VP. CP) − (VR. CR)/1000 Equation 4.2 

Where VF , VP, VR are the volume of feed, permeate and retentate in mL, respectively.  CF, CP and CR 

are the feed, permeate and retentate [DOC] in mg C L-1.  

Foulant accumulation on membranes was also measured via recovery of organic matter from the 

membranes during chemical cleaning. For cleaning, fouled membrane coupons were placed in clean 

stainless steel dead-end cells (Sterlitech HP4750) with an active membrane area of 14.6 cm2 and cleaned 

twice with 3.2 mM sodium hydroxide solution (around pH 11.5) provided as feed, followed by mild 

acidic cleaning (HCl) at pH 5.0 and rinsing with pure water until a stable permeate flux baseline was 

re-established. Subsequently, the DOC of the pooled cleaning solution was analysed. Remaining foulant 

NOM on membranes was assumed negligible as indicated by full recovery of membrane permeability 

after cleaning. The specific foulant mass accumulation (m, µg cm-2) was calculated using  equation 4.3: 
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 m = M × 104/A Equation 4.3 

Where M is the mass of deposited organic matter (µg), and m is the specific accumulated mass per 

active filtration surface area (A, cm2). 

Membrane-foulant affinity was also investigated using SEM (SU3900, Hitachi, Japan). SEM surface 

images of membranes were captured at an acceleration voltage of 10 kV. Samples were mounted onto 

SEM stubs and coated with gold using a sputter coater (S150B, Edwards, USA). 

The surface charge of the S-PANI and DuraMem®500 was measured by using Zetasizer nano series 

model ZS, Malvern-Panalytical, UK. Zeta potential planar cell (ZEN 1020) along with tracer particles 

(Latex beads, polystyrene 0.3 µm mean particle size) were used to measure the electrophoretic mobility 

of the particles at varying distances from the planar surface at neutral pH. The properties for both S-

PANI and DuraMem®500 membranes are shown in Table 4.3. 

Table 4.3 Characterization of the S-PANI and DuraMem®500 membranes. 

Parameter Unit 
Membrane 

S-PANI DuraMem®500 

Polymer — 
Sulfonated 

polyaniline 
P84® Modified Polyimide 

MWCO g moL-1 ≈ 680.0 [39]α ≈ 600.0 [192]β 

Water contact angle ° 61.0 [39] 67.0 [193] 

Surface charge (pH 7.0) mV +20.0±1.2 -16.3±1.5 

Mean surface roughness, Ra nm 11.8 8.4 

Root mean square surface roughness, Rq nm 9.1 6.5 

Recommended maximum pressure bar 30 20 

Recommended pH range (25 °C) — 4.0-12.0 7.0 

Permeanceγ L m-2 h-1 bar-1 5.0 [39] 9.5 [74] 

Configuration — Flat sheet membrane Flat sheet membrane 

α) Probe solute sucrose octa-acetate MW 678.6 g mol-1. 

β) Probe solute polystyrene. 

γ) To obtain comparable results, the initial permeance at this work as adjusted to 7.0 L m-2 h-1 bar-1. 
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4.3 Results and Discussion 

4.3.1 Apparent molecular weight distribution (AMWD) of artificially prepared 

waters and leachate 

Discrete size distributions of aquatic DOC and leachate COD were determined using a series of 

pressurized UF membranes with MWCO from 0.5 to 30 kg mol-1 in crossflow mode. The size 

distribution was calculated as a difference in mass concentration between permeates from cells 

containing membranes with different nominal MWCOs. The sizes of dissolved organics are referred to 

as apparent molecular weights, since separations are calibrated with compounds of known molecular 

weight, not size. Fig. 2a shows the AMWD of the NOM solute fractions in the artificially prepared 

surface water and seawater as percentage of the measured [DOC]. As both artificially prepared waters 

contain the same mass of organic substances in stock solution, AMWDs for both waters were similar. 

A moderate shift towards smaller molecular weight was observed for artificial seawater, especially for 

the upper (>30 kg mol-1) and lower MW fractions (<0.5 kg mol-1) exhibiting decreases and increases of 

approximately 5 to 7% in their contribution to [DOC], respectively. A considerable increase in the 

solutes fraction from 12% to 18% was observed for MWs below 0.5 kg mol-1. The shifts in AMWD in 

the artificial seawater stream can be attributed to the compaction of the humic substances at high ionic 

strength [65]. Small MW aquatic organic fractions contribute to 12% (< 0.5 kg mol-1), 14% (< 0.5-1 kg 

mol-1) and 6% (< 1-3 kg mol-1) of the measured [DOC]. A reasonable fraction of the NOM accounting 

to 30% of the [DOC] falls in the range of 3-10 kg mol-1 compared to 20% and 18% for MW range 10 -

30 kg mol-1 and > 30 kg mol-1, respectively.  

Fig. 4.2b shows the solute MW fraction in the leachate as a percentage of measured [DOC] and [COD]. 

A considerable portion of the solutes around 22% as [DOC] and 30% as [COD] falls below 0.5 kg mol-

1. In contrast, around 8-12% of [DOC] and 8-15% of [COD] fractions are individually available within 

apparent MW range of 0.5-1, 1-3, 3-10 and > 30 kg mol-1. A substantial organic fraction around 41% 

as [DOC] and 23% [COD] is in the range of 10-30 kg mol-1. Stabilized leachate was reported to possess 

substantial portion (around 30%) of organic compounds contributing to COD with apparent MW < 0.5 

kg mol-1 [66]. This indicates the presence of small MW organics in the leachate resulting from 

decomposition and microbial degradation of organic waste at the landfill site [67]. Leachate organic 
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matter analysis at different sites was reported to exhibit higher MW fractions in the range 11-13 kg mol-

1 compared to low MW fractions ≈ 0.2-3 kg mol-1 [68]. 

 (a) (b) 

  

Fig. 4.2 Apparent molecular weight distribution of a) NOM (measured as [DOC] of 20 mg C L-1) in feed aqueous 

solution for artificial surface water and seawater and b) COD and DOC in landfill leachate with error bars 

representing one standard deviation calculated from the results of triplicate runs at the specific experimental 

conditions. 

4.3.2 Treatment of artificially prepared water 

Conventional treatment 

Fig. 4.3a shows results for the optimized performance of the integrated conventional treatment in terms 

of DOC removal via at three different feed concentrations 10, 20 and 100 mg C L-1. The highest DOC 

removal was 74 ± 4 % and 63 ± 5 % for artificially prepared surface water and seawater, respectively, 

at an initial [DOC] of 10 mg C L-1. Removal efficiency gradually declined with increasing [DOC] to 71 

± 5 % and 61 ± 5 % for artificially prepared surface water compared to 59 ± 5 % and 50 ± 5 % for 

artificially prepared seawater at [DOC] of 20 and 100 mg C L-1, respectively. 

Combined mechanisms for NOM removal via coagulation include charge neutralization, adsorption, 

complexation with metal ions of the dosed inorganic coagulant into insoluble particulate aggregates  

and entrapment [69]. Changes in the artificial surface water zeta potential from -19.7 mV at neutral pH 

to -4.3 mV (Table S4.2) at dosed water pH 5.5 were observed before and after acid and coagulant 

dosing, respectively. At dosed water pH <6.0 complexation of negatively charged NOM with positively 

charged soluble metal species onto insoluble precipitates is the main NOM removal mechanism [70,71]. 

Further NOM adsorption onto metal−NOM precipitates accounts for additional removal [72]. Charge 
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neutralization also occurred at acidic conditions [73]. Medium and small MW species are likely to be 

removed by complexation, charge neutralization, adsorption, or co-precipitation whereas removal of 

high MW species has been attributed to bridging or sweep flocculation [74]. More hydrophobic and 

high MW fractions of NOM are readily removed by coagulation [75]. However, the artificial surface 

water SUVA254 of 0.5 L mg-1 m-1 suggests that low MW hydrophilic organic matter is dominant 

[56,76]. The NOM fractionation (section 4.3.1) shows that around 33% of the feed NOM molecules are 

below 3 kg mol-1. Therefore, the princIPAl removal mechanism is expected to be adsorption onto metal 

hydroxide surfaces due to the high representation of low MW and non-humic substances, leading to 

much higher optimal coagulant dose [56]. The solubility curves for amorphous ferric hydroxide in 

seawater are reported elsewhere showing high fractions (around 99% at pH 5.5) of positively charged 

Fe as 𝐹𝑒(𝑂𝐻)2
+ available for adsorption and charge neutralization coagulation reactions [77]. 

DOC removal efficiency was consistently smaller across the different [DOC] in artificial seawater, 

partially due to the salinity-induced reduction of interfacial charge of the humic acid [65] leading to 

electrodynamic instability of colloids [78]. This change might be attributed by either double layer 

compression, caused by the concentration of high ionic strength of the artificial seawater, or by 

adsorption/interaction of specific ions (such as Ca+2 and Mg+2) with the humic acid molecules giving 

likelihood that double layer compression effects are more significant [79]. More generally, increased 

ionic strength and shifts in individual anion and cation concentration in saline water affect coagulation 

mechanisms, colloid destabilization, and colloidal removal in various ways [80]. At high salinity the 

solubility of ferric salt coagulants is low over a wide range of pH and temperature conditions, which 

makes equilibrium conditions and speciation of amorphous ferric hydroxide in seawater different from 

those in surface and other freshwaters  [77]. In addition, the  increased total hardness in seawater 

promotes formation of less stable flocs prone to inferior settling [81]. Flocculation takes place under 

appropriate conditions where agglomeration of micro flocs enforced by Van der Waals and electrostatic 

forces lead to formation of larger flocs or aggregates [82]. Poor floc settlement was observed during jar 

testing as a result of weaker attractive forces bonding the floc together due to the increased separation 

distance and steric repulsion from adsorbed NOM [83]. As such, flocculant aid (Magnafloc® LT22S, 

potable water grade) cationic polyelectrolyte copolymer of acrylamide and quaternized cationic 
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monomer was applied. The developed electrostatic attraction by the counterions promotes adsorption 

and charge neutralization reducing the colloid stability leading to the formation of dense flocs with high 

strength and improved settling process [84]. Note, that despite the overall decrease in conventional 

process performance with increasing salinity, PAC treatment had a more noticeable effect in artificial 

seawater showing 4.3% surplus NOM adsorption to PAC compared to the artificially prepared surface 

water (Table S4.2). The presence of Ca+2 and Mg+2 in seawater leads to alternation in adsorption affinity 

due to the organic ligands associated with divalent ions [85]. The increased adsorption of NOM to PAC 

in seawater has been explained by a combination of decreased electrostatic repulsion and increased 

chemisorption between NOM and PAC at high salt concentrations [86]. Aquatic organic matter 

adsorption by PAC is governed by many aspects such as NOM molecular weight distribution, zeta 

potential, solution pH, salinity, degree of hydrophobicity and the hydrogen bonding formation ability 

between the PAC surface and NOM [87]. Although the high MW fraction of the NOM (> 10 kg mol-1) 

does not readily adsorb to PAC due to size exclusion effects [88], it is generally removed by coagulation 

[89]. In comparison, the intermediate MW fractions (0.5-4 kg mol-1) are well removed by activated 

carbon whereas the low MW NOM fractions which benefits from access to a large percentage of the 

activated carbon pore volume might be removed based on size considerations alone or could be less 

adsorbable if they are more hydrophilic [88,90]. 

Fig. 4.3b shows the shifts in the AMWD of the NOM in the feed and the conventionally treated artificial 

water. A noticeable shift in the NOM AMWD (11 ± 2 % to 15 ±2 %) took place particularly for 

intermediate and low MW fractions (0.5 to 3 kg mol-1) following the conventional treatment. In contrast, 

the representation of the higher MW organic fractions (3-30 kg mol-1) was diminished by 16 ± 1 % to 

24 ±2 %. Similarly, the AMWD of the organic fractions > 30 kg mol-1 was decreased by 6 ± 1 % and 

1 ± 2 % for the artificially prepared surface water and seawater, respectively. The results suggests that 

conventional treatment processes possess higher efficiency for NOM removal of high MW organic 

matter while having limitations to tackle intermediate to low MW fractions which agrees with studies 

reported elsewhere [91]. Ineffective removal of the low MW organic fractions is believed to be 
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problematic due to their increased tendency for DBP formation [92], and enhanced biofouling activity 

in distribution networks and downstream membrane processes [93,94]. 

(a) (b) 

  
Fig. 4.3 a) NOM (measured [DOC]) removal for artificially prepared surface water and seawater feed containing 

different DOC concentrations using conventional treatment with error bars representing one standard deviation 

calculated from the results of triplicate runs at the specific experimental conditions, b) Shift in apparent molecular 

weight distribution of the NOM for conventionally treated artificial surface water and artificial seawater at [DOC] 

20 mg C L-1 with error bars represent one standard deviation calculated from the results of triplicate runs at the 

specific experimental conditions. 

Membrane treatment 

Fig. 4.4 shows solution permeance and DOC rejection for S-PANI and DuraMem®500 membranes. The 

reported pure water permeance for S-PANI and the DuraMem®500 membrane were 5.0 and 9.5 L m-2 

h-1 bar-1, respectively [54,55]. However, S-PANI membranes were tested here at higher permeance to 

allow inter-membrane comparison. The applied pressure was adjusted to achieve initial permeance of 

7.0 L m-2 h-1 bar-1 for both membranes. For S-PANI, increasing [DOC] from 10 to 100 mg C L-1 

decreased permeance by 7% and 12%, respectively, for artificial surface water compared to 4% and 

10% decrease for artificial seawater (Fig 4.4a). At same [DOC], permeance for both artificial surface 

water and seawater was comparable and only slightly lower (4%) for seawater at [DOC] 10 mg C L-1. 

Similarly, with increasing [DOC] permeance of DuraMem®500 membranes decreased between 6% to 

14% for artificial surface water and 1% to 11% for seawater, respectively. Increased permeate flux 

decline was associated with step increase in NOM feed concentration and increased ionic strength. This 

could be to corresponding to cake formation and concentration polarization, respectively [95]. Changes 

in the NOM concentrations from 10 mg C L-1 to 100 mg C L-1 could alter the fouling mechanisms from 

pore blocking/pore constriction to cake formation as a result of NOM accumulation at the membrane 
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surface [96]. Despite operating beyond higher permeance settings than usual, the S-PANI membrane 

permeance was slightly above that of the commercial membrane across different [DOC]. The slight 

change in the productivity decline, decrements in flux over time of operation, could be attributed to the 

increment of hydraulic resistance as a result of both reversible and irreversible fouling development 

[97]. Enhanced flux reduction of the DuraMem®500 at high ionic strength could be explained by the 

reduced charge repulsion by electrostatic interaction between the negatively charged membrane (-16.3 

mV) and the positively charged Na+ [98]. However, higher permeance rates may affect fouling rates of 

membranes [99]. The fouling behaviour of both membranes are addressed in the fouling section of this 

study, following below where TMP and membrane-foulant affinity were investigated to understand and 

monitor the fouling behaviour of both membranes. DOC removal for S-PANI was consistently 8 to 10% 

above that for the commercial membrane for both waters tested and at different [DOC] (Fig 4.4b). For 

artificial surface water DOC removal across different initial [DOC] was consistent for both membranes. 

The NOM could be removed by both NF membranes via a combination of convection, diffusion, and 

electrostatic repulsion mechanisms [100]. The size distribution of solutes and pores as well as the 

surface charge might have contributed to slight changes in the transport mechanisms of NOM through 

the membranes [101]. Table S4.2 shows that the zeta potential of the membrane filtrate for the artificial 

surface water feed was almost neutrally charged (-0.9 mV, S-PANI and -1.2 mV DuraMem®500) which 

suggests that the carried over solute pores are either smaller than the membranes pores or neutrally 

charged which diminished their rejection by size exclusion or electrostatic repulsion. However, both 

membranes exhibited lower DOC removal efficiency with artificial seawater, between 2% and 9%, with 

increasing initial [DOC]. This can be partially explained by the compaction of NOM in high salinity 

environments, as discussed above, affecting their retention by a given membrane.[102]. In addition, the 

increase in ionic strength may reduce charge repulsion between ionized functional groups on single 

NOM molecules, allowing NOM to adopt a more compact configuration. However, both increasing 

NOM concentration and solution ionic strength was reported to cause permeate flux decline and NOM 

rejection of hydrophobic membranes (Polysulfone) due to the enhanced accumulation of NOM on 

membrane surface [96]. This was explained by the interaction between positively charged Na+ and 
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negatively charged NOM functional groups, causing NOM accumulation on the membrane surface 

[103]. Increasing ionic strength had little effect on the mass of NOM deposited, but significantly 

increased the compactness and specific resistance of the NOM [95,104]. Both membranes tested in this 

work have hydrophilic surfaces with lower affinity towards foulants. The hydrophilicity of the 

membrane surfaces was characterized by measuring the contact angle of water droplets. Hydrophobic 

membranes have higher tendency towards foulants in contrast with hydrophilic counterparts which do 

not tend to form hydrogen bonding interactions between the membrane interfaces and water. This 

spontaneous process leads to an increased entropy and foulant adsorption which dominates the 

boundary layer [27,31,105]. Membrane hydrophilicity is indicated by contact angles below 90° and  

contact angles decrease with increasing hydrophilicity [106]. S-PANI and DuraMem®500 showed water 

contact angles of 61° and 67°, respectively (Table 4.3). Therefore, S-PANI has a slightly higher 

hydrophilicity than DuraMem®500. This potentially diminished the effect of cake layer formation 

which favours flux decline on the account of NOM macromolecule rejection at high ionic strength.  

