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Abstract 11 

Sulfonated polyaniline (S-PANI) membranes could have wide-ranging applications due to their 12 

electrical tunability, antifouling behaviour and chlorine resistance. However, S-PANI membranes below 13 

the ultrafiltration (UF) separation range have not been successfully established. This study presents a 14 

scalable approach to produce the first in-situ cross-linked S-PANI membranes at nanofiltration (NF) 15 

range. S-PANI membranes were produced by non-solvent induced phase separation (NIPS). The 16 

presence of sulfonic groups as polymer cross-linking anchors and controlling the coagulation bath’s 17 

acidic strength resulted in instant stabilisation of the selective layer, which hindered the solvent/non-18 

solvent exchange rate. This enabled the production of a tailored membrane morphology with a dense 19 

skin layer, suppressed macro-voids, reduced porosity, enhanced tensile strength, increased 20 

hydrophilicity and solvent stability. S-PANI membranes cast in 3M HCl(aq) with MWCO≈680 g mol-1 21 

(sucrose octa-acetate) showed a rejection of 99% for PEG 1000 g mol-1 and 91-100% for dye solution 22 

(MW range of 320-1017 g mol-1) compared to 34% and 74-85% rejection for a commercial 23 

fluoropolymer membrane (nominal MWCO 1000 g mol-1), respectively. The reported approach is 24 

simple and can be applied to design new classes of cross-linked solvent stable S-PANI NF membranes. 25 
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1. Introduction 27 

Membrane separation processes are important in numerous industrial applications [1]. Nanofiltration 28 

(NF) membranes have been employed in seawater desalination pre-treatment [2], drinking and 29 

wastewater treatment [3] and food processing [4]. NF membranes cover a transition region between 30 

reverse osmosis (RO) and ultrafiltration (UF) and have a pore size of 1-5 nm with a molecular weight 31 

cut off (MWCO) of 200-1000 g mol-1 [5]. Separation by NF membranes is based on three primary 32 

mechanisms: size exclusion (sieving), charge interaction (Donnan exclusion effect), and solute-33 

membrane affinity (e.g., hydrophobic attraction, hydrogen bonding) [6,7]. Polymeric membranes are 34 

preferred over other materials due to their low cost and processability [8].  35 

Non-solvent induced phase separation (NIPS) is a commonly-used process for producing polymeric 36 

membranes with desired morphologies [9]. During NIPS, the membrane material gradually separates 37 

from a liquid polymer casting solution by phase inversion in a coagulation bath consisting of a non-38 

solvent, typically water [10]. Phase inversion provides a gradual membrane morphology transitioning 39 

from a relative dense selective upper layer to a fully porous bottom structure with large macro-voids 40 

[11]. Altering the composition of the coagulation bath can result in simultaneous cross-linking and 41 

coagulation [12], while the presence of cross-linkable groups in the chain end or the side-chains of the 42 

polymer backbone unit is essential [13]. This eliminates need for additional solvent-based post-43 

treatment for chemically and thermally stable membranes. The cross-linking of polymer chains within 44 

a three-dimensional network is the most common way to improve mechanical strength, solvent 45 

resistance, and permeate selectivity, while choosing an appropriate cross-linker for a particular polymer 46 

may not be straightforward [14]. 47 

Both casting solution composition and choice of solvent/non-solvent coagulation bath couples control 48 

demixing (instantaneous or delayed) and membrane characteristics, such as morphology, that in turn 49 

determine mechanical strength, permeance, rejection and fouling behaviour [14,15]. Cross-linking often 50 

diminishes the gap space between the polymer chain segments resulting in limited vibrational freedom 51 

[13]. Instant cross-linking may lead to the formation of a dense selective layer which affects the 52 

coagulation kinetics by hindering the exchange rate of the solvent/non-solvent. Delayed demixing may 53 
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be preferred to produce membranes at the NF range, because it results in a dense top layer with sponge-54 

like substructures while inhibiting the formation of large macro-voids [17]. Contrarily, instantaneous 55 

demixing leads to a porous top layer and a finger-like substructure [18]. 56 

Polyaniline (PANI) has been explored as a free-standing polymer and blending agent to enhance 57 

membrane performance by increasing membrane hydrophilicity [19–22]. Sulfonation of aromatic 58 

polymeric membranes increases proton conductivity, mechanical strength, thermal stability, and 59 

chemical stability as compared to non-sulfonated polymeric membranes [23]. Integration of covalently-60 

bound sulfonic (−SO3) groups into a PANI backbone creates sulfonated polyaniline (S-PANI) [24], 61 

which was found to improve both antifouling behaviour [25]. S-PANI membranes showed improved 62 

chlorine resistance (250 ppm sodium hypochlorite for 3 days under different pH conditions) including 63 

a stable performance and solute rejection. In contrast, PANI membranes suffered critical structural 64 

damage with complete leakage upon chlorine exposure at the same testing conditions [26]. 65 