In comparison to the optimized conventional coagulation – flocculation treatment (previous section) 

membranes performed between 23-36% and 32-41% (S-PANI), and 16-31% and 25-33% 

(DuraMem®500) better in DOC removal for artificial surface water and seawater, respectively. 

Membranes exhibited consistent performance across the significant water matrix changes induced by 

the increased salinity tested here without need for process optimization. Note that pH adjustment 

towards acidic pH for S-PANI could provide further modest improvements of DOC rejection due to the 

responsiveness of the membrane material to pH changes [53] and changes in NOM conformation (coiled 

vs linear) at lower pH [67]. The AMWD for the membrane permeate sample was not determined 

because a) the NOM fractions were isolated into various MW components using membrane 

fractionation technique filtration protocol by employing a series of UF and NF membranes of predefined 

MWCO and b) the probe commercial membrane DuraMem®500 was already used for NOM 

fractionation as shown in SI, Table. S4.1. The MWCO of the S-PANI membrane is near that of 

DuraMem®500 and it can be assumed that size exclusion is the dominating retention mechanism for the 

prolonged operating period of 24 h in dynamic crossflow filtration mode. 
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(a) S-PANI membrane (b) S-PANI membrane 

  
(c) DuraMem®500 (d) DuraMem®500 

  
Fig. 4.4 Permeance and DOC rejection for artificially prepared surface water and seawater solutions containing 

different [DOC] using S-PANI membranes (a, b) and DuraMem®500 membranes (c, d) with error bars 

representing one standard deviation calculated from the results of triplicate runs at the specific experimental 

conditions. 

4.3.3 Landfill leachate treatment 

Conventional and membrane treatment 

Fig. 4.5a shows the DOC and COD removal efficiency of conventional and membrane treatment for the 

leachate feed solution. The DOC removal was in the following order: conventional treatment (91 ± 7 

%) > S-PANI membrane (85 ± 3 %) > DuraMem®500 (78 ± 3 %). In contrast, the COD removal 

efficiency followed different order: S-PANI membrane (74 ± 3 %) > DuraMem®500 (70 ± 3 %) ≈ 

conventional treatment (70 ± 5 %). Humic substances comprise a substantial fraction of the organic 

content in stabilized leachate [107]. Refractory humic substances, mainly in the form of humic acids 

(moderate MW 10 kg mol-1) and fulvic acids (moderate MW 1 kg mol-1) alter the biodegradable fraction 

of organic compounds during the stabilization process in landfill sites [108,109]. The repulsion of the 

negatively charged leachate colloidal particles (pH range ≈ 5-9) inhibits self-coagulation and settlement 
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[110]. The coagulation and flocculation process helped to neutralize and destabilize the negatively 

charged leachate colloidal particles leading to settleable aggregated flocs [111]. Ferric chloride has been 

reported as a more effective coagulant than aluminium-based coagulants for landfill leachate treatment 

[112,113]. A comparable conventional treatment system was reported to achieve optimal COD removal 

of 70-77% [113,114] and DOC removal > 80% DOC [115]. The high humic acid content explains the 

high removal efficiency of the tested conventional system. The combined process of 

coagulation/flocculation and adsorption ameliorated the drawbacks of each single process. Although 

conventional treatment can achieve high DOC removal and moderate COD removal, excess sludge 

production including high chemical demand can be an issue [116]. 

PAC adsorption is a common and attractive method for the removal of recalcitrant organic compounds 

in leachate given its high reduction in COD unaffected by initially high organic matter concentrations 

[117,118]. The DOC and COD low MW fractions (< 0.5 kg mol-1) in the leachate feed was around 22% 

and 30%, respectively, (Fig. 4.2b) which explains the threshold removal efficiency of the NF membrane 

treatment. COD removal for a comparable stabilized leachate via NF membranes was 70-80% with 

MWCOs similar to the membranes used here [116]. For the investigated works, tight UF membranes 

(MWCO ≈ 1 kg mol-1) are required for COD and DOC removal targets over 70%. The abundance of 

small MW compounds below 1 kg mol-1 raises the concern over the applicability of the NF membrane 

treatment due to the increased risk of pore plugging. There is also a substantial segment of organic 

species (41% DOC) in the MW range of 10-30 kg mol-1 which expose the membrane to fouling by 

surface deposition and cake formation of organic segments. The prospective high fouling risk 

emphasizes the importance of investigating the fouling behaviour of the developed S-PANI membranes 

and their potential for full-scale applications with realistic feed streams in comparison to the commercial 

membranes.  

Fig. 4.5b shows the shifts in the AMWD for the conventionally treated leachate. The AMWD for the 

membrane permeate sample is not determined (see membrane treatment section). Low MW DOC and 

COD fractions (< 0.5 kg mol-1) were increased by 19 ± 3 % compared to slight increases by 7 ± 2 % 

and 4 ± 2 % for the MW fractions 0.5-1 kg mol-1. An equally marginal increase in DOC and COD (2 ± 

2 %) was observed for the MW fractions 1-3 kg mol-1. In contrary to the increase in organic fraction (3 
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± 2 %) for the MW range 3-10 kg mol-1, the COD fraction was diminished by 7 ± 2 %. The conventional 

treatment markedly removed organic fractions in the 10-30 kg mol-1 MW range reflected by a decrease 

in measured COD by 13 ± 2 % whereas a slight decrease (2 ± 2 % for DOC and 5 ± 2 % COD) was 

observed for MW fractions > 30 kg mol-1. The limited removal rate of the intermediate and low MW 

organic fractions could be explained by the limited capacity of coagulation for the removal of organic 

fractions < 4 kg mol-1, reported elsewhere [119]. The removal efficiency of the coagulation and 

adsorption process is also dependent on the  hydrophobic nature of the solutes, while hydrophobic 

fractions are more readily removed than hydrophilic fractions [66,88]. The hydrophilic aquatic organic 

fractions possess negligible charge density in contrast with the hydrophobic NOM fractions which exert 

greater dominance on coagulation control [92]. The AMWD of the COD followed the same order for 

MW range < 3 kg mol-1. However, the COD fraction was decreased at the 3-10 kg mol-1 MW range in 

contrast to overall DOC. This could be attributed to the removal of inorganic fractions which might be 

removed by sweep flocculation [120,121] or PAC adsorption [122]. 

(a) (b) 

  

Fig. 4.5 a) Solute removal efficiency in terms of measured DOC and COD by conventional and membrane 

treatment and b) Shift in apparent molecular weight distribution of the DOC and COD for conventionally treated 

leachate at [DOC] ≈ 370 mg C L-1 with error bars representing one standard deviation calculated from the results 

of triplicate runs at the specific experimental conditions. 

4.3.4 Membrane fouling behaviour 

Artificially prepared water 

Fouling behavior of S-PANI and DuraMem®500 membranes during treatment of artificial surface water 

and seawater was recorded by measuring the TMP development over time at different [DOC] at initial 

permeance of 7.0 L m-2 h-1 bar-1 (Fig. 4.6). Both turbidity and the orthophosphate of the feed solution 
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were low, therefore dominance of the NOM induced fouling can be expected [6]. The measured 

SUVA254 of the feed solution was in the lower range (0.5 L mg-1 m-1) compared to SUVA254 values 

typical for surface water ranging from 1.0 to 6.0 L mg-1 m-1 [123]. High SUVA254 values (> 4.0) 

indicate that the NOM is mostly composed of high MW hydrophobic material whereas low SUVA254 

(< 2.0) suggests that low MW hydrophilic organic matter is dominant [56,76]. The results revealed that 

fulvic acids (hydrophilic fraction) are dominating the NOM sample which agrees with the supplier 

datasheet. SUVA254 of ocean NOM is usually smaller than 1.0 [77,124] which makes the NOM stock 

solution of this experiment a good representative sample in terms of SUVA. Under the experimental 

conditions, TMP can be assumed to vary only due to fouling. TMP of both membranes increased 

gradually for 5-10 h for different [DOC] and for both types of water, with the fastest increase at the 

highest [DOC] of 100 mg C L-1, and then either continued to increase at a slower rate or remaining 

stable until the end of the test period of 24 h. Maximum TMP increased with increasing [DOC] and was 

14 and 19 kPa for of S-PANI and 25 and 35 kPa for the DuraMem®500 membrane of artificially 

prepared surface water and seawater, respectively, as indicated in Fig 4.6. For both membranes 

maximum TMP at given [DOC] was consistently higher for artifical seawater with 30-37% higher 

values for S-PANI and 30-47% higher values for the DuraMem®500 membrane, respectively. The 

higher fouling rate of the saline environment is in agreement with both the observed decrease in 

permeance (Figure 4.4) and shifts in AMWD (Figure 4.2b), discussed above. Binding of divalent ions 

(Ca+2, Mg+2) to NOM was one of the major causes for the accumulation and growth of a densely 

compacted fouling layer on the membrane surface, which leads to severe flux decline. The ability of the 

NF membranes to retain divalent ions leads to an increase in concentration of rejected Ca+2, for instance, 

at the membrane surface leading to concentration polarization and hence enhanced fouling by Ca–NOM 

complexing and aggregate formation [125]. As such, the enhanced adsorption and deposition of NOM 

at high salinity leads to changes in the NF membrane surface characteristics due to the increase in 

surface hydrophobicity. This development of foulant growth makes the membrane gradually more 

vulnerable to fouling [126]. It is likely that the morphological changes of NOM induced at high salinity 

lead increased pore clogging of membranes and higher fouling indicated by TMP [102]. Non-

propotional effects at increased foulant concentration are well known and have been ascribed to the 
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porous nature of the formed foulant cake layer as compared to the membrane porosity [127]. In addition, 

hydrodynamic conditions may have created shear forces that prevented continued growth of foulant 

deposits alongside increasing TMP [125]. TMP increase was generally lower for the S-PANI membrane 

compared to the DuraMem®500 membrane, with TMP values 3-9 and 7-15 kPa (S-PANI) and 7-12 and 

11-20 kPa (DuraMem®500) at different [DOC] concentrations during the first 4 h of crossflow filtration. 

The better fouling performance of the S-PANI membrane can be explained by the formation of a 

hydration layer by the zwitterionic surface of S-PANI which decrease the membrane affinity towards 

hydrophobic foulants [128]. 

(a) Artificial surface water (b) Artificial seawater 

   

Fig. 4.6 The change in the transmembrane pressure (TMP) for fouled S-PANI and DuraMem®500 membranes at 

different [DOC] obtained from natural source (a) artificial surface water, (b) artificial seawater, at identical initial 

permeance values (≈ 7.0 L m-2 h-1 bar-1). 
 

Fig. 4.7 shows the foulant mass accumulation per membrane unit area. The foulant mass was obtained 

via two approaches using either derived from mass balance calculations of the filtration system or 

determining the chemically recovered organic matter from each membrane coupon. Results obtained 

via the solution mass balance were between 1.2-1.6 times higher than the chemically determined mass 

likely representing an over estimation of foulant accumulation. However, trends observed when 

comparing both approaches were similar. The DuraMem®500 accumulated more mass per unit area 

than the S-PANI membrane. The mass balance, for instance, displays surplus organic matter deposition 

over the DuraMem®500 membrane compared to S-PANI membrane by 26%, 39% and 43% at 10, 20 

and 100 mg C L-1, respectively, compared to 35%, 46% and 42% in artificially prepared surface water 
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and seawater, respectively. The accumulated mass data suggest that the S-PANI membrane has less 

foulant affinity towards NOM foulants than the tested DuraMem®500 membrane. 

The order of fouling potential of NOM fraction as hydrophilic neutral > hydrophobic acids > transphilic 

acids > hydrophilic charged [129]. The SUVA254 of the artificial surface water indicates that the 

hydrophilic fractions dominate the NOM composition. The nature of membrane materials affects the 

rate of accumulation of carbohydrate-like substances (hydroxyl and carboxyl groups) which represents 

the hydrophilic fractions of NOM [130]. Hydroxyl groups have stronger adhesion towards the 

membrane surface than carboxylic groups which can be explained by strong hydrogen bond generated 

with the membrane material. Electronegative polymeric membranes may exhibit strong adhesion with 

the NOM hydrophilic fractions that are associated with hydroxyl groups [131]. Albeit hydrophobicity 

and electrostatic interactions between solute and membrane are princIPAl factors affecting the extent 

of NOM fouling [97], the negative surface charge of the DuraMem®500 (-16.3 mV as shown in Table 

4.3) and the nature of NOM hydrophilic fractions in this instance could explain the higher foulant 

affinity compared to the positively charged S-PANI (+20 mV). The adsorption of the negatively charged 

NOM to the positively charged S-PANI surface might take place during the filtration process, the 

charged adsorption sites are expected to form a “dynamic membrane” due to the selective (reversible) 

adsorption of the NOM charged molecules on the membrane [132]. The S-PANI material also benefits 

from low surface energy which offer a self-cleaning ability at certain hydrodynamic conditions [128]. 

Both membranes possess smooth surfaces (Table 4.3) with marginal difference in mean surface 

roughness. As such, the roughness may not account for fouling affinity of either membrane. In common, 

both membranes experienced higher foulant affinity in seawater. Increased fouling tendency of 

polymeric membranes was reported elsewhere and explained by the presence of calcium ions in 

seawater [133]. Also, the polymeric membrane materials were observed to behave differently in 

seawater environments showing increased contact angles (higher hydrophobicity) and surface 

roughness leading to higher fouling rate [134].
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        (a) Mass balance derived foulant mass     (b) Chemically recovered foulant mass 

  
Fig. 4.7 The accumulated foulant mass per unit membrane surface area for SPANI and DuraMem®500 

membranes (a) mass balance derived foulant mass and (b) chemically recovered foulant mass, with error bars 

represent one standard deviation calculated from the results of triple runs at the specific experimental conditions. 

Landfill leachate 

Fig. 4.8a shows the change in the TMP for both membranes for leachate [DOC] ≈ 370 mg C L-1. The 

high organic content, different chemistry and AMWD of the leachate compared to the NOM used in the 

artificial water experiments resulted in extensive and continued TMP growth for both membranes 

during the test period of 24 h of up to 23 kPa for S-PANI and up to 47 kPa for the DuraMem®500 

membrane. Fig 4.8b shows accumluated foulant mass for the leachate with similar differences between 

mass balance derived and chemically recovered mass (see previous section). The S-PANI membrane 

had lower affinity towards foulants accumulating between 182-232 µg per cm-2 of membrane surface 

area for the chemcially recovered and mass balance derived organic foulant mass compared to 332-481 

µg per cm-2 for the DuraMem®500, respectively. Leachate fouling results suggests the need for 

preliminary treatment of the leachate stream prior to NF treatment (for instance, UF membrane of 

MWCO ≈10 kg mol-1 or an integrated conventional treatment such as coagulation or adsorption) to 

diminish the imapct of bulky foulants to NF membranes.
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(a) (b) 

  
Fig. 4.8 a) Development of transmembrane pressure (TMP) for fouled membranes with landfill leachate for S-

PANI and DuraMem®500 at identical initial permeance values (≈ 7.0 L m-2 h-1 bar-1) and (b) Mass balance derived 

and chemically recovered accumulated foulant mass per unit membrane surface area for SPANI and 

DuraMem®500 membranes, respectively. Error bars represent one standard deviation calculated from the results 

of triplicate runs at the specific experimental conditions.  

Fouling indicators 

Membrane fouling is an inevitable phenomenon during filtration processes. As such, artificial surface 

water, artificial seawater and the landfill leachate were distinctly used to assess the antifouling property 

by quantifying the total fouling, reversible fouling, irreversible fouling, and flux recovery ratio. 

Reversible fouling is defined following the removal of loosely bound deposits and concentration 

polarization layers solely by water rinsing in contrast with the irreversible fouling [135]. Table 4.4 

shows the fouling indicators of the S-PANI and the DuraMem®500 membrane. The S-PANI membrane 

shows excellent antifouling behaviour with lower total fouling rate (FT) by 24%, 13% and 19% at 

[DOC] of 10, 20 and 100 mg C L-1, respectively, in artificial surface water feed compared to the 

DuraMem®500. Likewise, the total fouling of the S-PANI in artificial seawater was less than the 

DuraMem®500 by 19%, 35% and 27%, respectively. The S-PANI membrane also exhibited less fouling 

rate in leachate feed by 24% compared to the DuraMem®500. The flux recovery rate (Fr) for the S-

PANI is higher than the DuraMem®500 membrane by 4% to 10% using different organic concentration 

of artificial surface water, artificial seawater, and 12% using a constant feed of landfill leachate. The 

total fouling of both membranes was only increased by 52-58% and 30-40% for the artificial surface 

water and the artificial seawater feed, respectively, despite 10-fold increase in the feed DOC 

concentration. The experimental data show that both membranes provide high flux recovery ratio and 

relatively low irreversible fouling ratio even at high foulant concentration and prolonged running time 
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for each dynamic filtration stage. Long running time (24 h) allowed for large amounts of water to pass 

through the membrane and thus was more vulnerable to fouling leading to higher flux decline. The high 

antifouling property is attributed to the formation of the hydration layer which forms a boundary 

limiting foulants’ deposition and adsorption over the membrane surface. Nevertheless, the reversible 

fouling data show that S-PANI has better self-cleansing property and less foulant affinity than 

DuraMem®500. The reversible fouling forms about 59-78% and 54-59% of the total fouling for S-PANI 

compared to 19-54% and 14-33% for DuraMem®500 using artificial surface water and artificial 

seawater, respectively, at feed DOC 10-100 mg C L-1. The elevated irreversible fouling rate of 

DuraMem®500 agrees with the fouling affinity findings (Figure 4.7) which was ascribed to the higher 

binding propensity of the foulant’s hydroxyl functional groups and the negatively charged 

DuraMem®500 membrane surface. While both membranes have relatively comparable hydrophilic 

property and smooth surface, there was also no clear trend between membrane surface hydrophilicity 

and membrane fouling propensity. 

Table 4.4 Fouling indicators for S-PANI and commercial DuraMem®500 membranes related to the initial 

cleaning-fouling cycle at equal initial permeance. 

  
Artificial surface water Artificial seawater Landfill leachate 

DOC, mg L-1 
10.0 20.0 100.0 10.0 20.0 100.0 368.8 

S-PANI        

Total fouling, FT % 17±1.5 23±1.1 27±1.6 20±1.2 22±1.2 28±1.3 34±1.3 

Reversible fouling, FRev % 13±1.0 18±1.5 16±1.2 11±1.1 13±1.3 15±1.1 14±1.1 

Irreversible fouling, FIrr % 4±1.0 5±1.4 11±1.0 9±1.0 10±1.3 13±2.0 20±1.0 

DuraMem®500        

Total fouling, FT % 21±1.6 26±1.4 32±1.5 27±1.1 28±1.3 35±1.9 42±2.1 

Reversible fouling, FRev % 8±1.1 14±1.0 6±2.2 9±1.2 9±1.8 5±1.7 10±1.8 

Irreversible fouling, FIrr % 13±1.7 12±1.1 26±1.4 17±1.3 19±2.0 30±1.9 32±1.5 

 

Membrane surface morphology 

SEM analysis was carried out to further examine the cleaning efficiency and evaluate the affinity of 

solutes towards the membrane surface for artificial water and leachate streams as shown in Fig. 4.9 and 
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Fig. 4.10, respectively. The SEM images shows a clear and evident foulant depositions for both 

membranes. The S-PANI revealed less foulant deposits compared to the DuraMem®500 based on a 

holistic scan of the analysed samples at different magnifications. Cleaning the membrane at high shear 

velocity was effective for both membranes. The DuraMem®500 exhibited more residual deposits 

following the flushing cycle compared to the S-PANI membrane which is in line with the fouling 

indicator investigation in Table. 4.4. Chemical cleaning in place (CIP) (protocol explained in SI, 

membrane chemical cleaning procedure S4) succeeded to almost fully recover both fouled membranes 

in artificial waters to its pristine status, SI, Fig. S4.4. Nonetheless, both membranes showed dispersed 

foulant deposits following the CIP process of the leachate fouled samples. Fouling deposit leftovers 

were more obvious for the DuraMem®500 sample. This result confirms that the developed S-PANI in 

NF separation range has promising antifouling properties even under relatively harsh test conditions of 

heterogeneous NOM solution [DOC] 100 mg C L-1 and stabilized landfill leachate solution [DOC] ≈ 

370 mg C L-1. 

   

   

Fig. 4.9 SEM membrane surface images fouled S-PANI and DuraMem®500 in 20 mg L-1 of artificial surface 

water feedstock (a, d), cleaned S-PANI and DuraMem®500 by dynamic flushing with DI water (b, e) and 

chemically cleaned in place (CIP) S-PANI and DuraMem®500 of (c, f), respectively.

(b) DI Flushed S-PANI 

 

(c) CIP S-PANI 

 

(e) DI Flushed DuraMem®500  

 

(a) Fouled S-PANI 

 

 

(d)Fouled DuraMem®500  

 

(f) CIP DuraMem®500  

 

(b) DI Flushed S-PANI 

 

 



 

178 

 

   

   

Fig. 4.10 SEM membrane surface images fouled S-PANI and DuraMem®500 in landfill leachate feedstock (a, d), 

cleaned S-PANI and DuraMem®500 by dynamic flushing with DI water (b, e) and chemically cleaned in place 

(CIP) S-PANI and DuraMem®500 of (c, f), respectively. 

4.4 Conclusions 

The performance of newly developed hydrophilic S-PANI membranes in the NF separation range was 

tested. Performance tests included organic matter removal and observing membrane fouling behaviour 

for a stabilized landfill leachate, artificially prepared surface water and seawater at different [DOC]. S-

PANI performance was compared to a commercial NF membrane (DuraMem®500) and an optimized 

conventional adsorption/coagulation/flocculation/filtration treatment process. DOC removal for S-

PANI membrane was regularly higher than the DuraMem®500 by 8-10% although both membranes 

experienced organic matter carry over (2-9%) at high salinity conditions. The membrane treatment 

revealed almost consistent DOC removal efficiencies surpassing the conventional treatment by 23-36% 

(surface water) and 16-31% (seawater), respectively, despite the variation in the feed [DOC]. In 

contrast, the conventional treatment DOC removal efficiency for the leachate transcended S-PANI and 

DuraMem®500 membranes by 7% and 14%, respectively, whereas the COD removal conformed the 

following order with marginal difference: SPANI > DuraMem®500 ≈ conventional treatment. The 

fouling study demonstrated how shifts in TMP were not proportional to the step increase in the [DOC]. 

S-PANI membrane showed limited development in real-time TMP, highr flux recovery  and less affinity 

towards organic foulants compared to the DuraMem®500 membrane as confirmed by foulant deposit 

(b) Flushed S-PANI 

 

(c) CIP S-PANI 

 

(e) Flushed DuraMem®500  

 

(a) Fouled S-PANI 

 

 

(d) Fouled DuraMem®500 

 

(f) CIP DuraMem®500  
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measurements over the membrane surface and SEM surface images for the pristine, fouled and 

chemically cleaned membranes. The results revealed that the developed S-PANI membranes exhibited 

a high and consistent organic matter removal efficiency at variable organic loads of different feed 

chemistries with genuine antifouling behaviour surpassing both conventional treatment and the 

commercial membrane contender. This makes S-PANI membrane an alternative solution to tackle 

stringent quality requirements for surface water and seawater, (pre)treatment including foulant rich 

streams in leachate and possibly also in food processing applications. 
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Materials S1 

Aniline, ammonium persulfate (APS), 4-methylpyridine (4MP), N-methyl-2-pyrrolidone (NMP) 

and ammonium hydroxide solution were obtained from Sigma-Aldrich, UK. 3-aminobenzene 

sulfonic acid (metanilic acid), sodium hypochlorite, sodium hydroxide and hydrochloric acid 

(HCl) aqueous solution were obtained from VWR, UK. NOM extracted from natural source 

(Fulvic 25) was obtained from, Solufeed, UK. Sea-Salt ASTM D1141-98 was obtained from Lake 

products, USA. Hydrated ferric chloride and powder activated carbon (PAC, 95% pure, ≤ 40 µm) 

were obtained from scientific laboratory suppliers, UK. Magnafloc®LT22S was provided by 

BASF, UK. Sand containing mainly SiO2 was obtained from a drinking water treatment plant. All 

materials were used as received. 

Solute fractionation S2 

Five different commercially available membranes in the ultrafiltration (UF) and nanofiltration 

(NF) range were tested for 4 h for each test cycle. Flat sheet membrane coupons of different 

commercially available membranes were cut off for the testing in a filtration test cell with standard 

active membrane area of 14.6 cm2. Table. S1 lists the specifications of the individual membranes. 

Table. S 4.1 Details of utilised membranes for solute fractionation. 

 Membrane Filtration spectrum MWCO*, kg mol-1 
Producer and 

brand name 
Material 

A UF 30.0 
Synder 

Filtration™, MK 
Polyethersulfone 

B UF 10.0 
Alfa Laval, 

RC70PP 

Regenerated 

cellulose acetate 

C UF 3.0 Suez™, GK 
Composite 

polyamide 

D UF 1.0 
Alfa Laval, 

ETNA01PP 

Composite fluoro 

polymer 

E NF 0.5 

Evonik, 

DuraMem®  

500 

Modified Polyimide 

*Molecular weight cut off (MWCO) 
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Conventional treatment S3 

Adsorption by powder activated carbon (PAC), coagulation, flocculation, clarification by 

sedimentation and sand filtration tests were carried out using a jar test setup. Ferric chloride 

coagulant was chosen over ferric sulphate and aluminium based coagulants, due to its prevalent 

usage in seawater pre-treatment and better performance for NOM removal, respectively [1]. 

Phipps & Bird 900 model jar tester with 6.0 paddles and 1 L beakers was used to (a) mimic the 

operating conditions of conventional treatment plant, (b) determine the optimal PAC and ferric 

chloride dose rate and sequence c) identify the optimal dosed solution pH and (d) determine the 

maximum NOM removal through a series of conventional treatment processes. 

Jar testing entails adjusting the amount of treatment chemicals and the sequence in which they 

are added to samples of aqueous solutions held in jars or beakers. The sample is then stirred so 

that the formation, development, and settlement of floc can be watched just as it would be in the 

full-scale treatment plant. The coagulation process takes place within few seconds and demands 

high mixing energy. Flocculation is the subsequent process which requires longer retention time 

(20 min) and low energy to overcome the repulsion forcers leading to agglomeration of micro 

flocs. Higher energy (velocity gradient) or longer retention time than required were prevented to 

avoid floc shearing and subsequent performance deterioration of the clarification process. pH 

correction during the jar test experiments was carried out via the addition of hydrochloric acid 

aqueous solution and sodium hydroxide aqueous solution, as appropriate. The jar testing protocol 

can be summarized as follows: 

• For each sample, several beakers (jars) were filled with equal amounts of DI water. 

• A defined volume of NOM concentrate was added to each jar to form 10 mg C L-1 DOC 

enriched aqueous solution. The process was repeated at higher concentrations of 20 and 100 

mg C L-1. For leachate, the solution was filtered through 0.45 µm Whatman™ filter paper and 

poured in the 1 L jars. 

• The solution was mixed vigorously via the jar tester paddles at speed 200 rpm. 
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• Ferric chloride solution was prepared and dosed with step increase of 5 mg L-1 as Fe+3 to each 

jar without pH correction. 

• The dosed sample was mixed at 200 rpm for 1 min and then the paddles speed was turned 

down to 30 rpm to initiate the micro-floc agglomeration. During the mixing stage, the dosed 

water pH was measured and recorded. 

• After elapsed time of 20 min, the flocculators (paddles) were stopped and the jars were left 

stagnant for 30 min to allow for floc settlement. 

• The supernatant was sampled via micro-syringe and the dissolved organic carbon 

concentration [DOC] was measured after sample filtration through 0.45 µm Whatman™ filter 

paper. 

• To define the optimal pH operating range, the jar test experiment was repeated using a 

constant chemical dose (the chosen chemical dose at the highest DOC removal in previous 

steps). The dosed water pH was corrected in each jar using hydrochloric acid or sodium 

hydroxide aqueous solution, as appropriate. 

•  The optimal pH value was identified based on the highest DOC removal. 

• The jar test was repeated, and both the chemical dose and the pH were tuned to explore the 

maximum DOC removal efficiency. 

The experimental work was carried out to treat three distinctive streams a) artificial surface water, 

b) artificial seawater and c) landfill leachate from an existing site in Southwest England, 

Wiltshire, UK. The organic concentration in the artificial water stream was adjusted by adding 

diluted solution of Fulvic 25 to in order of 10, 20 and 100 mg C L-1 to DI water sample of known 

volume. All feed solutions were initially filtered through 0.45 µm Whatman™ filter paper. The 

calibration curves of the added organic feed solution are shown in Fig. S1. Salts were added 

accordingly to match the total hardness and conductivity of natural surface water and seawater 



 

199 

source. The solution was adjusted to pH ≈7.0 using hydrochloric acid. The NOM rejection during 

membrane experiments was calculated using the following equation: 

R% = (1 −
Ct

Cf

) × 100 
Equation S 4.1 

Where Cf and Ct represents the [DOC] in the feed and treated streams, respectively. 

 

Fig. S 4.1 The calibration curve for colorimetric analysis of Fulvic 25 solution as a relation between the 

solution concentration (mL of fulvic 25 feedstock in L of DI water) and the UV254 absorbance and the 

dissolved organic carbon (DOC). 

 

Fig. S 4.2 Apparent molecular weight distribution of the natural organic matter (measured DOC) in 

conventionally treated artificially prepared surface water and seawater at feed [DOC] of 20 mg C L-1 with 

error bars representing one standard deviation calculated from the results of triplicate runs at the specific 

experimental conditions.
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Table. S 4.2 The zeta potential of the treated artificial surface water, artificial seawater, and leachate by 

conventional and membrane processes. 

 Treatment process pH 
Zeta Potential, mV  

Artificial surface water Artificial seawater Leachate 

Conventional 5.5 -4.3±0.7 -6.6±0.8 -5.5±0.8 

S-PANI membrane ≈7.0 -0.9±0.6 -6.5±1.0 -4.1±0.7 

DURAMEM®500 ≈7.0 -1.2±0.5 -6.4±0.9 -4.7±0.7 

 

Table. S 4.3 The DOC removal through PAC adsorption of artificially prepared surface water and seawater 

sample at [DOC] of 20 mg L-1. 

 Treatment process pH 
DOC removal% 

Artificial surface water Artificial seawater 

PAC adsorption 5.5 17.2±1.8 21.5±1.3 

 
 

 

Fig. S4.3 Apparent molecular weight distribution of solute fractions of treated leachate effluent by 

conventional treatment with error bars representing one standard deviation calculated from the results of 

triplicate runs at the specific experimental conditions. 

Membrane chemical cleaning procedure S4 

During a chemical cleaning process, membrane samples were rinsed with 3.2 mM sodium 

hydroxide solution (around pH 11.5) and then soaked in the same solution for 30 min. afterwards, 

cleaning with mild acidic HCl aqueous solution at pH 5.0 for an equivalent period of 30 min. 

After that, the sample was flushed thoroughly, to rinsed out all residual contaminants. 
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SEM S5 

  

Fig. S4.4 The SEM surface images of the pristine a) S-PANI membrane and b) DuraMem®500 membrane. 

References S6 
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(b) Pristine DuraMem®500 

 

(a) Pristine S-PANI 
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Chapter 5  

 

High performance in-situ tuned self-doped polyaniline (PANI) 

membranes for organic solvent (nano)filtration 

 

The work presented in this chapter has been published to Polymer Journal Feb 2022. H. 

Alhweij, E.A. Carolina Emanuelsson, S. Shahid, J. Wenk, High performance in-situ tuned self-

doped polyaniline (PANI) membranes for organic solvent (nano)filtration, Polymer. 245 

(2022) 124682. https://doi.org/10.1016/j.polymer.2022.124682. 
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Context: 

Polyaniline (PANI) membranes are attractive for organic solvent nanofiltration (OSN) due to the stimuli 

responsive behaviour. However, inadequate tuneability to cover the full nanofiltration (NF) separation 

range, prolonged post-treatment cross-linking using hazardous organic chemicals over a period of five 

days and poor permeance limit their widespread application. In this work, the authors systematically 

investigated, for the first time, a new simplified strategy to in-situ tune the performance of OSN PANI 

membranes from loose to tight NF separation range. This was inspired by previous work (chapter 3, 

https://doi.org/10.1016/j.memsci.2021.119654) in our research group: Alhweij et al “Simplified in-situ 

tailoring of cross-linked self-doped sulfonated polyaniline (S-PANI) membranes for nanofiltration 

applications. Briefly, presence of sulfonic groups as polymer crosslinking anchors and controlling the 

coagulation bath acidic strength resulted in instant stabilisation of the membrane selective layer, which 

hindered solvent/non-solvent exchange and enabled production of a tailored membrane morphology 

with a dense skin layer. This study focused simultaneous precipitation, cross-linking, and tuning of the 

permselective properties of PANI membranes to suit a broad range of OSN applications. The designed 

change in membrane transport properties takes place via a) controlling the cross-linking density by 

varying the coagulation bath acidic strength and b) self-doping PANI during the polymerisation process 

by incorporating organic acids at different molecular weight, acidity, and hydrophilicity, such as 

metanilic acid (MA) and poly (2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPSA). 

Incorporating different molecular weight organic acids facilitates cross-linking during polymer 

precipitation. Ageing tests in different solvents showed no observed physical or chemical deterioration, 

which was confirmed by various characterisation methods including Fourier transform infrared 

spectroscopy (FT-IR), scanning electron microscopy (SEM), atomic force microscopy (AFM), tensile 

strength and contact angle (CA) measurement. All membranes were stable during the long-term 

dynamic filtration tests with sequential feed of Methanol (MeOH), acetonitrile (ACN) and 

tetrahydrofuran (THF). The tuned membrane systems delivered THF permeance of 2.1 to 16.4 L m-2 h-

1 bar-1 with estimated molecular weight cut off (MWCO) from 250 to 1000 g mol-1. PAMPSA doped 

membranes were successfully cross-linked followed by wet annealing post-treatment to obtain 

https://doi.org/10.1016/j.memsci.2021.119654
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membranes in NF range. The MA doped membranes which were prepared in 3 M HCl(aq) coagulation 

bath showed higher permeance and better rejection compared to Glutaraldehyde cross-linked PANI 

membranes. Given the ease of fabrication, modification and in-situ tuneable membrane performance, 

this work may represent a significant step forward in the fabrication of high performance OSN 

membranes for various applications. There is presently no published research on in-situ tuning of cross-

linked PANI membranes with proven long-term solvent stability for OSN applications during the 

development and writing of this work. 
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Abstract 

Cross-linked polyaniline (PANI) membranes are attractive for organic solvent nanofiltration (OSN). 