The production of PANI membranes in the NF range is costly, laborious and complex, requiring post-66 

treatment cross-linking procedures with organic compounds [27–29]. Little work has been done on NF 67 

S-PANI membranes, while recent efforts to condition S-PANI membranes resulted in tight UF 68 

membranes (1,800 g mol-1 MWCO) [25] with improved solvent stability but low permeance. 69 

Developing simple methods for producing cross-linked and solvent stable S-PANI membranes in the 70 

NF range is critical for unlocking their full application potential.  71 

Exposing the S-PANI casting solution to a high strength acidic coagulation bath could yield cross-linked 72 

membranes in the NF range, due to: (a) associated acid doping with cross-linking [27], (b) interaction 73 

between sulfonic and amine groups [30], (c) pH effects on polymer re-assembly [31], and, (d) delayed 74 

demixing. In this work, simultaneous in-situ cross-linking and coagulation of S-PANI membranes in a 75 

high acidity solution to produce membranes at the NF range was systematically investigated for the first 76 

time. The proposed procedure is simple, fast, and cost-efficient. 77 

S-PANI powder was synthesised by free-radical polymerisation. The membrane cast solution was 78 

prepared and applied over a non-woven support layer. Membranes were produced by NIPS in pure 79 

water, 1M and 3M HCl aqueous coagulation baths, respectively. The polymer molecular weight was 80 

identified by gel permeation chromatography (GPC). Sulfonation of PANI polymer was determined 81 
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using energy dispersive X-ray (EDX) analysis. Membrane properties were analysed by Fourier 82 

transform infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), X-ray 83 

diffractometry (XRD), scanning electron microscopy (SEM), gas adsorption-desorption, mechanical 84 

analysis, thermal analysis such as thermogravimetric analysis (TGA) and differential scanning 85 

calorimetry (DSC), contact angle (CA) and membrane surface charge measurements. Cross-linking is 86 

hypothesized to occur at the polymer doping sites (imine and sulfonic groups) and the change in ion 87 

exchange capacity was measured by titration. Membrane water uptake, hydrolytic stability and 88 

dimensional stability were verified after wetting at different water bath temperatures. Alkaline stability 89 

was also confirmed by measuring the weight loss after wetting the membrane in basic aqueous solution. 90 

The polymer re-assembly process (precipitation) was explored by transmission electron microscopy 91 

(TEM). Precipitation kinetics were determined by measuring the solvent/non-solvent demixing rate 92 

[32]. Solvent stability in static condition, swelling degree and gel content were also quantified. 93 

Membrane permeance and rejection performances were determined via filtration experiments. 94 

Permeance and rejection benchmarking were conducted with a commercial membrane of nominal 95 

MWCO 1000 g mol-1. 96 

2.Experimental 97 

2.1. Materials 98 

Chemicals were obtained from various commercial suppliers and used as received. A list of chemicals 99 

is provided in the supporting information (SI), Materials S1. All solutions were prepared with deionised 100 

(DI) water produced from an ELGA deioniser (PURELAB Option). 101 

2.2. Synthesis of S-PANI polymer 102 

Established methods for sulfonation of aniline monomer before polymerisation (pre-sulfonation) for S-103 

PANI synthesis are described elsewhere [25,33]. Here, a modified S-PANI polymer synthesis was used. 104 

A detailed description of the synthesis is provided in SI, S-PANI synthesis S2. In brief, ammonium 105 

persulfate aqueous solution was added dropwise to a glass beaker surrounded by ice containing aniline, 106 



5 

metanilic acid (1:1 molar ratio) and hydrochloric acid solution (1M) within controlled time intervals for 107 

a prolonged time i.e., 13 h. The resulting S-PANI salt precipitate at 72±1% yield was filtered, washed, 108 

dried, sieved in 160 µm and stored until required. 109 

Gel permeation chromatography (GPC) was used to characterise the dried S-PANI powder to identify 110 

the weight average and the degree of polymerization dispersity. A detailed description of the molecular 111 

weight measurement is provided in SI, Polymer molecular weight determination S3. The average MW 112 

was calculated as 46,898 g mol-1 with a polydispersity of 1.93. The incorporation of the sulfonic groups 113 

to the polymer backbone and the degree of sulfonation of the S-PANI powder was confirmed by SEM-114 

EDX (details provided in SI, Energy dispersive X-ray S4). The calculated sulfur to nitrogen (S:N) ratio 115 

of the synthesised S-PANI is 0.43 (SI, Table S1) corresponding to a fully doped S-PANI [25]. 116 

2.3. Membrane fabrication 117 

A detailed description of the membrane fabrication is provided in SI, Membrane fabrication S5. In brief, 118 