However, inadequate tuneability to cover the full nanofiltration (NF) separation range, prolonged post-

treatment cross-linking using hazardous organic chemicals and poor permeance limit their widespread 

application. This work introduces a new strategy to tune the transport properties of PANI membranes 

to suit the rejection spectrum of NF membranes without compromising permeance. Incorporating 

different molecular weight organic acids, metanilic acid (MA) and poly (2-acrylamido-2-methyl-1-

propanesulfonic acid) (PAMPSA), facilitated cross-linking during polymer precipitation at different 

aqueous coagulation bath acidic strength using non-solvent induced phase separation (NIPS). Static 

ageing tests for PANI membranes immersed in tetrahydrofuran (THF) for 30 days showed no physical 

or chemical deterioration. All membranes were stable during long-term dynamic crossflow filtration 

tests over 250 h with sequential feed of Methanol, acetonitrile and THF. THF permeance was 2.1 to 

16.4 L m-2 h-1 bar-1 with apparent molecular weight cut off (MWCO) between 250 to 1000 g mol-1. 

PAMPSA doped membranes were successfully cross-linked but required wet annealing post-treatment 

to obtain membranes in NF range. The MA doped membranes surpassed the performance of cross-

linked PANI membranes with glutaraldehyde (organic cross-linker) showing 2.5 times higher 

permeance with better rejection. In comparison to commercial polyimide membranes, PANI 

membranes prepared in coagulation bath ≥0.5M HCl(aq) were stable in N,N-dimethylformamide (DMF) 

whereas the former suffered complete damage. This work represents a simplified technique to in-situ 

optimise permselective properties of OSN self-doped PANI membranes for various applications in food, 

pharmaceutical and petrochemical industries. 

Keywords: Nanofiltration, organic solvent, polyaniline, high-performance, tuned. 
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5.1 Introduction 

Organic solvent nanofiltration (OSN) is a pressure-driven technique which allows fractionation and 

purification for a diverse range of disperse mixtures in solvent streams [1,2]. Solutes with molecular 

weight (MW) between 200 and 2000 g mol-1 are retained whereas small solvent molecules permeate 

through the membrane [3,4]. OSN membranes allow effective and consistent removal of impurities, 

high solvent recovery rates including flexibility to process feedstocks of fluctuating compositions 

without thermally affecting the quality of solutes, as alternative thermal separation processes [5–7]. 

Polymeric materials are the main building blocks for OSN membranes due to the ease of processing, 

lower fabrication costs and higher flexibility compared to inorganic materials such as ceramics [8]. 

Currently, integrally skinned asymmetric (ISA) polymeric membranes prepared via non-solvent 

induced phase separation (NIPS) are mostly used for OSN providing straightforward scale-up and low 

manufacturing cost [9,10]. During NIPS, gradual separation of membrane material from dope solution 

takes place by phase inversion in a non-solvent coagulation bath (typically water) [11]. As a result, an 

ISA membrane is formed which possesses same chemical composition with a skin-layer on the top of a 

porous and either finger-like or sponge-like support layer [12]. 

However, there are hurdles towards widespread practical applications of solvent stable membranes with 

high permeability and selectivity [13]. Ageing of OSN polymeric membranes has been a major issue 

resulting in loss of permeance and has also restricted application at ambient temperatures [14]. Efforts 

to overcome these challenges include development of new materials and strategies for solvent resistant, 

highly permeable, and selective membranes [15,16]. Chemical cross-linking is a common approach to 

render OSN membranes [17]. However, covalent bond cross-linking results in significant loss of solvent 

permeance due to a great reduction in interstitial spaces among polymer chains [18,19]. Both 

maintaining the stability of membranes in harsh solvent environments and enhancing the solvent 

permeance are critically important for high-performance OSN membranes, while the selection of a 

membrane for a particular solvent/solute system is challenging [19]. Control and tuneability of 

membrane pore size e.g., by polymer selection and cross-linking conditions play a crucial role in solvent 
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permeation [20]. Adjusting the molecular weight cut-off (MWCO) of polymeric membranes occurs 

either by incorporating certain functional groups into the polymer structure [21,22], changing polymer 

concentrations or solvent mixture ratios in dope solutions [23], altering phase inversion conditions [24], 

applying chemical or thermal membrane post-treatment [15], changing pH of the feedstock [25] or 

modifying cross-linking method [16]. 

Cross-linked polyaniline (PANI), an electrically conducting polymer, is an attractive starting material 

for OSN membranes. PANI is inexpensive, reusable, mechanically, chemically, and thermally stable, 

and allows controlled porosity through chemical doping [26–28]. PANI has been used to produce free-

standing flat sheet NF membranes for water treatment [29] and cross-linked spiral-wound membranes 

for OSN applications [30,31]. Stimuli-responsive membranes can reversibly alter their physicochemical 

properties, pore size, and flux through external stimuli such as light and electric fields as well as changes 

in filtration conditions such as pH, temperature, ionic strength [32]. Tuneability of PANI membranes 

for OSN applications via applying electric fields has been investigated [33]. However, post-treatment 

for several days using hazardous organic chemicals is required to obtain chemically cross-linked solvent 

stable PANI or sulfonated polyaniline (S-PANI) membranes while significantly compromising solvent 

flux [34–36]. Given these challenges, developing PANI membranes for OSN applications require 

further research towards simplified in-situ tailored pore size with optimised cross-linking degree that 

suits different solvents for the whole NF filtration range.  

Previous work in our research group presented a scalable approach to produce the first in-situ cross-

linked S-PANI membranes at NF range using NIPS [37]. Briefly, presence of sulfonic groups as 

polymer cross-linking anchors and controlling the coagulation bath acidic strength resulted in instant 

stabilisation of the membrane selective layer, which hindered solvent/non-solvent exchange rate and 

enabled production of a tailored membrane morphology with a dense skin layer. 

The aim of the present work is to introduce a novel technique to produce high performance PANI 

membranes with in-situ tuned transport properties to suit a broad range of OSN applications while 

exploiting the reported cross-linking method. The designed change in membrane performance is 

hypothesised to take place via a) controlling the cross-linking density by varying the coagulation bath 

acidic strength and b) self-doping PANI during the polymerisation process by incorporating organic 
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acids at different molecular weight, acidity, and hydrophilicity, such as metanilic acid (MA) and poly 

(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPSA). Sulfonic polyacid like PAMPSA possess 

a flexible backbone that can strongly interact at molecular scale with imine nitrogen enabling the 

formation of a double-stranded structure with PANI [38,39]. In the case of low molecular weight MA, 

copolymerization with aniline takes place simultaneously in the presence of hydrochloric acid where 

the sulfonic acid -SO3H is covalently bound to the polymer structure resulting in compact free volume 

compared to PAMPSA [34,40]. To the best of our knowledge, a thorough investigation for tailoring in-

situ tuned OSN self-doped PANI membranes with enhanced solvent stability, high permeance and 

solute selectivity has not been reported. The studied membranes cover the whole NF range, including 

the lower end of the ultrafiltration. Multiple dyes were tested as probe molecules to study the retention 

behaviour of the membranes. The physical, chemical and separation properties of the doped membranes 

were analysed by a variety of characterization techniques such as Fourier transform infrared 

spectroscopy (FT-IR), scanning electron microscopy (SEM), atomic force microscopy (AFM), tensile 

strength, contact angle (CA) measurement and lab-scale static and dynamic ageing tests. Benchmarking 

of solvent stability and transport properties for the proposed systems was compared to a laboratory cast 

chemically cross-linked S-PANI with glutaraldehyde (GA) following a preparation procedure reported 

elsewhere [34,35]. Also, the prepared membranes were compared to commercially modified polyimide 

membrane DuraMem® 500 of nominal MWCO 500 g mol-1. 

5.2 Experimental 

5.2.1 Materials 

Chemicals were obtained from various commercial suppliers and used as received. A list of chemicals 

is provided in the supporting information (SI), Materials S1. All solutions were prepared with deionised 

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

Previous work reported a modified synthesis method for sulfonation of aniline monomer before 

polymerisation (pre-sulfonation) [41]. In brief, ammonium persulfate aqueous solution was added 

dropwise to a glass beaker surrounded by ice containing aniline, metanilic acid (1:1 M ratio) and 

hydrochloric acid solution (1 M) within controlled time intervals for a prolonged time i.e., 13 h. The 

resulting S-PANI salt precipitate at 72±1% yield was filtered, washed, dried, sieved at 160 µm and 

stored until required. The average MW was calculated around 47,000 g mol-1 with a polydispersity of 

1.93.  

PANI PAMPSA polymer was synthesised following a procedure reported previously in our group [40]. 

In brief, aniline was dissolved in the PAMPSA acid solution at 4:1 monomer of PAMPSA molar ratio. 

Ammonium persulfate (1:1 APS to aniline M ratio) was dissolved in DI water and added into the 

mixture of aniline and acid continuously by using a peristaltic pump for a period of 13 h compared to 6 

h as reported in the literature. The polymerisation temperature was set at 15°C and the total reaction 

time was 24 h. The reactant product was filtered, washed, dried, sieved at 160 µm and stored until 

required. S-PANI PAMPSA was prepared following the same procedure whilst metanilic acid was 

added to aniline (1:1 aniline to metanilic acid M ratio). 

Information on thermal degradation behaviour for the used polymers is important for OSN applications. 

Therefore, thermogravimetric analysis (TGA) for all polymers was studied (analytical details provided 

in SI, Polymer thermal analysis S2). A two-step derivative weight loss was observed in the TGA curve 

for all polymers (SI, Fig. S5.1). The first weight loss (1.1% for S-PANI and 2.5 to 2.7% for PANI-

PAMPSA and S-PANI PAMPSA) at 100°C was attributed to evaporation of absorbed water molecules 

in the polymer matrix. PAMPSA doped polymer possess higher affinity to water [40] which might result 

in higher absorption and entrapment of water molecules. Both PANI-PAMPSA and S-PANI PAMPSA 

showed reasonably similar thermal behaviour with measured weight loss around 22% and 20% at 

290°C, respectively. The second peak of both polymers starts at 200°C up to 335°C and 400°C for 

PANI-PAMPSA and S-PANI PAMPSA, respectively. The degradation rate for both polymers at 

temperature range 400 to 600°C was fluctuating between 31% and 46% with average rate of 38%. In 

contrast, S-PANI revealed higher thermal stability with the majority weight loss of second peak at 



 

212 

 

450°C. The second peak commenced around 300°C and lasts up to 600°C with final recorded 

degradation rate of 47%. The second weight loss for all polymers is associated with the instantaneous 

decompositions of the dopant functional groups at different stages and the degradation of the backbone 

units of PANI leading to the generation of substituted aromatic fragments [42]. The observed rise in 

weight loss around 200 to 300°C is unlikely to be linked to the structural decomposition of the PANI 

[43]. S-PANI degradation process started at 300°C which might be ascribed to the release of sulfonic 

groups as reported elsewhere [44]. PAMPSA dopant contains several molecular groups such as geminal 

dimethyl group, sulfomethyl group and amide [45]. The mechanism of the thermal decomposition of 

PAMPSA in its dopant form in PANI has not been fully investigated. It is assumed that the dopant will 

decompose into small fragments at earlier stages than polymer degradation rate. 

5.2.3 Membrane fabrication 

Simultaneous cross-linking and coagulation of the self-doped S-PANI, PANI-PAMPSA and S-PANI 

PAMPSA membranes was conducted via NIPS [37]. To understand the effect of the coagulation bath 

acidic strength for facilitating different cross-linking densities, S-PANI (21 wt%) was used to cast 200 

µm membranes (clearance gap) at room temperature at a controlled relative humidity of ~30%. 

Membranes were formed after immersion precipitation at room temperature, considering a consistent 

evaporation time of 10 s before immersing the cast film into the coagulation bath of 0.1, 0.5, 1 and 3 M 

HCl(aq). For better understanding of the effect of different self-dopants, PANI-PAMPSA and S-PANI 

PAMPSA membranes were also prepared (21 wt%) at constant coagulation bath acidic strength of 1 M 

HCl(aq). Using higher polymer concentration (>21 wt%) was not viable due to gelling issues of the 

polymer solution. A reported procedure was followed to prepare the cross-linked S-PANI membrane 

with GA [35]. Immediately after casting, the membrane was fully immersed into a bath containing 

solution of cross-linking mixture of GA and 1 M HCl(aq) at room temperature. After 30 min, the 

membrane was transferred into a beaker along with the GA solution and Acetone (AC) was added to 

swell the membrane and facilitate cross-linking for 5 days whilst maintaining a constant volume of the 

cross-linker solution. All prepared membranes were washed sequentially in Methanol, DI water, 
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NaOH(aq) and then finally immersed in DI water to remove excess residual solvent, GA or HCl from 

the membrane. 

Incorporation of the high MW polyacid was expected to increase the membrane permeance while 

decreasing the solute retention due to the high free volume and the stretch in the intersegmental spaces 

between the polymer chains [40]. Therefore, both PANI-PAMPSA and S-PANI PAMPSA were 

thermally annealed for 3 h at 80°C in aqueous solution containing sodium nitrate (33 wt%) to obtain 

membranes in NF range. Simultaneous wet annealing and dehydration occur due to the strong osmotic 

pressure difference between water in the polymer pores and the water in the NaNO3(aq) [46]. The dope 

solution viscosity measurement was conducted using a procedure explained in SI, Viscosity S3. An 

overview of sample nomenclature and the conditions applied is provided in Table. 5.1. 

Table 5.1 Preparation condition and properties of the tested membrane systems. 

Membrane 
Polymer 

Coagulation 

solution 
Post-treatment 

M1 S-PANI 0.1 M HCl(aq) - 

M2 S-PANI 0.5 M HCl(aq) - 

M3 S-PANI 1.0 M HCl(aq) - 

M4 S-PANI 3.0 M HCl(aq) - 

M5 PANI-PAMPSA 1 M HCl(aq) Annealing in NaNO3(aq) for 3 h at 80°C 

M6 S-PANI PAMPSA 1 M HCl(aq) Annealing in NaNO3(aq) for 3 h at 80°C 

M7 S-PANI GA GA/1 M HCl(aq) GA/AC/DI water 

M8 DuraMem® 500 - Preservatives removal with solvent 

5.2.4 Membrane characterisation 

A detailed description, including suppliers of analytical equipment, is provided in SI, Membrane 

characterisation S4. In brief, the chemical properties of the membranes were determined using an FT-

IR spectrometer. The morphological properties, such as membrane surface and cross-sectional area and 

top layer roughness were investigated by SEM and AFM. Mechanical analysis including tensile 

strength, stiffness and elongation at break was carried out to explore the effect of the cross-linking and 

ageing to membrane solvent stability. The hydrophilicity of the membranes was measured by sessile 

dynamic droplet penetration using a contact angle goniometer. 
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Solvent stability was determined by static and dynamic ageing tests. For static ageing, the membrane 

samples were soaked for 30 days in tetrahydrofuran (THF). The aged samples were analysed by FT-

IR, SEM and AFM including the measurement of the tensile strength and CA. The cross-linking density 

was measured via determining the swelling degree and the gel content as surrogate using different polar 

protic (Methanol, MeOH) and polar aprotic solvents (acetonitrile, ACN and THF). Dynamic ageing test 

was carried out in crossflow filtration mode. Sequential feed of different solvents and dyes was applied 

over prolonged periods, see SI, Membrane characterisation S4. 

5.3 Results and Discussion 

5.3.1 FT-IR spectroscopy 

Fig. 5.1 shows the FT-IR spectra determining the chemical compositions of the cross-linked samples 

prior and after static ageing test with THF solvent for 30 days. The spectra were recorded from 4000 to 

650 cm-1 but were focussed over the range of 2000 to 650 cm-1. Fig. 5.1a exhibits clear characteristic 

transmittance bands of M1-M7 which were observed at 1595 cm−1 (quinoid C = C stretching) and 1497 

cm−1 (benzenoid C = C stretching) [34]. The presence of aromatic amine C − N stretching was observed 

at 1288 cm−1 for all samples. C − C bending for all samples was distinct at 816 cm−1 [47,48], and 

symmetric S = O stretching was detected at 1035 cm -1 and 704 cm -1 [49,50]. The spectra provide 

evidence of successful self-doping of aniline monomers. Based on the sulfonamide cross-linking 

mechanism it is expected that the amine/imine group reacts with the incorporated sulfonic groups of 

two dopants used (MA and PAMPSA) [37]. The cross-linked M1-M7 exhibit a peak shift towards 1148 

cm-1 comparing to the original peak at 1168 cm-1 for the pristine membrane including a relative intensity 

change of the transmittance band at 1033 cm-1, which is assigned to the stretch vibration of the sulfonic 

acid group, that is decreased after cross-linking (refer to pristine membranes FT-IR spectra in SI, Fig. 

S5.6a). The original peak (1168 cm-1) was assigned to a strong asymmetric stretching vibration of S=O 

(sulfonate) whereas the new detected peak was linked to S=O stretching of sulfonamide bonds [51] 

which is in agreement with the reported sulfonamide formation elsewhere [52–54]. A transmittance 

band at 1111 cm-1 which is assigned to aromatic imine C = N stretching [55] was only noticed for the 
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pristine sample. The imine nitrogen double bond may break on either side of the quinoid ring reacting 

with the sulfonic group during the polymer re-assembly process leading to an increased benzoid to 

quinoid ring ratio which then prevents re-dissolution or dispersion when exposed to aprotic solvents 

[56]. The GA cross-linked membrane (M7) spectra is identical to M1-M7 which might be due to the 

presence of hydrochloric acid in the coagulation bath and the overlap of the GA cross-linker 

(incorporated at the aromatic imine) with the other transmittance bands. According to the reported cross-

linking protocol, HCl was added as a catalyst for the reaction of GA with PANI [35]. 

Fig. 5.1b confirms no chemical structural changes occurred following static membrane ageing test i.e., 

no absence, addition or shifts of existing peaks were displayed. Also, the visual observation showed a 

transparent colour of the THF solvent beyond the test period confirmed the same. If detriment took 

place, discolouration of the solvent would have occurred showing light or vivid blue colour. FT-IR 

spectra for the commercial membrane were not interpreted given that no information on the actual 

modifications on the polyimide chemistry made were available. Instead, FT-IR spectra comparison was 

made to show that no deterioration or chemical structural changes were observed by static ageing as 

illustrated in SI, Fig. S5.6b. 

(a) (b) 

 
 

Fig. 5.1 FT-IR spectra of the cross-linked membranes M1-M7 a) before static ageing and b) after static ageing 

test. 

5.3.2 Morphology 

Both membrane morphology and structure were studied due to their significant effect on membrane 

transport properties [57]. Fig. S5.7 shows that the cross-section of all samples had characteristic ISA 
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structures which is identical to polymeric membranes prepared directly by NIPS  [58]. M1-M4 and M7-

M8 exhibited a skin-layer on top of a porous and finger-like transition layer with the same chemical 

composition. However, M1-M4 showed an increase in the density of the skin layer with suppressed 

macro-void structure (SI, Fig. S5.7b-e) compared to membranes produced in pure water (SI, Fig. S5.7a) 

or mild coagulation bath acidic strength. Simultaneous coagulation and cross-linking supressed the 

formation of large macro-voids for S-PANI prepared membranes [37]. The morphology of membranes 

is greatly influenced by the kinetic aspects of the phase inversion process (particularly the non-

solvent/solvent diffusion rates) [59]. Although the same polymer concentration (21 %wt) was used for 

all polymer solutions for membrane casting, M5-M6 showed different structures compared to other 

membranes with relatively dense but still porous, thin top layer and a more porous spongy layer 

underneath (SI, Fig. S5.7f-g). This could be ascribed by the potential effect of many factors. Polymer 

dope solutions of PANI-PAMPSA and S-PANI PAMPSA powders formed more viscous dope solution 

than S-PANI to certain extent by 28% and 30%, respectively, as shown in Table. 5.2. Increasing the 

dope solution viscosity leads to a more pronounced barrier effect during phase inversion, and the 

magnified top and middle section morphologies of membranes imply that the top layer becomes thicker 

[60]. Meanwhile, the size of sponge-like pores gradually shrinks, and the sub-layer grows denser 

[61,62]. However, the dope solution viscosity is not deemed to be a dominant governing factor in this 

instance. The measured viscosity is not substantially different meantime the dope solution of all samples 

is already too viscous for casting a membrane film. PAMPSA doped polymer possess high 

hydrophilicity [63] and needs a longer time to coagulate in the water bath to form the films. A slower 

coagulation rate is desirable to form membranes with sponge-like substructures [64]. Differences in 

membrane hydrophilicity between MA and PAMPSA doped polymers are shown and discussed at the 

contact angle analysis section following below. M7 exhibited a narrower bottom finger-like structure 

compared to the pristine S-PANI that presents 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 

demixing [65]. 
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The structural stability after 30 days exposure to THF as a model solvent is shown in the cross-section 

SEM images in Fig. 5.2. Pristine S-PANI membranes experienced severe structural damage including 

a significant collapse in the transition layer (Fig. 5.2a). On the other hand, pristine PANI-PAMPSA and 

S-PANI PMPSA did not qualify for the SEM test due to the clear visual defects and the difficulties in 

preparing the membrane sample following significant loss in the polymer material. The SEM cross-

sectional images did not show an apparent difference before and after the ageing test for all cross-linked 

membrane samples M1-M7 and commercial polyimide M8 which were structurally stable. 

Table 5.2 Dope solution composition and viscosity. 

Polymer Membrane 
Polymer 

concentration (wt%) 

NMP/4MP* Solvent 

(wt%) 

Viscosity at 25°C 

(Pa s) 

S-PANI M1-M4, M7 21.0 72.7/6.3 24.3 

PANI-PAMPSA M4 21.0 72.7/6.3 31.2 

S-PANI PAMPSA M5 21.0 72.7/6.3 31.7 

*NMP: N-methyl-2-pyrrolidone, 4MP: 4-methylpyridine. 

Fig. S5.8 and Fig. 4.3 display the top surfaces for all membranes M1-M8 before and after ageing with 

THF, respectively. As shown in Fig. 4.3, all membranes show a smooth surface with no apparent pores 

or patterns. 

   

   

   

Fig. 5.2 SEM cross-sectional area images of M1-M8 membranes after static ageing test in THF solvent for 30 

days. 

(a) Pristine S-PANI (b) M1 (c) M2 

(d) M3 (e) M4 

(h) M7 (i) M8 

(f) M5 

(g) M6 

10 µm 10 µm 10 µm 

10 µm 10 µm 10 µm 

10 µm 10 µm 10 µm 
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Fig. 5.3 SEM surface images of M1-M8 membranes after static ageing test in THF solvent for 30 days. 

The randomly distributed, drop-like small particles present on all the top surfaces are most likely 

impurities deriving from the sample preparation process. Pristine S-PANI seems to have severe surface 

damages following the ageing test showing a rough and inconsistent topography with few pores as 

shown in Fig. 5.3a. There is no observable pin holes or deformations etc. on the surfaces either before 

or after ageing test for M1-M8. Since no difference was observed in the M1-M8 surfaces using SEM 

imaging. Therefore, stability tests were repeated using N,N-dimethylformamide (DMF) as a more 

aggressive solvent than THF. Following the same static ageing test procedure, all pristine membrane 

samples experienced immediate dissolution. M1 and M8 showed augmented discolouration over time 

and did not qualify for the SEM test by the end of the test period due to the degradation and formation 

of a gel-like polymer layer. In contrast, M2-M7 were structurally stable as shown in the SEM cross-

sectional and surface images of the SI, Fig. S5.9 and Fig. S5.10, respectively. 

AFM was used to identify differences in the surface roughness between the THF aged membranes with 

different cross-linking densities. The corresponding surface roughness parameters (mean roughness, Ra 

and root mean square roughness, Rq) data derived from AFM data give quantitative insights into the 

(b) M1 

 

(c) M2 

 

(e) M4 

 

(h) M7 

 

(i) M8 
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surface morphology. Fig. S5.11 and Fig. 5.4 show the three-dimensional AFM images (scanning size 

of 5 × 5 μm) of M1-M8 before and after static ageing test, respectively. Fig. 5.4 shows that the surface 

of all M1-M8 membranes is smooth with few random size and shape bulges. Step increases in the 

coagulation bath acidic strength resulted in high solvent stability for M1-M4. Increasing the acidic 

strength by 10-fold (0.1 M to 1 M) diminished the increase in mean surface roughness (Ra) from 68% 

to 27% (SI, Fig. S5.12). This could be attributed to the higher consumption of sulfonic groups i.e., 

higher formation degree of sulfonamide. According to AFM analysis, M6 showed the highest solvent 

stability with Ra increase of 14% in comparison with M5 which showed the lowest stability with Ra of 

217%. It was expected that M6 could surpass M5 in terms of solvent stability due to the abundance of 

functional groups which were introduced by both MA and PAMPSA. The GA cross-linked S-PANI 

(M7) showed less solvent stability than M3 and M4 whereas the commercial polyimide Ra increased by 

161%. The initial lower roughness value exhibited by M8 may be due to the spreading of a layer of pore 

preservatives. Thus, the washing out of pore preservatives before and during the static aging may cause 

the roughness to increase. The observed increase in surface roughness during long-term solvent 

exposure for all membrane samples could be attributed to the clustering effect which is associated with 

slight changes in the polymer configuration due to the solvent polarity [66,67]. Even though all 

membranes tested in this study remained stable after the static aging, changes to the surface property in 

the microscopic scale suggest that the actual membrane performance of these membranes may be 

influenced when exposed to harsh solvents over prolonged periods. These results were consistent with 

qualitative SEM observations in Fig. 4.3 and Fig. 5.4. 
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Fig. 5.4 AFM three-dimensional images of membranes M1-M8 top surface layer after static ageing test with THF 

for 30 days. 

(h) M8 
(g) M7 

(f) M6 (e) M5 

(c) M3 (d) M4 

(b) M2 (a) M1 
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(a) (b) 

  

Fig. 5.5 Surface roughness before and after static ageing test with THF solvent for 30 days a) mean roughness, 

Ra, and b) root mean square roughness, Rq. 

5.3.3 Mechanical analysis 

A customised free-standing flat sheet membrane batch of M1-M7 was prepared exclusively to scrutinise 

the changes in mechanical behaviour before and after soaking in THF solvent for 30 days at room 

temperature as shown in the stress-strain curves SI, Fig. S5.13 to Fig. S5.19. Casting the membranes 

over a support layer makes distinguishing the potential changes in mechanical properties after ageing 

challenging because the membrane tensile strength and stiffness, for instance, will be primarily 

dominated by the support layer. As such, the tensile strength of the commercial membrane which was 

supplied cast over support layer was not measured due to little changes, while values were also not 

comparable with M1-M7 (GPa versus MPa unit scale, respectively). The membranes showed some 

signs of curling in the air after they were gently wiped to remove the solvent on their surfaces. Therefore, 

the membranes were fixed in between two glass plates while being soaked in DI water for a week to 

remove entrapped solvent.  

The tensile strength and Young's modulus (slope of linear region of the plot) which indicates the 

elasticity of the membrane film are shown in Fig. 5.6. The tensile strength and Young’s modulus of 

M1-M4 (before ageing) was in the order M4≈M3>M2>M1. A step increase in the tensile strength and 

Young’s modulus (74% and 30%, respectively) was observed for M1 (before ageing) compared to the 

pristine S-PANI prepared in pure water coagulation bath. M7 possessed a tensile strength just under M3 

which is 121% over the pristine S-PANI while the Young’s modulus for both samples was in closed 

proximity. In contrast, M5 and M6 showed the smallest tensile strength step increases of 35% and 44%, 

respectively, compared to the pristine PANI PAMPSA and S-PANI PAMPSA. Although both M5 and 
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M6 have sponge-like sub-layer structure which should enhance the mechanical strength, the high 

volume in between the polymer chains seems to primarily affect the mechanical properties. M6 showed 

higher Young’s modulus than M5 by 35% which could be attributed to the abundance of the sulfonic 

groups making the membrane more brittle [41]. Overall, the results emphasised how increasing the 

cross-linking density of macromolecular chains would have led to an enhanced tensile strength and 

Young’s modulus of the polymeric membrane films [68]. 

Although the sample edges were placed in the test machine using padding material between the sample 

and metallic clamps to avoid any mechanical damage, the elongation at break data (SI, Table. S5.1) 

supported by visual observation showed signs of inevitable and consistent pre-mature break in the area 

closed to the fixing clamps at higher applied tension force. 

The ageing had a negligible effect on the mechanical stability for all membranes. The slight fluctuation 

in tensile strength and Young’s modulus for most of the analysed samples falls in the range of the 

standard deviation of the tested samples before ageing except M6 which showed a decrease in Young’s 

modulus by 25%. This might be attributed to residual solvent in the tested polymeric sample. The dense 

three-dimensional network makes the membranes more mechanically stable due to the limited freedom 

for motion by the individual segments of the molecules and steric hindrance of chain movement even 

during exposure to solvents. 

(a) (b) 

  

Fig. 5.6 a) Tensile strength and b) Young's modulus of the cross-linked membranes M1-M7 before and after static 

ageing test with THF for 30 days with the error bars representing single standard deviation. 
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5.3.4 Contact angle 

The hydrophilicity was investigated by measuring the apparent contact angle (CA) of the membrane 

surface by using water contact angle goniometry. As expected, self-doped PANI membranes showed 

high hydrophilicity with broad ranging CA from 53o to 10o after 180 seconds of membrane-water 

droplet contact as indicated in Fig. 5.7. The increase of the coagulation bath acidic strength resulted in 

sequential decline in the membrane surface CA in the order M1>M2>M3≈M4. This could be attributed 

to the formation of a highly dense skin layer [58,69]. The hydrophilicity followed the opposite order of 

the contact angle: M1<M2<M3≈M4. Self-doping PANI with PAMPSA polyacid significantly improved 

the membrane hydrophilicity showing CA around 23o and 10o for M5 and M6, respectively, after 180 

seconds which was the lowest measured value across all tested membranes. Preparing membranes with 

hydrophilic groups is favourable due to their low fouling tendency [70]. Both GA cross-linked S-PANI 

(M7) and the commercial modified polyimide showed a good hydrophilicity with an approximate CA 

around 37o.  

The surface hydrophilicity of membranes can greatly affect the membrane performance in different 

solvents, especially for polar solvents [71]. Results in Fig. 5.7 show that the membrane exposure to 

THF solvent for 30 days slightly altered the hydrophilicity of the membrane surfaces, leading to a 

varying degree in decline of CA which ranged from 3% (M6) to 26% (M5). The hydrophilicity of the 

cross-linked membranes after the ageing tests still followed the same order compared to the fresh 

membrane samples. The variation in the membrane CA could be attributed to a slight increase in top 

layer surface roughness (as shown in AFM analysis) which enhanced the intrinsically hydrophilic active 

surface area. For hydrophilic materials, the apparent contact angle decreases when surface roughness 

increases in contrast with the hydrophobic materials [72]. Exposure of polymeric membranes to organic 

solvent was thought to initiate rearrangement of the polymer chain at the membrane top layer which 

results in changes in membrane intrinsic properties such as swelling and surface hydrophilicity [73–

75]. Localised hydrophilicity of membranes with hydrophilic functional groups takes place due to the 

tendency of the last to form small clusters following pre-treatment of membranes with organic solvents 

[66]. In contrast, M7 and M8 revealed a marginal increase in the measured CA by 3% and 6%, 
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respectively. Overall, all tailored membranes showed high and relatively solvent stable hydrophilic 

property in consistent with results obtained from AFM. 

 

Fig. 5.7 Dynamic contact angle with single standard deviation after 180 seconds of membrane-water droplet 

contact for the membranes M1-M8 before and after ageing with THF for 30 days. 

 5.3.5 Swelling degree and gel content 

The chemical structure of a given polymer determines its solubility in various solvents where the 

solubility favours structural similarity [76]. This means that polymer solubility potential increased if 

the solubility parameters of polymer and solvent are equal. The reported Hansen solubility parameter 

of undoped PANI is 22.2 MPa0.5 at 25°C [77] compared to 29.6 MPa0.5 for MeOH, 24.4 MPa0.5 for ACN, 

19.5 MPa0.5 for THF and 24.86 MPa0.5 for DMF [78,79]. Therefore, it was anticIPAted that all prepared 

membranes might favour the interaction with ACN, THF and DMF over MeOH given the fact that 

PANI Hansen solubility parameter falls in between the solubility parameter of these three solvents. 

Swelling degree and gel content measurements were carried out to assess the stability of cross-linked 

and commercial membranes M1-M8. Fig. 5.8a shows that all membranes have a relatively low swelling 

degree (below 16%) in both polar protic and aprotic solvents. The swelling degree was as low as 3% 

for the used solvents. Nevertheless, M5 showed higher swelling degree than M3 and M6 which were 

prepared at identical coagulation bath conditions (1 M HCl(aq)). This could be attributed to the 

availability of high free volume that is not occupied by the polymer chains which allows diffusion of 

solvent molecules. However, M6 showed low swelling compared to PANI-PAMSA which might be 

due to the presence of more polar groups which increase membrane stability again solvents [55]. 
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Although M7 was expected to reveal the least swelling due to the prolonged cross-linking period in the 

presence of low MW cross-linker (GA), it showed an approximate swelling between M3 and M4. As 

envisaged, all prepared membranes exhibited higher swelling with ACN and THF than MeOH due to 

the closed proximity of Hansen solubility parameters. Additionally, it was found that all the membranes 

have a gel content higher than 98% after soaking in THF for 30 days (Fig. 5.8b), indicating the stabilities 

of these membranes. The swelling degree and gel content test in DMF was only carried out for M2-M7 

because both M1 and M8 degraded and dissolved over time. The swelling degree in DMF was in the 

range of 19% to 32% which is higher than the other three solvents demonstrating the following order: 

M4≈M7<M3<M2≈M6<M5 as shown in the SI, Fig. S5.20a. The gel content test shows slight changes 

in the dry mass deterioration from 1.0% to 10.0% as the following M4<M7<M3<M2<M6<M5 which 

is nearly similar to the swelling degree trend (SI, Fig. S5.20b). The visual observation emphasises that 

M2-M7 membranes were stable in DMF providing no change in solvent colour after the 30 days soaking 

period, except a slight discolouring in the first 30 min. 