S-PANI membranes were prepared by the NIPS method. The solution (20 wt% SPANI) was used to cast 119 

200 µm membranes (clearance gap) at room temperature at a controlled relative humidity of ~30%. 120 

Membranes formed after immersion precipitation in the coagulation bath solution at room temperature, 121 

considering a consistent evaporation time of 10 seconds before immersing the cast film into the 122 

coagulation bath. An overview of sample nomenclature and the conditions applied is provided in Table. 123 

1. 124 

Table. 1 In-situ and post-treatment conditions of the tested S-PANI membranes. 125 

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 
- - 

 126 
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2.4. Membrane characterisation 127 

A detailed description, including suppliers of analytical equipment, is provided in SI, Membrane 128 

characterisation S6. In brief, the chemical properties of S-PANI membranes were determined using an 129 

FT-IR spectrometer. The change in the chemical state of the sulfur and nitrogen atoms was analysed by 130 

X-ray photoelectron spectroscopy (XPS). The ion exchange capacity was measured using a titrator. The 131 

S-PANI membrane water uptake, hydrolytic stability and dimensional stability were verified after 132 

wetting at different water bath temperatures. Alkaline stability was also confirmed by measuring the 133 

weight loss after wetting the membrane in basic aqueous solution. The polymer structure was analysed 134 

by X-ray diffractometry (XRD). The morphological properties, such as membrane surface and cross-135 

sectional area, including the change in the thickness of the selective layer of the membranes, were 136 

investigated by SEM. The S-PANI re-assembly process in neutral and acid aqueous solution was 137 

investigated by transmission electron microscopy (TEM). The change in membrane porosity was 138 

measured by N2 adsorption-desorption. To understand the effect of the simultaneous cross-linking which 139 

resulted in the formation of the dense selective layer, precipitation kinetics were investigated by 140 

measuring the change of relative concentration of total organic carbon (TOC) in the coagulation solution 141 

at time (t) and at infinite time (∞) defined here as 24 h immersion. Thermal and mechanical analysis 142 

was carried out to explore the effect of the cross-linking. Solvent stability was determined by soaking 143 

the membranes for two weeks in N,N-dimethylformamide (DMF). In parallel, PANI membranes were 144 

produced at the same conditions as S-PANI for comparing the role of the sulfonic groups in the cross-145 

linking process. The swelling degree and the gel content were measured using different polar protic, 146 

polar aprotic and nonpolar solvents. 147 

The hydrophilicity of the membranes was measured by sessile dynamic droplet penetration using a 148 

contact angle goniometer. Membrane filtration experiments were conducted in dead-end mode with a 149 

magnetic stirrer. To ensure that all H+ ions were leached out during the prolonged rinsing process, the 150 

pH measurements of permeates at different filtration stages were conducted and reported as an average 151 

of three samples. The solute rejection was carried out using different solutions containing dyes, PEG 152 
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(1000 g mol-1) and sugar. The membrane surface charge and dye feed solutions’ zeta potential were 153 

measured to understand the charge interactions between membranes and dye solutes. 154 

2. Results and Discussion 155 

FT-IR spectroscopy, XPS and XRD analysis 156 

Fig. 1 shows the FT-IR spectra of M1-M3. Characteristic transmittance bands of the S-PANI were 157 

observed at 1595 cm−1 (quinoid C = C stretching), 1497 cm−1 (benzenoid C = C stretching) [25]. The 158 

presence of aromatic amine C − N stretching was observed at 1295 cm−1 for all samples. C − C bending  159 

for all samples was distinct at 816 cm−1 [34,35], and symmetric S = O stretching was detected at 1033 160 

cm -1 and 708 cm -1 [36,37]. Results indicate the introduction of sulfonate groups to PANI structure in 161 

agreement with the literature [38]. Nonetheless, M2-M3 exhibited a peak shift from 1168 cm-1 (M1) 162 

towards 1148 cm-1. The original peak was assigned to a strong asymmetric stretching vibration of S=O 163 

(sulfonate) whereas the new detected peak was linked to S=O stretching of sulfonamide bonds [39]. 164 

Similar peak shifts were reported for sulfonamide formation [40–42]. 165 

The relative intensity changes of the transmittance band at 1033 cm-1, which is assigned to the stretch 166 

vibration of the sulfonic acid group, decreased after cross-linking. This could be attributed to the partial 167 

consumption of the sulfonic acid groups (due to the formation of sulfonamide groups) during the cross-168 

linking process. The aromatic imine C = N stretching at transmittance band 1111 cm-1 [29] was only 169 

noticed for M1 and disappeared for M2-M3. The imine nitrogen double bond may break on either side 170 

of the quinoid ring reacting with the sulfonic group during the polymer re-assembly process. This would 171 

lead to an increased benzoid to quinoid ring ratio which then prevents re-dissolution or dispersion when 172 

exposed to aprotic solvents [43]. The pronounced changes in the FT-IR spectra of the M2-M3 samples 173 

compared with M1 indicate a potential interaction between sulfonic groups and nitrogen within S-PANI 174 

during the polymer re-assembly process.  175 

The cross-linking reaction may involve nucleophilic Sn1 substitution between an electron pair donor 176 