(a) (b) 

  

Fig. 5.8 Mass swelling degree and gel content of the cross-linked and commercial membranes M1-M8 in different 

polar protic and polar aprotic solvents. 

5.3.6 Membrane transport properties 

Long-term performance of M1-M8 was tested over 250 h in a crossflow filtration mode using sequential 

feed solutions of rose bengal, congo red, acid red 1, and methyl orange in DI water, MeOH, ACN and 

THF. The DI water and pure solvent permeance was measured after an initial period of membrane 

compaction as shown in Fig. 5.9. The water flux of a hydrophilic membrane gives a good indication of 

its MWCO, and therefore of its separation performance in water [80]. The water permeance was in the 
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range of 25 to 1.2 L m-2 h-1 bar-1 under an operating pressure of 3 to 10 bar. The obtained membrane 

performance is in the NF range at approximate pure water permeance 5-50 L m-2 h-1 bar-1 with 

transmembrane pressure around 2-10 bar [58,81]. The permeance of membranes in prepared acidic 

coagulation bath was in the order: M1>M2>M3>M4 which experienced a permeance decline by 52%, 

61%, 75% and 92%, respectively, compared to the pristine S-PANI (prepared in DI water coagulation 

bath). Latter membrane showed a permeance around 52 L m-2 h-1 bar-1. Doping PANI with different 

functional groups revealed different performance for the cross-linked M4 and M5 membranes with DI 

water permeance around 100 and 85 L m-2 h-1 bar-1 before the wet annealing process. This represents a 

permeance decline of 31% and 41% for M4 and M5, respectively, compared to the samples prepared in 

the DI water coagulation bath. Although cross-linking of M4 and M5 resulted in solvent stable 

membranes, the permeance data indicate transport properties at the UF range which was verified by 

solute rejection of reactive red 120 dye in aqueous solution. Therefore, membrane post-treatment was 

required to shift the solvent stable membrane performance to the NF range. The membrane wet 

annealing temperature and time were optimised to 80°C and 3 h in aqueous solution containing sodium 

nitrate (33 wt%). The permeance of M4 and M5 membranes declined by 90 and 98%, respectively, 

following the annealing process. The wet annealing was favoured over heat-treatment and drying of 

membranes via vacuum oven as reported elsewhere [33]. Dry annealing was reported to cause a shift in 

the PANI-PAMPSA permeance below 1.0 L m-2 h-1 bar-1 which might be due to further pore tightening 

with potential pore collapse including a higher densification of the top selective layer than desirable. It 

is worth noting that pristine PAMPSA doped membranes in this work showed over 50% decline in 

permeance compared to previous results reported in literature which could be attributed to the increased 

polymer concentration in dope solution and extended polymerisation period [40]. The GA cross-linked 

membrane showed the least DI water permeance 1.2 L m-2 h-1 bar-1 which showed 98% decline 

compared to pristine S-PANI. The permeance of the commercial M8 membrane was close to M3-M5 

i.e., around 9.5 L m-2 h-1 bar-1. 

To ensure reproducible solvent filtration results, the membranes were tested before triggering 

irreversible structural ageing. The available characterisation results indicated that no membrane ageing 
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occurred over the static test period of 30 days with THF and therefore the membranes were expected to 

demonstrate stable and consistent performance. The membranes were tested for OSN of polar solvents. 

After testing each system with MeOH, the same coupon module was systematically tested with ACN 

and then THF. A thorough system wash was performed for a 4 h to allow for steady state fluxes to be 

achieved before pure ACN and then THF solvent was put through. Polar solvents were chosen because 

hydrophilic cross-linked membranes show a higher permeance for polar solvents compared to non-polar 

solvents [82]. The solvent permeance followed the trend of DI water permeance revealing a stable 

permeance in the range of 21 to 0.9 L m-2 h-1 bar-1. A permeance decline of 23-49%, 13-50% and 31-

55% was observed with MeOH, ACN and THF solvents, respectively, compared to DI water. Unlike in 

aqueous solution, the interactions between solvent and OSN membranes are more complex. Different 

types of solvents may interact with a same membrane in an extremely dissimilar way as explained in 

the swelling section. As such, reorganisation of the membrane material may take place, leading to 

differences in porosity and changes in rejection [83]. Although a slight solvent permeance difference 

was observed for all membranes in the order: ACN>MeOH>THF. An explanation as to why the 

permeance in ACN is generally higher than in other common solvents can be attributed to a decrease in 

viscosity of the fluids. ACN (MW 41 g mol-1) has a dynamic viscosity of 0.38 cP at 25°C compared to 

0.6 and 0.46 cP for MeOH and THF [84]. Although MeOH (MW 32 g mol-1) possess higher viscosity 

than THF (MW 72 g mol-1), its higher permeance could be explained by the low MW. It would be 

difficult to conclude the effect of different solvents to the transport properties in this work due to the 

slight differences in permeance and the effect of other factors such as solvent polarity, membrane 

swelling, degree of cross-linking, hydrophilicity, and surface interactions. 
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Fig. 5.9 DI water and pure Methanol, acetonitrile, and tetrahydrofuran solvent permeance of M1-M8 membranes. 

Dyes of different MW range from 327 to 1470 g mol-1 were dissolved in mixtures of 50 mL DI water 

and 1,450 mL of MeOH, ACN, and THF as feed solution (10 mg L-1 as active dye). The calibration 

curves for colorimetric analysis of all dyes are shown in SI, Fig. S5.2-S5.5. Fig. 5.10 indicates that the 

permeance of all tested systems is overall lower when dye solutions are used as feed, as compared to 

DI water or pure solvent feeds. The approximate permeance decline due to membrane fouling with dye 

solutes for all prepared membranes is between 10% to 20% in contrast with the commercial M8 which 

suffered a decline ranging from 33% to 47%. In general, M1-M7 membranes experienced lower dye 

solution permeance decline in all solvents compared to water feed solution. In general, both solvent 

viscosity and the state of the solvent in the membrane strongly influence the solute mobility [3]. Also, 

the complex interaction between the water and dye solute molecules enlarges the effective solute size 

and increases the solute rejection in water with respect to that in other solvent such as Methanol [85]. 

On the other hand, M8 suffered surplus flux decline with solvent feeds compared to water which could 

be explained by the membrane swelling causing a decrease in the polymeric matrix free volume and 

narrowing the porous structure [86]. This agrees with the AFM and swelling test experiments which 

revealed how M8 showed high swelling degree and increase in surface roughness compared to most of 

the prepared membranes. M8 was more vulnerable and sensitive towards long-term solvent exposure. 

Both pore blocking and dye solute deposition can be partially involved in the flux decline of loose NF 

membranes with a lager pore size [87]. Also, concentration polarisation increased concentration of dye 
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solution over the membrane surface reducing the driving force towards the permeate side and hence 

diminishing the overall permeance. This indicates a favourable interaction between the membranes and 

the dye and can also contribute to higher retentions as the dye adsorbed on the membrane surface and 

into the pores. 

Solute retention of M1-M8 is shown in Fig. 5.10 as a function of the molar mass of the dyes, thus 

constructing an apparent MWCO curve in all solvents for these membranes as shown in SI, Fig. S5.21-

S5.28. The MWCO is defined as the molecular weight (molecular mass) that a 90% retention of the 

solute (marker) in the feedstock [88]. The use of different markers e.g., dyes/molecules with different 

MW [85], polymers [89], and others such as oligostyrenes [90] has been the subject of much debate due 

to the variability between different techniques leading to inconsistencies between reported results. The 

use of dye, for instance, might not reflect the actual MWCO by size exclusion mechanism due to the 

potential involvement of other mechanisms such as adsorption and Donnan Exclusion [91]. 

Nonetheless, dyes of different MW are commonly used as a marker to estimate the MWCO of the OSN 

membranes as reported elsewhere [13,71,92,93]. At this work, membrane MWCO was measured using 

wide range of dyes with molecular weight ranging from 327 to 1470 g mol-1. The MWCO was obtained 

by interpolation of discrete rejection points of different dyes to illustrate the apparent MWCO curve. 

The crossflow rig was running for prolonged periods which is thought to help in demonstrating the size 

exclusion mechanism. The dye adsorption could reach a saturation limit after an extended operation 

time. The dye retention was diminished by 10% after 2 to 3 hours of filtration for all membrane systems. 

The retention was then stabilised for the remainder of the test period. This indicates that the diminished 

rejection could be associated with the limited dye adsorption. This was appraised to be a sensible 

approach towards defining the MWCO and was therefore labelled as “apparent MWCO”. 

The solute rejection trends indicate that the smaller the molecular weight of the dye, the lower its 

retention for all membranes. The obtained results show that the retention of the solute is almost 

independent on the solvent used. The average standard deviation of the solute rejection was marginal 

and between 1.0% to 4.0% for all solvents. For all the studied systems, the rejection rate was in the 

order: Water>THF>MeOH>ACN. The rejection trend inversely followed the trend of feed solution 

permeance. Membrane swelling was found to be minimal, and it was concluded that swelling did not 
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govern the retention rate for the prepared PANI membranes. However, the swelling might have a small 

impact to the solute rejection for the commercial M8. The apparent MWCO of the membranes in order: 

M4>M7>M3>M6>M5>M8>M2>M1 whereas the membrane permeance was in the order: 

M1>M2>M5>M3>M6>M8>M4>M7. All prepared membranes showed MWCO in the OSN range from 

approximately 1000 to 320 g mol-1. The core performance data of the tailored systems were compared 

with the commercial and tailored systems reported in literature as shown in Table. 5.3. 

Table 5.3 Comparison of membrane performance with other published data using polymeric membranes with 

THF solvent. 

Membrane 
Permeance (L m-2 h-1 bar-1) Estimated MWCO Reference 

Poly(ether ether ketone) 0.2 400 [14,94] 

Polybenzimidazole 0.68 ∼400 [95] 

PANI 0.3 150-250 [96] 

PIM-1/AlOx(1) ∼2–3 ∼204 [97] 

Modified Polyimide(2) ∼2.2 ∼200 [98] 

Silicone polymer-based composite(3) ∼4.6 ∼405 [99] 

Perfluorodioxole copolymer ∼0.13 ∼350(4) [100] 

Nanocellulose ∼0.3 ∼3000 [101] 

SolSep NF010206(5) 3.0 300 [102] 

Polyamide thin film composite 2.6 ∼370 [103] 

Composite polyamide ∼4.0 ∼625 [104] 

Polybenzimidazole hollow fibre ∼1.1 ∼500 [105] 

M1 16.4 1000 This work 

M2 12.2 740 This work 

M3 5.4 545 This work 

M4 2.1 250-300 This work 

M5 8.5 700 This work 

M6 6.3 645 This work 

M7 0.8 300-330 This work 

M8 4.2 590 This work(6)  

(1) Polymers of intrinsic microporosity (PIMs). 

(2) Test of the commercial membrane DuraMem300 was carried out at 30°C. 

(3) Commercial GMT-oNF-2 (GMT Membrantechnik GmbH, Rheinfelden, Germany) with an active layer of 

PDMS (Polydimethylsiloxane) on a PAN (Polyacrylonitrile) support. 

(4) 94% rejection of Safranin O (MW, 351 g mol-1). 

(5) Commercial, material type is not available. 

(6) Commercial modified polyimide DuraMem500. 
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Table. 5.3 shows that the THF permeance of the tailored membranes range from 2.1 to 16.4 L m-2 h-1 

bar-1 with estimated MWCO from 250 to 1000 g mol-1. Commercial modified polyimide M8 showed a 

comparable THF performance of 4.2 L m-2 h-1 bar-1 and estimated MWCO around 590 g mol-1. The 

estimated MWCO in this work agrees with reported work elsewhere which showed a MWCO around 

600 g mol-1 using polystyrenes solutes as MWCO marker [106]. Table. 4.3 elucidates that the obtained 

performance of the tailored membranes in terms solvent permeance and solute rejection a) exceeded the 

performance of laboratory developed membranes and b) good contender to commercially scaled 

membranes. 

These results indicate that the membranes exhibit good stability over a long-term period whilst still 

maintaining the excellent separation performances. The membranes could be tailored to suit widespread 

applications by changing the cross-linking degree without compromising model solvent stability such 

as MeOH, ACN and THF. Altering the coagulation bath acidic strength or incorporating different MW 

of self-dopant (MA and PAMPSA) resulted in tuned performance properties to suit loose and tight OSN 

applications. The introduction of sulfonic groups helped to facilitate the cross-linking reaction and 

hence enhance the chemical stability, permeance and hydrophilicity. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

  

Fig. 5.10 Dye solution permeance and solute rejection in (a,b) aqueous solution (c,d) MeOH (e,f) ACN and (g,h) 

THF solvents. 
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5.4 Conclusions 

A new simplified strategy to enhance and tune the performance of OSN PANI membranes for loose and 

tight NF range applications was introduced in this work. Incorporating different MW acid dopants in 

the PANI backbone and altering the coagulation bath acidic strength facilitated cross-linked membranes 

with tuned transport properties whilst improving solvent stability. The polymers were synthesised by 

oxidation polymerisation of aniline in the presence of different MW acid dopants such as MA and/or 

PAMPSA to produce S-PANI, PANI-PAMPSA and S-PANI PAMPSA. TGA test revealed that S-PANI 

was thermally stable up to 450°C compared to 290°C for PANI PAMPSA and S-PANI PAMPSA which 

is vital for OSN applications. Simultaneous coagulation and cross-linking took place by using NIPS for 

producing self-doped PANI membranes. Membrane solvent stability was assessed by conducting a 

static ageing test by immersing the membrane samples in harsh solvent (THF) for 30 days followed by 

multitude characterisation techniques such as FT-IR, SEM, AFM, tensile strength, swelling degree and 

gel content test. FT-IR spectra revealed a successful self-doping and cross-linking of all membranes 

with no changes in the chemical structure after static ageing. The mechanical analysis, swelling degree, 

gel content and SEM surface and cross-sectional images did not indicate any structural damage or 

morphological deterioration of all cross-linked membranes. The AFM surface roughness analysis 

suggested that all membranes possess a smooth membrane surface with few random size and shape 

bulges before and after ageing although mean surface roughness was increased following ageing. 

Membranes prepared in higher acidic strength coagulation bath are deemed to have higher cross-linking 

degree showing higher solvent stability with less swelling and little increase in mean surface roughness 

after static ageing. The dynamic ageing crossflow filtration test over 250 h using sequential dye feed 

solutions of MeOH, ACN and THF showed that all membranes have a steady-state performance. The 

THF permeance of the tailored membranes range from 2.1 to 16.4 L m-2 h-1 bar-1 with estimated MWCO 

from 250 to 1000 g mol-1. The S-PANI membrane prepared in 3 M HCl(aq) showed higher permeance 

(2.5 times) and rejection than cross-linked PANI with GA over 5 days. The commercial modified 

polyimide showed a comparable THF performance of 4.2 L m-2 h-1 bar-1 and estimated MWCO around 

590 g mol-1. However, the static ageing test indicated that the prepared membranes in higher coagulation 
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bath acidic strength (≥0.5 M HCl(aq)) were stable in DMF compared to commercial modified polyimide 

which suffered complete damage. Given the ease of fabrication, modification and the in-situ tuned 

membrane performance, this work may represent a significant step forward in the fabrication of high 

performance OSN membranes for various applications. 
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Materials S1 

Aniline, ammonium persulfate (APS), 4-methylpyridine (4MP), N-methyl-2-pyrrolidone (NMP), 

ammonium hydroxide solution, N,N-dimethylformamide (DMF), glutaraldehyde (GA), poly(2-

acrylamido-2-methyl-1-propanesulfonic acid) (PAMPSA, MW 800,000 g mol-1), reactive red 120 (MW 

1469.98 g mol-1), rose bengal (MW 1017.6 g mol-1), congo red (MW 696.66 g mol-1), acid red 1 (MW 

509.42 g mol-1), and methyl orange (MW 327.33 g mol-1) were obtained from Sigma-Aldrich, UK. 

Acetone (AC), Methanol (MeOH), acetonitrile (ACN), tetrahydrofuran (THF), 3-aminobenzene 

sulfonic acid (metanilic acid), sodium hydroxide, sodium nitrate (NaNO3) and hydrochloric acid (HCl) 

aqueous solution were obtained from VWR, UK. Commercial modified polyimide DuraMem® 500 flat 

sheet membrane (nominal MWCO 500 g mol-1) was obtained from Evonik, UK. 

Polymer thermal analysis S2 

Thermogravimetric analysis (TGA) for all polymers was studied using Setaram Setsys Evolution 16 

TGA-Differential thermal analysis (DTA)-Differential scanning calorimetry (DSC). The instrument 

was equipped with Pfeiffer GSD 320 mass spectrometer to monitor the mass change over a change in 

temperature with the detection of evolved gases during the experiment. All polymer samples were 

heated from 30 to 600°C with an airflow rate of 60 mL min-1 and a heating rate of 10°C min-1. Fig. S5.1 

shows the TGA results which elucidate the change of weight during controlled heating as a percentage 

of the initial polymer sample weight and the derivative weight with respect to temperature up to 600°C. 