(secondary amine) and an electron pair acceptor (sulfonic group). Also, reactions occur between 177 

NMP/4MP solvents and  HCl(aq) in the coagulation bath as reported elsewhere [44]. These reactions 178 
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involve degradation of NMP potentially impacting polymer precipitation during re-assembly and the 179 

polymer-polymer bonding. 180 

Cross-linking of M2-M3 takes place during the membrane solidification rather than after. The liquid 181 

state of the polymer solution makes the polymer chains more accessible and susceptible for reaction 182 

i.e., potential nucleophilic Sn1 substitution or due to the side reaction between the NMP/4MP solvents 183 

and the HCl(aq), enabling a higher degree of cross-linking of the entire bulk of the membrane. 184 

Exploiting the enhanced reactivity of liquid state aromatic polymer solutions for in-situ cross-linking 185 

has been previously reported [12]. Post-treatment of S-PANI membranes in their solid-state in acidic 186 

solution, conducted with M4-M5, does not interfere with the sulfonic groups because of the absence of 187 

polymer mobility. The effect of soaking solidified S-PANI membrane in acidic solution is limited to the 188 

introduction or withdrawal of protons at polymer doping sites, as illustrated in SI Fig. S15. 189 

Cross-linking of PANI membranes in solid-state requires an organic solvent to swell the polymer and 190 

allow contact between the polymer chains and the introduced cross-linker [27]. Alternatively, a heat 191 

source could be employed in the presence of the cross-linker to facilitate cross-linking during the 192 

condensation process [29]. 193 

 194 
Fig. 1 FT-IR spectra of membranes produced in neutral coagulation bath (M1) and acidic coagulation bath (M2- 195 
M3). 196 

High-resolution XPS was also used to study M1-M3. The core-level spectra of carbon (C 1s) for all 197 

membranes M1-M3 was aligned confirming calibration (XPS spectra S8, Fig. S16a), while oxygen 198 

peaks were similar (Fig. S16b). Core level spectra of sulfur S 2p of M1 were higher compared to M2 199 

and M3 suggesting an increased oxidation state or effective nuclear pull in M1 (Fig. S16c). Slight 200 
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change in core level spectra N 1s was observed between M1 and M2-M3 (Fig. S16d). Both XPS and 201 

FT-IR results are in agreement suggesting a change in the chemical state of the sulfur and nitrogen 202 

bonding following the cross-linking reaction. 203 

XRD was used to investigate changes in polymer crystal structures of M1-M3. PANI and its derivatives 204 

have semi-crystalline structures showing three different XRD peaks [45]. Fig. 2 provides XRD of M1 205 

with three peaks at 2Θ=18.4°, 27° and 42°, as expected. M2 and M3 exhibited two distinctive peaks at 206 

2Θ=24° and 40.4°. M2-M3 showed a broader peak at 2Θ=40.4° compared to M1 while the peak at 207 

2Θ=18.4° disappeared. This suggests that cross-linking of M2 and M3 was less structured than M1 208 

which can be ascribed to shrinkage of the intersegmental distance of polymer chains [25]. 209 

 210 
Fig. 2 XRD patterns of S-PANI membranes M1-M3. 211 

Ion exchange capacity and water stability 212 

The presence of amine/imine groups and sulfonic cation-exchange functional groups makes the S-PANI 213 

a promising material for fuel cell applications [46,47]. Therefore, changes in the chemical state of the 214 

ion exchange functional groups are expected to influence the ion exchange capacity. The ion exchange 215 

capacity (IEC) of M1 and M2-M3 was measured via titration. A significant reduction of about 86% in 216 

the IEC was observed for M2 compared to M1, while a marginal difference was noticed between the 217 

cross-linked membranes M2 and M3 (Table 2). The change in the IEC could be attributed to the 218 

consumption of the amine/imine groups and cation-exchanging sulfonic groups. 219 
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Water uptake measurements showed that cross-linking caused about 20 to 24% suppression of uptake 220 

for M2-M3, respectively, compared to M1. The lower water uptake could be attributed to the three-221 

dimensional network of the cross-linked membranes. 222 

Table. 2 Ion exchange capacity (IEC) and water uptake of S-PANI membranes M1-M3. 223 

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 
 224 

The water stability test was performed by immersing membrane samples in pure water at 20, 40 and 225 

80°C for 4 h while the dry weight was measured before and after the test. All the tested membranes M1-226 

M3 showed a stable and consistent dry weight as shown in SI, Table S2. Also, the UV absorbance 227 

spectra of the water bath did not show an indication of leaching impurities from the membrane samples. 228 

M1-M3 exhibited dimensional stability in a pure water bath at different temperatures 20, 40 and 80°C 229 

overnight. Similarly, M1-M3 exhibited dry weight stability before and after soaking in 0.1 NaOH(aq) 230 

for 24 h at 20°C. The resulting membranes were alkaline stable, insoluble, and their dimensions were 231 

stable even at 80°C deionized water.  232 

Morphology and porosity 233 

Fig. 3a-c shows SEM surface images of membranes M1-M3. High magnification SEM images provide 234 

no apparent difference between the surface morphologies of different S-PANI membrane samples. This 235 

demonstrates that the acidic strength of the coagulation solution and the doping/dedoping process of the 236 

S-PANI membranes does not have a noticeable effect on the surface morphology. Fig. 3d-f shows SEM 237 

images of cross-sectional areas of membranes M1-M3. All membranes exhibited a typical asymmetric 238 

morphology of phase inversion, including a dense skin layer, a transition region and a porous bottom 239 

layer [10,48]. Membranes prepared in acidic coagulation solution (M2-M3) had a denser skin layer with 240 

suppressed macro-void structure (Fig. 3e-f) compared to membranes produced in pure water (M1, Fig. 241 

3d). The in-situ cross-linking of the polymer matrix resulted in the formation of a dense skin layer which 242 

hindered the demixing rate of solvent/non-solvent and inhibited the formation of large macro-voids. 243 

Membranes with dense substructure are favoured over finger-like structures due to the enhanced solute 244 

rejection and improved mechanical strength [9,49,50]. The doped sample of the cross-linked membrane 245 
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(M6-M7) exhibited identical morphological structure to the dedoped samples M2-M3 as shown in the 246 

SI, Morphology S10 Fig. S17c-d. Post-treatment doping of M4 and M5 with H+ ions (SI, Morphology 247 

S10 Fig. S17a-b) resulted in similar structures compared to the pristine M1 membrane (Fig. 3d), in 248 

agreement with a previous study [20]. Morphological differences were more obvious for the cross-249 

linked membranes while leaching of residual H+ ions did not induce an apparent change of membrane 250 

structure. 251 

The morphological changes were quantified by measuring the thickness of the selective layer and the 252 

overall membrane thickness (excluding the support layer). Fig 4d-f shows an increase of selective layer 253 

thickness from 737 nm to 794 and 1700 nm for M1, M2 and M3, respectively. The overall membrane 254 

thickness decreased gradually from 94.8 µm to 66.2 and 47.7 µm for M1, M2 and M3, respectively, due 255 

to increasing inhibition of macro-void formation.  256 

   
(d) M1 (e) M2 (f) M3 

   

   
Fig. 3 SEM surface and cross-sectional area images of S-PANI membranes prepared in neutral coagulation bath 257 
(M1), 1M HCl acidic coagulation bath (M2) and 3M HCl acidic coagulation bath (M3). 258 

(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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To better understand the polymer re-assembly (precipitation) process, 2 mL of S-PANI polymer solution 259 

(0.2 wt/wt%) was added to 18 mL of neutral and acidic coagulation bath. The visual observation and 260 

TEM images showed different precipitation structures. Immersing the polymer solution in an acidic 261 

coagulation bath formed an organised flaky structure whereas the precipitated polymer in a neutral 262 

coagulation bath showed a cloudier solution with a fine pin floc-like structure (Fig. 4a-c). This was 263 

verified by TEM images showing a loose structure of precipitated polymer particles compared to a 264 

dense and inter-linked structure in an acidic coagulation bath (Fig. 4d-f). 265 

PANI exhibits a different conformation in low pH coagulation solutions including forming cross-linked 266 

networks with fibrillar structure [51]. The morphology changes were attributed to the absence of H-267 

bond interaction between the solvent and the polymer chains due to protonation of the latter. Instead, 268 

strong intrinsic interaction between polymer chains causes cross-linkages to form during the polymer 269 

re-assembly [31]. Here, the presence of sulfonic groups in S-PANI is believed to significantly affect the 270 

polymer re-assembly process and the cross-linking of the polymer matrix due to the potential interaction 271 

between the sulfonic groups the nitrogen atom in the doping sites. A solvent stability test of S-PANI and 272 

PANI membranes formed in an acidic coagulation is reported in a separate section below to validate 273 

this claim.274 
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(a) (b) (c) 

   
(d) (e) (f) 

   
Fig. 4 Visual and TEM images of the S-PANI polymer solution in neutral coagulation bath (a, d), 1M coagulation 275 
bath (b, e) and 3M coagulation bath (c, f). 276 