(a) (b) 

  

Fig. S5.1 TGA curves for S-PANI, PANI-PAMPSA and S-PANI PAMPSA polymers (a) weight loss (b) derivative 

weight loss with respect to temperature from room temperature to 600°C. 
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Viscosity S3 

Stress-controlled rheometer (Discovery HR-3, TA Instruments, USA) equipped with a sandblasted 

plate-plate stainless steel geometry (40 mm) at 25°C. Approximately 1 mL of the sample was placed 

between the plates (with a plate-plate gap of 0.5 mm) and the flow curve was measured to study the 

viscosity response of the sample to shearing, with a shear rate ranging from 0.01 to 100 s-1. 

Membrane characterisation S4 

FT-IR 

The chemical composition of the membranes was determined using FT-IR spectrometer (PIKE 

Technologies Inc, USA) fitted with an attenuated total reflectance (ATR) accessory. All spectra were 

recorded with 32 scans and 4 cm-1 resolutions over a range of wave number from 4000 to 650 cm-1. 

SEM 

The morphological properties, such as membrane surface and cross-sectional area were investigated by 

SEM (SU3900, Hitachi, Japan). To analyse membrane morphology, SEM images on both the surface 

and the cross-section of membranes were captured at an acceleration voltage of 10 kV. A representative 

cross-section was obtained by fracturing membranes in liquid nitrogen. Samples were mounted onto 

SEM stubs and coated with gold using a sputter coater (S150B, Edwards, USA). 

AFM 

The topography of the membrane surface and roughness were determined by AFM, Nanoscope IIIa, 

Digital Instruments. Non-contact probe (Nu Nano Ltd, UK) was used to ensure soft tapping mode in 

air. 

Mass swelling degree and gel content 

A set of organic solvents such as Methanol (MeOH), acetonitrile (ACN) and tetrahydrofuran (THF) 

were used to determine the membrane swelling degree and gel content. In terms of polarity, MeOH is 

polar protic solvent whereas ACN and THF are polar aprotic solvents. M1-M8 were cut into small 
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samples (2 × 2 cm) and dried in the vacuum oven. The dried membrane samples (of known mass) were 

allowed to equilibrate with an excess of the solvent in a sealed flask at 25°C for 1 h. The swollen 

membranes were taken from the solvent and quickly dried with filter paper to remove solvent from the 

external surface. The mass of the swollen membranes was then determined. The mass swelling degree 

(SD) was calculated using the following equation: 

𝑆𝐷 = (𝑚𝑤𝑒𝑡 − 𝑚𝑑𝑟𝑦) 𝑚𝑑𝑟𝑦⁄  
Equation S 5.1 

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

membrane. 

 

The gel content of the M1-M8 membranes in the solvents was determined by immersing the membrane 

sample in the solvent for 30 days (same conditions as per swelling test) including for DMF. After two 

weeks, the membrane samples were removed from the solvent and dried in the vacuum oven. The mass 

change of the dry membrane before and after soaking in the solvent indicates membrane dissolution. 

The gel content is a parameter that is used to define the polymer stability in different solvent was 

calculated by using the following equation: 

𝐺𝑒𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 % = (𝑊𝑎 𝑊𝑏⁄ ) 𝑥 100 
Equation S 5.2 

where 𝑊𝑏 and 𝑊𝑎 is the dry weight of the membrane sample before and after solvent soaking, 

respectively. Membranes that showed no swelling or dissolution in DMF and had a gel content higher 

than 90%, are designated cross-linked [67]. 

Mechanical analysis 

Tensile strength was measured to assess the effect of the cross-linking degree and the mechanical 

stability following membrane ageing with solvent. An Instron 3369 mechanical tester was used and 

dried membrane casts without a support layer were cut into rectangular strips of approximately 70 mm 

× 6 mm for testing. All tests were conducted with a pull speed of 2 mm min−1 at room temperature. The 

membrane thickness was measured using standard micrometre. The reported mechanical data is an 

average of three different membrane samples. 
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Contact angle 

The hydrophilicity of the membranes was measured (3 times per sample) by sessile dynamic droplet 

penetration using a contact angle goniometer (Contact Angle System OCA 15Pro, Dataphysics, 

Germany). A small droplet of water (2.0 μL) was placed onto the membrane surface at a dosing rate of 

1.0 μL s−1 using a Hamilton syringe. The software SCA20 was used to calculate the dynamic effective 

contact angle (CA). 

Membrane transport properties 

Membrane filtration experiments were conducted using a stainless-steel solvent resistant pilot scale 

crossflow rig with an active membrane area of 14.6 cm2. The schematic of the experimental set-up is 

illustrated in previous work [194]. Permeate flow rates were measured using a digital scale connected 

to a computer. The membrane permeance 𝐽𝑝(L m-2 hr-1 bar-1) by using the following equation: 

𝐽𝑝 =
𝛥𝑊

𝐴. 𝛥𝑃. 𝑡. 𝜌𝑝

 Equation S 5.3 

Where 𝛥𝑊 (kg) is the obtained permeate weight during a fixed time slot, 𝜌𝑠 (kg m-3) is the permeate 

density at room temperature, 𝐴 (m2) is the membrane coupon active surface area (filtration area), t is 

the time intervals between each measurement and 𝛥𝑃 (bar) represents the differential pressure at the 

membrane, which is maintained by chemical resistant dual-acting pump. 

Once the membrane wetted, the membrane was not used after it has been removed from the filtration 

cell, even if it has been kept wet. As the sealing process in the filtration cell compresses the membrane 

at the seal point, any misalignment when the membrane is re-used will lead to leaks and by-passing of 

the membrane. This is undesirable as data generated with a misaligned membrane will not be 

representative of the membrane type. A stable membrane performance was achieved after 1 h of 

filtration for all membrane samples. However, the reported DI water permeance was reported after 4 h 

to ensure full pre-conditioning and consistency. 

To define the effect on the membranes’ solutes retention, different batches of dye feed solutions ranging 

from 327 to 1470 g mol-1 were used in order. Methyl orange, acid red 1, congo red and rose bengal dye 
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powders were separately dissolved in solvent. For a typical dye solution, 10 mg of active dye powder 

was added to a mixture of 50 mL DI water and 1,450 mL solvent at room temperature. The dye powder 

was dissolved and stirred using a magnetic stirrer at 200 rpm until the dye powder was completely 

dissolved. 

Each membrane sample was placed in the crossflow rig and the pure solvent permeance was measured 

over running period of 12 h for solvent pre-conditioning and preliminary stability check. Afterwards, 

the membrane solute rejection was measured by sequential feed of dye solution for 12 h per cycle. The 

membrane was washed with solvent for 4 h after each cycle to washout the dye residual and ensure 

cleanliness of the system for each used dye. Once each solvent cycle completed, the membrane washed 

for 4 h with DI water to prepare the membrane for test with the next solvent. The sequence of the solvent 

feed as the following MeOH, ACN and then THF. By doing so, the total ageing test of each sample 

involves around 205 h (8.5 days) running time. The crossflow rig was primed with DI water to maintain 

membrane wettability while being idle for next day use. 

The dye concentration in the feed and permeate samples were measured via UV absorbance using an 

Agilent Carry 100 UV-Vis spectrometer (Agilent Corporation). For calibrations curves see Fig. S5.2-

S5.5. The dye rejection was calculated using the following equation: 

𝑅% = (1 −
𝐶𝑝

𝐶𝑓

) × 100 Equation S 5.4 

Where 𝐶𝑝 is the dye solution concentration in the permeate and 𝐶𝑓 is that in the feed. 

DuraMem® membranes contain a polyethylene glycol preservative which was washed out prior to use 

with Acetone. The resulting permeate was discarded after flushing the preservative from a new 

membrane disk. 
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Fig. S5.2 The calibration curve for colorimetric analysis of methyl orange solution as a relation between the 

solution concentration and the UV absorbance (peak absorption at wavelength 461 nm). 

 

Fig. S5.3 The calibration curve for colorimetric analysis of acid red 1 dye solution as a relation between the 

solution concentration and the UV absorbance (peak absorption at wavelength 530.5 nm). 

 
Fig. S5.4 The calibration curve for colorimetric analysis of congo red dye solution as a relation between the 

solution concentration and the UV absorbance (peak absorption at wavelength 496.5 nm). 
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Fig. S5.5 The calibration curve for colorimetric analysis of rose bengal dye solution as a relation between the 

solution concentration and the UV absorbance (peak absorption at wavelength 548 nm). 

FT-IR spectra S5 

(a) (b) 

 
 

Fig. S5.6 FT-IR spectra of a) pristine S-PANI, PANI-PAMPSA and S-PANI PAMPSA and b) commercial 

modified polyimide membrane DuraMem®500 before and after static ageing test.
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Membrane SEM S6 

   

   

   

Fig. S5.7 SEM cross-sectional area images of M1-M8 membranes before static ageing test in THF solvent. 

 

   

   

   

Fig. S5.8 SEM surface images of M1-M8 membranes before static ageing test in THF solvent. 
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Fig. S5.9 SEM cross-sectional area images of M2-M7 membranes after static ageing test in DMF solvent for 30 

days. 

 

   

   

Fig. S5.10 SEM surface images of M2-M7 membranes after static ageing test in DMF solvent for 30 days. 
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Membrane AFM S7 

 
 

  

  

  

Fig. S5.11 AFM three dimensional images of membranes M1-M8 top surface layer before static ageing test in 

THF solvent. 
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Fig. S5.12 The percentage increase in the membranes M1-M8 top layer mean roughness, Ra and root mean square 

roughness, Rq roughness after static ageing test with THF solvent for 30 days. 

 

Fig. S5.13 The stress-strain curves of the M1 membrane film before and after static ageing test with THF solvent 

for 30 days. 

 

Fig. S5.14 The stress-strain curves of the M2 membrane film before and after static ageing test with THF solvent 

for 30 days. 
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Fig. S5.15 The stress-strain curves of the M3 membrane film before and after static ageing test with THF solvent 

for 30 days. 

 

Fig. S5.16 The stress-strain curves of the M4 membrane film before and after static ageing test with THF solvent 

for 30 days. 

 

Fig. S5.17 The stress-strain curves of the M5 membrane film before and after static ageing test with THF solvent 

for 30 days. 
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Fig. S5.18 The stress-strain curves of the M6 membrane film before and after static ageing test with THF solvent 

for 30 days. 

 

Fig. S5.19 The stress-strain curves of the M7 membrane film before and after static ageing test with THF solvent 

for 30 days. 
 

Table. S5.1 Elongation at break of the M1-M7 free-standing membrane films before and after ageing with THF 

solvent for 30 days. 

Membrane  
Elongation at break, % 

before ageing after ageing 

M1 3.4±0.3 3.1±0.4 

M2 3.8±0.2 2.0±0.3 

M3 2.7±0.5 2.6±0.6 

M4 3.7±0.4 3.1±0.4 

M5 1.6±0.5 2.2±0.5 

M6 1.9±0.4 2.5±0.3 

M7 2.5±0.6 3.3±0.7 
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(a) (b) 

  

Fig. S5.20 Mass swelling degree and gel content of the cross-linked membranes M2-M7 in DMF solvent. 

 

 

Fig. S5.21 The dye retention and apparent MWCO of the S-PANI membrane (M1) prepared in 0.1 M HCl(aq) 

coagulation bath. 

 
 Fig. S5.22 The dye retention and apparent MWCO of the S-PANI membrane (M2) prepared in 0.5 M HCl(aq) 

coagulation bath. 
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Fig. S5.23 The dye retention and apparent MWCO of the S-PANI membrane (M3) prepared in 1.0 M HCl(aq) 

coagulation bath. 

 

Fig. S5.24 The dye retention and apparent MWCO of the S-PANI membrane (M4) prepared in 3.0 M HCl(aq) 

coagulation bath. 

 

Fig. S5.25 The dye retention and apparent MWCO of PANI-PAMPSA membrane (M4) prepared in 1.0 M HCl(aq) 

coagulation bath. 



 

262 

 

 

Fig. S5.26 The dye retention and apparent MWCO of the S-PANI PAMPSA membrane (M6) prepared in 1.0 M 

HCl(aq) coagulation bath. 

 

 

Fig. S5.27 The dye retention and apparent MWCO of the S-PANI membrane (M7) cross-linked with 

glutaraldehyde.  

 

Fig. S5.28 The dye retention and apparent MWCO of the commercial modified polyimide (M8). 
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Chapter 6  

 

General discussions of the published work 

 

This chapter draws the story line and delve into the meaning, importance and relevance of the 

results presented in this thesis.
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6.1 Discussions 

Membrane long-term durability is crucial under complicated operating conditions for water treatment. 

Herein, sulfonation reaction of aniline monomer before polymerisation was adopted by the introduction 

of sulfonic acid groups (−SO3H) and S-PANI membranes were facilely fabricated in the UF separation 

range (MWCO ≈ 25 kDa). The S-PANI pure water permeance was ≈ 69.7±1.9 L m-2 h-1 bar-1 and the 

results were reproduceable with permeance variance of different polymer batches around 6.3%. Sulfur 

atom of a sulfonating agent bonded to the oxygen atoms that possess higher electronegativity and acted 

as electrophilic centre by reacting with the delocalised π electron system of the aromatic ring. The 

incorporation of −SO3H groups into the preferential positions of the polymer aromatic ring altered the 

membrane properties such as improved hydrophilicity and decreased anion exchange between the 

polymer and electrolyte during oxidation and reduction. This was attributed to the electron-withdrawing 

effect of the sulfonate groups which reduced the electron density on amino groups and the reactivity of 

polymer backbone with chemical agents. As such, Orton re-arrangement was inhibited upon the 

exposure to free chlorine (250 ppm NaOCl at different pH) for three consecutive days. The soaked S-

PANI membranes in free chlorine solution did not compromise the membrane morphology, surface 

roughness, and chemical properties as confirmed by SEM imaging, AFM analysis and the FT-IR, 

respectively. Meanwhile, the permselectivity was not sacrificed and the slight permeance changes 

(±10%) were associated with the pH stimuli responsiveness. In contrast, the electron rich moieties 

(aromatic rings) of PANI membranes were susceptible to direct chlorination including sequential (step) 

chlorination of amides followed by intermolecular rearrangement, forming various aromatic 

substitution products. This led to degradation of membranes by creating void space openings resulting 

in complete damage of the membrane structure as confirmed by visual observation, SEM images, higher 

water flux and/or solute carryover into the membrane permeate. Despite the high hydrophilicity of the 

S-PANI membranes which forms a hydration layer at their surface to prevent foulants from adsorbing 

on the surface, a zero rate of TMP increase over time was not obtained, including critical flux, during 

the trial. The highest fouling propensity was observed with the alginic acid followed by the humic acids 
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and the BSA. The relatively higher TMP growth with the alginic acid model foulant was associated with 

the charged hydrophilic organic macromolecules that possess higher intermolecular bridging (gelation) 

compared to the hydrophobic humic acids used here. The bulky nature and the positive charge of the 

BSA molecules which were fully retained by both PANI and S-PANI membranes would have resulted 

in deposited foulant cake layer without further pore blocking. The hydrodynamic conditions may have 

created a continuous shear force to the foulant deposits leading to the least TMP growth in comparison 

with the alginic acid and humic acids. The S-PANI membrane demonstrated less TMP increase than 

PANI which could be explained by the reduced foulant adsorption due to the formation of the hydration 

layer by the zwitterionic surface. This positioned the S-PANI membranes in a premium stage for UF 

applications where intrinsic antifouling behaviour and chlorine-resistant are vital. 

Nevertheless, the application of the developed S-PANI membranes was limited to the UF range and 

broad reaching application was imminent upon tailoring membranes with higher permselective 

properties at NF range and beyond. As such, a novel method that involves simultaneous coagulation 

and crosslinking was explored using NIPS technique. This was achieved by altering the composition of 

the aqueous coagulation bath in the presence of cross-linkable groups in the chain end or the side-chains 

of the polymer backbone. The exposure of the S-PANI dope solution to a high acidic strength 

coagulation bath (1-3 M HCl) helped to yield cross-linked membranes in the NF range, due to fourfold 

factors: (a) associated acid doping with cross-linking, (b) interaction between sulfonic and amine 

groups, (c) pH effects on polymer re-assembly, and (d) delayed demixing. NF S-PANI membranes with 

MWCO ≈ 680 g mol-1 (sucrose octa-acetate) and pure water permeance 5±1 L m-2 h-1 bar-1 were obtained 

at coagulation bath acidic strength of 3 M HCl(aq). The membrane showed less rejection for the PEG 

1000 (MWCO ≈ 900 g mol-1) which was attributed to solutes carry-over to the permeate under applied 

pressure due to the wiggling effect of the linear PEG. The crosslinked membranes showed relative 

changes in the FT-IR spectra which were attributed to the partial consumption of the sulfonic acid 

groups due to the formation of sulfonamide groups as a result of nucleophilic Sn1 substitution between 

an electron pair donor (secondary amine) and an electron pair acceptor (sulfonic group). Also, reactions 

occur between NMP/4MP solvents and HCl(aq) in the coagulation bath which involve degradation of 

NMP potentially impacting polymer precipitation during re-assembly and the polymer-polymer 
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bonding. Changes in the chemical state of the sulfur and nitrogen bonding following the cross-linking 

reaction were also confirmed in the XPS spectra. Additionally, the crosslinked membranes were less 

structured than the pristine membrane as confirmed by the XRD analysis which can be ascribed to 

shrinkage of the intersegmental distance of polymer chains. The analysis of the carbon gradient in the 

coagulation bath over time served for better understanding of the kinetics during the precipitation 

process. A dramatic solvent/non-solvent demixing rate took in total 2 h was observed for the pristine 

SPANI compared to delayed demixing (~24 h) in coagulation bath with high acidic strength (1-3 M 

HCL) where crosslinking was taking place. This kinetics explained the SEM cross-sectional images 

which showed the formation of finger-like voids for the pristine S-PANI compared to a dense selective 

layer with supressed macro voids for the crosslinked systems. The dense three-dimensional network 

with limited freedom for motion by the individual segments of the molecules’ steric hindrance to chain 

movement resulted in higher thermal stability for the crosslinked membraned and improved mechanical 

strength by 2.3 times higher than the pristine S-PANI membrane. The crosslinking was verified by 

measuring the swelling degree and gel content using different grades of organic solvents. Moreover, the 

tailored crosslinked membranes exhibited continuous and higher decline in the dynamic contact angle 

compared to the pristine sample which illustrates higher hydrophilicity and less affinity towards foulant 

matter for the former system. The developed fabrication method helped to tailor chemically and 

thermally stable S-PANI NF membranes and eliminates the need for additional solvent-based post-

treatment that caused a high compromise in the pure water permeance and demands for high applied 

pressure (20 bar versus 7 bar). The developed S-PANI NF membrane was trialled in crossflow mode 

for NOM removal from artificial surface water, artificial seawater and an actual leachate obtained from 

an existing landfill site. The S-PANI was compared with a commercial membrane and conventional 

adsorption-coagulation-flocculation, optimised for NOM removal. S-PANI NF membranes showed best 

NOM separation performance for both surface and seawater followed by the commercial membrane 

and conventional treatment. For landfill leachate conventional treatment had the best performance 

followed by S-PANI NF membranes. S-PANI performed slightly better in removal of COD (74%) 

compared to the commercial membrane (70%) and conventional treatment (70%). Both membranes 
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performed consistent with increasing salinity and NOM concentration, while experiencing a modest 

carryover at higher salinity. During long-term fouling S-PANI exhibited slower growth in TMP, less 

affinity towards organic matter and higher flux recovery compared to the commercial membrane, 

particularly at high NOM concentration. This is the first study to investigate S-PANI membranes for 

water treatment applications and under high-fouling conditions. Results indicate S-PANI NF 

membranes are promising for such applications. In addition, this study also provides an inter-process 

comparison for NOM removal over an extreme range of water matrix conditions. 

The utilisation of the crosslinked S-PANI membranes in the OSN applications could play a significant 

role in sustainable development for altering conventional separation technologies such as  solvent 

extraction, crystallisation, evaporation, precipitation, and ion exchange. The latter technologies are 

accompanied with high costs and energy use, and low separation efficiency limit their sustainability 

compared to facile operation, small footprint, relatively low energy requirements, scalable capacities, 

and high separation efficiency in mass separation or chemical conversion for the membrane processes. 

However, each application requires different membrane properties which prompted the need for more 

selective and permeable membrane performances. Crosslinked PANI membranes were foreseen as a 

promising solution for OSN applications due to the thermal, chemical, mechanical stability and the 

stimuli responsive behaviour at variable electric fields. Nonetheless, post-treatment of PANI 

membranes for several days using hazardous organic chemicals was essential to obtain chemically 

cross-linked solvent stable PANI or S-PANI membranes while significantly compromising solvent flux. 

Given these challenges, developing PANI membranes for OSN applications required further research 

towards simplified in-situ tailored pore size with optimised cross-linking degree that suits different 

solvents for the whole NF filtration range. We presented in previous work (chapter 3) a scalable 

approach to produce the first in-situ cross-linked S-PANI membranes at NF range using NIPS which 

inspired the present work in chapter 5 for facile simultaneous coagulation and crosslinking in acidic 

coagulation bath with a presence of crosslinker in the polymer chains. The fabrication of high 

performance (THF permeance was 2.1 to 16.4 L m-2 h-1 bar-1 with apparent MWCO between 250 to 

1000 g mol-1) PANI membranes with in-situ tuned transport properties to suit a broad range of OSN 

applications was successful and took place by a) controlling the cross-linking density by varying the 
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coagulation bath acidic strength and b) self-doping PANI during the polymerisation process by 

incorporating organic acids at different molecular weight, acidity, and hydrophilicity, such as MA and 

PAMPSA. The latter, PAMPSA, possess a flexible backbone that can strongly interact at molecular 

scale with imine nitrogen enabling the formation of a double-stranded structure with PANI whereas the 

low molecular weight MA, resulted in compact free volume due to the copolymerisation with aniline in 

the presence of hydrochloric acid which led to desired changes in membrane performance. The 

successful crosslinking was confirmed by the FT-IR. Higher crosslinking degree was achieved by 

increasing the gradient of the coagulation bath acidic strength. The increased crosslinking degree 

reflected higher mechanical strength, improved stability in different grades of organic solvents with 

lower gel content and swelling degree and denser selective layer and supressed macro voids as exhibited 

by the SEM cross-sectional images. The PAMPSA doped membranes showed different structures 

compared to other membranes with relatively dense but still porous, thin top layer and a more porous 

spongy layer underneath. This was ascribed to the high dope solutions viscosity and the high 

hydrophilicity of PAMPSA doped polymer which needs a longer time to coagulate in the water bath to 

form the films. Long-term performance tested over 250 h in a crossflow filtration mode using sequential 

feed solutions of different dyes (MW range from 327 to 1470 g mol-1) in MeOH, ACN and THF. 

Membranes with higher crosslinking degree showed an order in permeance decline (52-92%) and 

increase in solute selectivity. PAMPSA doped membranes were only in the tight UF separation range 

(MWCO ≈ 1.5 kDa) due to the high MW of the acid dopant which increased the intersegmental spaces. 

Therefore, membrane post-treatment by wet annealing was applied to narrow the membrane’s solute 

rejection to NF range without substantial compromise to the membrane permeance as experienced in 

dry annealing process. The OSN filtration results were reproducible without any irreversible structural 

ageing. The characterisation results (SEM, AFM, mechanical properties, and hydrophilicity) indicated 

that no membrane ageing occurred over the static test period of 30 days with THF. These results indicate 

that the membranes exhibit good stability over a long-term period whilst still maintaining the excellent 

separation performances. The membranes could be tailored to suit widespread applications by changing 

the cross-linking degree without compromising model solvent stability such as MeOH, ACN and THF. 
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Chapter 7  

 

General conclusions and future work 

 

This chapter draws conclusions from all the research conducted as part of this PhD and 

presented in this thesis. It also provides recommendations for future work. 
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7.1 Conclusions 

Membrane processes are rapidly growing and may replace a significant proportion of 

conventional separation processes in many areas such as water and wastewater treatment at 

commercial scale. Despite the commercialisation of membrane technology for over four decades, 

next generation of polymeric membranes by using new classes of materials with novel preparation 

protocols is vital to overcome limitations such as membrane fouling propensity, chlorine 

intolerance and solvent stability. To combat fouling development, strategies like a) feed water 

pre-treatment, b) chlorination, c), membrane surface modification, d) blending of membrane dope 

solution with organic or inorganic material to enhance hydrophilicity i.e., decrease affinity 

towards foulants, and e) development of polymeric membrane material that possess intrinsic 

antifouling property. Likewise, laborious post-treatment using toxic and hazardous organic 

compounds were used to facilitate crosslinking and therefore enhance permselective properties 

and organic solvent stability. Herein, these challenges were addressed and solved by developing 

membrane materials that possess enhanced intrinsic antifouling behaviour with antibacterial 

growth, chlorine resistance, solvent stability, and the in-situ tuneability of the permselective 

properties at UF and NF separation range. PANI was chosen as a starting material of interest due 

to its hydrophilic and antibacterial nature, simple and low-cost synthesis, thermal and chemical 

stability, and unique doping/dedoping chemistry. However, the pristine PANI membranes are 

chlorine intolerant and retain solutes rejection not below the UF separation range. Although 

obtaining PANI membrane at NF range had been successful, this was achieved at the cost of flux 

and demanding laborious post-treatment cross-linking procedures that involves toxic and 

hazardous organic compounds. This work has systematically tackled these issues by the following  

approaches: a) introduction of electron-withdrawing sulfonate groups (−SO3H) into the aromatic 

polymer chain to improve the antifouling behaviour and chlorine resistance, b) facile fabrication 

of S-PANI membranes in NF separation range via exploiting the polymer crosslinking sites 
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(sulfonic and amide groups) during the precipitation process in acidic coagulation bath and c) in-

situ crosslinking and tuneability of membrane transport properties during membrane fabrication 

process to suit broad range of OSN applications via incorporating organic acids of different MW, 

chemistry and hydrophilicity, such as MA and PAMPSA in different coagulant bath of different 

acidic strength. 

PANI and S-PANI powder were synthesised by oxidation polymerisation and subsequently, ISA 

membranes were prepared using the NIPS technique. The cast-film was immersed in aqueous 

coagulation bath containing DI water and all prepared membranes showed MWCO in UF 

separation range. The results showed that the S-PANI membranes withstood chlorine exposure 

(250 ppm for 3 consecutive days in acidic to basic conditions) whereas PANI membranes suffered 

critical structural damage and completely lost their ability to reject the probe molecule. Dynamic 

filtration test which investigated the real-time development of TMP using model foulants such as 

alginic acid, humic acid and BSA suggests S-PANI membranes acquire better antifouling 

properties including a high flux recovery ratio in comparison to the PANI membranes. The 

filtration results suggest that the presence of sulfonated groups (−SO3H) make PANI a promising 

material to overcome outstanding challenges, such as, fouling propensity and membrane 

longevity. However, the obtained MWCO of the S-PANI membrane was around 25 kDa and more 

efforts were essential to improve the solute rejection without substantial compromise to the 

membrane flux using simplified preparation techniques to prevent the laborious post-treatment 

cross-linking techniques reported in literature. It was hypothesised the sulfonic groups in the 

polymer backbone provides the anchor to cross-link the polymer while precipitating in an acidic 

aqueous coagulation bath. The results showed a potential interaction between the sulfonic groups 

and the nitrogen resulting in a more amorphous matrix compared to the pristine S-PANI produced 

in pure water coagulation bath. The simultaneous cross-linking and coagulation resulted in an 

instant formation of a dense selective layer, which diminished the demixing rate. The membrane 

conformation was altered with suppressed macro-voids, reduced porosity, improved tensile 

strength, enhanced hydrophilicity, and a significant improvement in DMF solvent stability over 
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an observation time of two weeks. Coagulation bath acidic strength of 3 M HCl(aq) led to in-situ 

formation of membranes in NF range with MWCO≈680 g mol-1 (sucrose octa-acetate). This new 

simplistic, time, chemical and cost savings scalable approach can be effortlessly applied to design 

new classes of S-PANI membranes in NF range without the complications of using laborious post 

modification cross-linking methods. The performance of S-PANI NF membranes was compared 

to a commercial NF membrane (DuraMem®500) and an optimised conventional 

adsorption/coagulation/flocculation/filtration treatment process. Performance tests included 

organic matter removal and observing membrane fouling behaviour for a stabilised landfill 

leachate, artificially prepared surface water and seawater at different [DOC]. Performance DOC 

removal for S-PANI membrane was regularly higher than the DuraMem®500 by 8-10% although 

both membranes experienced organic matter carry over (2-9%) at high salinity conditions. The 

membrane treatment revealed almost consistent DOC removal efficiencies surpassing the 

conventional treatment despite the variation in the feed [DOC]. In contrast, the conventional 

treatment DOC removal efficiency for the leachate transcended S-PANI and DuraMem®500 

membranes by 7% and 14%, respectively, whereas the COD removal conformed the following 

order with marginal difference: SPANI > DuraMem®500 ≈ conventional treatment. The fouling 

study demonstrated limited development in real-time TMP, highr flux recovery  and less affinity 

towards organic foulants compared to the DuraMem®500 membrane as confirmed by foulant 

deposit measurements over the membrane surface and SEM surface images for the pristine, fouled 

and chemically cleaned membranes. The results revealed that the developed S-PANI membranes 

exhibited a high and consistent organic matter removal efficiency at variable organic loads of 

different feed chemistries with genuine antifouling behaviour surpassing both conventional 

treatment and the commercial membrane contender. The results underline that the developed S-

PANI membranes exhibited a high and consistent NOM removal efficiencies in variable organic 

loads of different feed chemistries with genuine antifouling behaviour surpassing commercial 

contenders. Consequently, the S-PANI membrane could be considered as an alternative solution 
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to tackle more stringent quality requirements for surface water, seawater, leachate (pre)treatment 

and foulant rich solutions such as food processing. 

The simplified crosslinking technique inspired further work for in-situ tuning the permselective 

properties of PANI membranes by incorporating different MW acid dopants in the PANI 

backbone and altering the coagulation bath acidic strength. PANI was synthesised by oxidation 

polymerisation of aniline in the presence of different MW acid dopants such as MA and/or 

PAMPSA to produce S-PANI, PANI-PAMPSA and S-PANI PAMPSA. Simultaneous 

coagulation and cross-linking took place by using NIPS for producing self-doped PANI 

membranes. The produced membranes were soaked in THF for 30 days to investigate the static 

ageing. The mechanical analysis, swelling degree, gel content and SEM surface and cross-

sectional images did not indicate any structural damage or morphological deterioration of all 

cross-linked membranes. The AFM surface roughness analysis suggested that all membranes 

possess a smooth membrane surface with few random size and shape bulges before and after 

ageing although mean surface roughness was increased following ageing. Membranes prepared 

in higher acidic strength coagulation bath are deemed to have higher cross-linking degree showing 

higher solvent stability with less swelling and little increase in mean surface roughness after static 

ageing. The dynamic ageing crossflow filtration test over 250 h using sequential dye feed 

solutions of MeOH , ACN and THF showed that all membranes have a steady-state performance. 

The transport properties test revealed a successful tailoring of membranes with wide range of 

THF permeance range from 2.1 to 16.4 L m-2 h-1 bar-1 and estimated MWCO from 250 to 1000 g 

mol-1. The static ageing test indicated that the prepared membranes in higher coagulation bath 

acidic strength (≥0.5 M HCl) were stable in DMF compared to commercial modified polyimide 

which suffered complete damage. Given the ease of fabrication, modification and the in-situ tuned 

membrane performance, this work may represent a significant step forward in the fabrication of 

high performance OSN membranes for various applications. Overall, the aims and objectives 

pursued by this study were attained. However, future work is needed as explained in the following 

section. 
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7.2 Future work and impact 

Despite advances and discoveries over several decades, the field of membrane treatment includes 

several knowledge gaps. These gaps mainly concern a standard approach for the identification 

and characterisation of the membranes for different applications. Most of the commercially and 

laboratory prepared membranes have no consistency in terms of a) selection of probe molecules 

for MWCO determination, b) fouling tendencies because most of the studies are carried out using 

model foulants of different concentrations at short running time which does not reflect the actual 

operating conditions and real membrane-foulant affinity, and c) static and dynamic ageing 

protocol in organic solvents. The main barriers to addressing these knowledge gaps are a) 

affordability limitations of existing analytical techniques, including high cost of solute and 

analytical instruments which need for specialised personnel, b) size exclusion (sieving) is not the 

only separation mechanism and contribution of other mechanisms might interfere with solute 

selectively such as charge interaction (Donnan exclusion effect), and solute-membrane affinity 

(e.g., hydrophobic attraction, hydrogen bonding), c) the highly variable load of foulants that 

possess different surface charges and morphologies with complex and diverse nature in water,  

wastewater or saline water make understanding the fouling mechanisms too challenging, and d) 

different types of solvents may interact with a same membrane in an extremely dissimilar way 

which is subjective to the membrane hydrophilicity/hydrophobicity and also solvent polarity. 

Future work is therefore proposed for the wider membrane field. Finally, the future work and 

impact that this thesis can have on water and wastewater treatment is described below. 

7.2.1 Future work on the specific topics of this thesis 

o Self-doping of PANI membranes with sulfonic groups, for instance, helped to facilitate 

cross-linking in acidic coagulation bath, enhanced the chlorine resistance and enhanced 

the antifouling behaviour. However, the effect of different types of self-dopants and 

cross-linking techniques to the PANI membranes’ stimuli responsive behaviour at 
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different pH and electric potential have not been investigated. This has a potential impact 

on pore size tuneability and defouling behaviour during membrane cleaning cycles using 

stimuli responsive property. 

o The development of S-PANI membranes in reverse osmosis separation range with 

acceptable compromise to membrane flux has not yet been achieved/investigated. 

o S-PANI membrane-foulant interactions are not well understood and further works is 

required to study the adhesion forces considering different types of foulants with different 

surface charges in different feed water chemistry such as pH and temperature. 

o Fabrication of S-PANI spiral wound modules to investigate the performance of the 

membrane at pilot scale and compare it with the bench scale results worth investigating.  

o  Development of mixed matrix adsorptive S-PANI membranes for water and wastewater 

treatment. 

o Investigation of the recyclability and reuse of PANI membranes. 

o Exploration of the possibility to tune the permselective properties of S-PANI membranes 

by using pore forming agents at different concentrations. 

o Examine alternative in-situ cross-linking methods such as the use of inorganic free radical 

initiators in the coagulation bath. 

o Explore alternative sustainable and environmentally friendly solvents for membrane 

preparation to substitute the toxic and hazardous NMP solvent. 
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