The isotherms of the porosity measurements showed a sharp decrease in the surface area of M2 and M3 277 

(37% and 27% of M1 BET surface area, Table. 3). The change was also observed for total volume and 278 

a total area of pores <=5 nm. The maximum pore volume of M2 and M3 was 26% and 18% of M1, 279 

respectively, which corresponds to the observed suppression of the membrane’s macro-voids as 280 

illustrated in the SEM images. 281 

Table. 3 Porosity measurements of S-PANI membranes M1-M3. 282 
 

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 283 

Demixing kinetics 284 

The demixing rate was measured for the M1-M3 membrane sample as shown in Fig. 5. M1 exhibited 285 

an abrupt shift in organic solvent concentration within the first hour of polymer precipitation. 286 

100 nm 100 nm 100 nm 
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Subsequently, the concentration stabilised, showing a steady-state profile within 2 h of immersion. The 287 

instant demixing explains the formation of the finger-like voids as shown in the SEM images of 288 

membrane cross-sections. (Fig. 3d) [48]. In contrast, the in-situ cross-linking resulted in a dense 289 

selective layer which simultaneously delayed the demixing of the solvent/non-solvent, leading to a 290 

gradual release of the organic solvent to the coagulation bath over time. Note that, demixing kinetics 291 

for polymer precipitation was obtained by measuring the solvent leaching rate into the coagulation 292 

solution [32,52–54]. Light transmittance or microscopy techniques determining demixing kinetics [55–293 

57] could not be employed due to the dark green colour of S-PANI.   294 

 295 
Fig. 5 S-PANI solvent demixing kinetics in neutral (M1) and increasingly acidic (M2, 1M HCl; M3, 3M HCl) 296 
coagulation solutions.  297 

Thermal and mechanical analysis 298 

Fig. 6 shows the TGA results which elucidate the change of weight during controlled heating as a 299 

percentage of the initial membrane sample weight and the derivative weight with respect to temperature 300 

up to 600°C. Plotting the derivative weight loss showed a first peak in the range of 20–120°C for the 301 

pristine M1 (~2.6%) and extended further to 160°C for the cross-linked M2-M3 membrane samples 302 

(~12-15%). This was attributed to the evaporation of entrapped water molecules in the polymer matrix 303 

and any residual 4-methylpyridine (4MP). The second weight-loss peak of the M1 sample was in the 304 

range of 390-590°C. The cross-linked membranes showed different thermal degradation behaviour in 305 

the range of 340-410°C for the M2 membrane, followed by the integrated broad and less intense peak 306 

to 590°C. M2 showed a more intense reduction in weight than M3 at the second peak. The weight loss 307 

at such high-temperature band was assigned to free N-methyl-2-pyrrolidone (NMP) volatilisation and 308 
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release of NMP molecules, which are hydrogen-bonded to the amine groups of S-PANI [58]. The DSC 309 

thermograms also showed that the glass transition temperature of the M1 membrane sample was shifted 310 

down from 243°C to 204°C and 187°C for the cross-linked membranes M2 and M3, respectively (SI, 311 

Differential scanning calorimetry S12 Fig. S24-S26). PANI membranes contain considerable amounts 312 

of NMP, about 18% by weight [58]. The cross-linked membranes might have entrapped a surplus 313 

quantity of NMP compared to M1 due to the dense structure. NMP could have a plasticising effect at 314 

high temperatures resulting in lower glass temperature and a further change in the thermal behaviour. 315 

(a) (b) 

  

Fig. 6 TGA curves for pristine and cross-linked S-PANI membranes (a) weight loss (b) derivative weight loss with 316 
respect to temperature from room temperature to 600°C. 317 

Fig. 7 shows the mechanical strength and the elongation at the breakage point of the S-PANI 318 

membranes, M1-M3 at room temperature. The mechanical strength of the cross-linked membranes M2-319 

M3 is 2.3 times higher than the pristine S-PANI membrane M1, whereas a slight and inconsistent change 320 

in the elongation at breakage was observed for all samples. The cross-linked polymer structure exhibits 321 

a dense three-dimensional network, with limited freedom for motion by the individual segments of the 322 

molecules’ steric hindrance to chain movement, which enhanced the mechanical strength. 323 
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 324 

Fig. 7 Mechanical properties of the pristine M1 and cross-linked (M2-M3) S-PANI membranes. 325 

The commercial membrane was cast over a support layer which dominates the membrane’s tensile 326 

strength. As such, the tensile strength of the free-standing S-PANI membrane and commercial 327 

membrane values are not comparable. 328 

Solvent stability 329 

Solvent stability in DMF as an exemplary solvent was tested. Fig. 8 shows the effect of DMF on 330 

membranes stability after immersion for two weeks. M1 readily dissolved resulting in a vivid blue 331 

solution. M2 and M3 were resistant to DMF showing only a slightly discolouring of the solution after 332 

30 minutes without any subsequent changes over the observation time of two weeks. Contrastingly, 333 

PANI membranes formed in a pure water and acidic coagulation bath (M1’, M2’, M3) dissolved in 334 

DMF (Fig. 8b). M2’ and M3’ were more resistant than M1’, while all samples dissolved within one 335 

hour. Solvent stability of M2 and M3 may be attributed to the formation of interchain bonds, making 336 

the material less vulnerable to solvent attack.  337 

(a) S-PANI     (b) PANI 

   

    

   

M1 M2 M3     M1’ M2’ M3’ 
 Fig. 8 Effect of DMF on membrane stability after two weeks. 338 

 339 
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Mass swelling degree and gel content 340 

Identifying the extent of swelling for polymeric membranes is essential to understand their transport 341 

properties and behaviour while being exposed to organic solvents [59]. A set of organic solvents 342 

including Methanol (MeOH), Isopropanol (IPA), Acetone (AC), Toluene (TOL), Tetrahydrofuran (THF) 343 

was used to determine the membrane swelling (Fig. 9a) and solvent stability (Fig. 9b). The mass 344 

swelling degree of M1 increased in the sequence of TOL<MeOH<AC<IPA<THF. The maximum 345 

swelling was found for THF at 88±8%. M1 did not qualify for swelling tests with DMF due to instant 346 

dissolution. Swelling trends for M2-M3 were different and in the order AC<THF<MeOH<IPA≈TOL. 347 

The difference in the swelling degree trend between M1 and M2-M3 could be attributed to the change 348 

in the Hansen solubility parameter following the cross-linking reaction. Generally, significant polymer 349 

swelling with strong polymer-solvent interaction is anticipated for polymers that have similar Hansen 350 

solubility parameters to the surrounding solvent [60]. The highest swelling degree for M2 was about 351 

9±1% (TOL≈IPA) while the THF swelling was only 3±0.2%. Marginal difference in the swelling degree 352 

was observed between M2 and M3. The decreased swelling degree of M2-M3 could be explained by 353 

the reduced porosity due to the inter-linked segments of the polymer. Besides, the top layer of M2-M3 354 

was more hydrophilic than M1 (see also contact angle section), which effectively prevented the 355 

dissolution and permeation of organic solvents into the bulk of cross-linked S-PANI matrix. 356 

Fig. 9b showed membrane stability static test in organic solvents including DMF over two weeks. M1 357 

was unstable in THF and DMF as the transparent solvent turned blue due to the gradual dissolution of 358 

the polymer in THF while being readily dissolved in DMF. The dry mass of the M1 was reduced by 359 

10±5.6% and 78.5±3.2% with THF and DMF, respectively. M1 was more stable in MeOH, IPA, AC and 360 

TOL than THF and DMF as there was only a slight colour change with maximum decreased mass by 361 

3.5% with MeOH. M2-M3 exhibited stability for all solvents tested providing no change in solvent 362 

colour after the two weeks, except a slight discolouring with the DMF in the first 30 minutes. The dry 363 

mass of the soaked membrane remained constant while showing weight loss around 4.3±0.5% (M2) 364 

and 0.9±1% (M3) with DMF. 365 

Functionalising the PANI polymer with sulfonic groups (pre-sulfonation) was proven to be essential for 366 

the in-situ cross-linking to take place in an acidic coagulation bath. This test indicates that M2 and M3 367 
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may qualify for organic solvent applications, while extended solvent stability tests are part of an ongoing 368 

study. 369 

(a) (b) 

  
Fig. 9 Mass swelling degree and gel content of pristine and crosslinked S-PANI membranes M1-M3 in different 370 
polar protic, polar aprotic and nonpolar solvents. 371 
 372 
Contact Angle 373 

The hydrophilicity of the pristine and cross-linked S-PANI membranes was estimated by measuring the 374 

apparent contact angle of the membrane surface. High affinity to water with a contact angle less than 375 

90° indicates a hydrophilic membrane. As shown in Fig. 10 the dynamic CA of M2-M3 showed a 376 

continuous and higher decline compared to M1, which provided a relatively constant value. The contact 377 

angle of M2 and M3 decreased continuously for 100 seconds. However, a slightly dynamic decrease 378 

was observed after 120 seconds, reaching a steady level (~28°) after 140 seconds. The changes in CA 379 

can be rationalised by (a) higher polarity (surface charge) of the membrane surface and therefore 380 

stronger intermolecular attraction between water and membrane surface [61–63], and, (b) the dense skin 381 

layer with less porosity produced a smoother surface which could affect the contact angle and 382 

hydrophilicity [18,48]. The hydrophilicity followed the opposite order of the contact angle: M1 < M2 383 

< M3 with the marginal difference between M2-M3. A higher hydrophilicity with a smooth and charged 384 

surface of M2-M3 could indicate a higher antifouling property [19,29]. 385 
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 386 
Fig. 10 The contact angle of the S-PANI membranes (M1-M3). 387 

Membrane transport properties 388 

The permeance of M1-M5 and the commercial M8 membranes was evaluated using three solutions: 389 

pure water (Fig. 11), PEG aqueous solution (MW 1000 g mol-1) (Fig. 12a) and aqueous dye solution 390 

(MW 320 to 1017 g mol-1) (Fig. 13a). The permeance of M1-M3 and M8 experienced an initial drop 391 

during the preconditioning phase due to the compaction of the membrane under the transmembrane 392 

pressure [64]. The permeance became steady (5% difference) after 30 min. A slight increase in the M4-393 

M5 membrane permeance was observed during preconditioning and filtration, therefore, an average 394 

permeance value is shown in Fig. 11 and Fig. 12a. This can be attributed to leached H+ ions, which 395 

increased the membrane’s free volume. Soaking M4-M5 in an aqueous solution for a week with a daily 396 

change of the solution reinstated the membranes’ permeance with stable and neutral permeate pH. Both 397 

residual H+ ions on the polymer chains and the pH variability of feed solution could affect membrane 398 

permeance stability, solute rejection, and surface charge [22]. To better understand the in-filtration 399 

membrane stability and confirm the absence of residual H+ ions in the membrane, the pH of the permeate 400 

was measured using a feed solution at neutral pH (SI, Transport properties S13 Fig. S27). Permeate pH 401 

of HCl-doped M4 and M5 decreased during filtration, indicating leaching of H+ ions. Immersing the M4 402 

and M5 membrane samples for a week in pure water while changing the soaking solution daily helped 403 

to de-dope the membranes and reinstate the initial transport properties with stable permeate pH. The 404 

permeate pH of M1-M3 remained stable, indicating: (a) the fabrication method of the self-doped S-405 

PANI membrane overcame the acid leaching problem, and (b) rinsing of M2 and M3 for a prolonged 406 

time with pure water removed residual H+ ions. The interwoven and/or double-stranded structure in the 407 
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S-PANI complex binds the acid more strongly, and thus there is no loss of sulfonated groups during the 408 

filtration, which is consistent with the literature [21,36,65]. S-PANI membranes prepared in acidic 409 

solution and left in water for one week did not show any leaching of H+ ions that suggested stable and 410 

comparable performance in contrast to the HCl-doped S-PANI membranes that leached H+ ions and 411 

showed unstable performance. 412 

Fig. 11 shows that the higher acidic strength of the coagulation bath led to a considerable drop in the 413 

pure water permeance by 63-67% and 92-94%, respectively, compared to M1. Transmembrane pressure 414 

of M1, M2 and M3 increased from 2 to 3 and 6 bar, respectively, because of the change in density of 415 

the selective layer (Fig. 3) and porosity (Table. 3). The average permeance of M4 and M5 exhibited a 416 

decline of around 12-14% compared to M1. The cross-linking resulted in a decrease in the gap space 417 

between the polymer chains during the re-arrangement process, explaining the performance change of 418 

M2 and M3 [19,32,66]. Doping the S-PANI membranes in acidic solution resulted in a slight swell [61]. 419 

The proposed changes could reduce the pore size of the membrane and create further water transport 420 

resistance as illustrated in SI, Transport properties S13 Fig. S28. The increase in the doping solution’s 421 

acidic strength (polymer chains swelling) with reduction of membrane permeance and increase in solute 422 

rejection quantitatively confirmed our proposed hypothesis. 423 

 424 

Fig. 11 Pure water permeance for the S-PANI membranes (M1-M5) and the commercial membrane (M8). 425 

Fig. 12a and Fig. 13a show the effect of the solutes’ concentration polarisation on the membrane 426 

performance. A generic permeance decline of 36-56% and 71-79% was observed for the tested 427 
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membranes with PEG solution and the dye feed solutions, respectively, compared to pure water 428 

permeance. The PEG and dye solution permeance results are in good consistency with the pure water 429 

results reflecting the effect of the coagulation bath’s acidic strength. NF membranes are known to 430 

operate at transmembrane pressure around 2-10 bar with approximate pure water permeance 5-50 L m-431 

2 h-1 bar-1 [48]. The obtained permeance results of M1, M2, M3 and M8 agree with the literature [67,68]. 432 

The permeance and rejection of the dye solution through the HCl-doped M4 and M5 membranes were 433 

not evaluated due to the interaction between the dye solutes with the leached H+ ions leading to biased 434 

UV absorbance and incorrect dye rejection [69]. 435 

Fig. 12b shows that M1 to M5 and M8 produced distinct MWCO curves with the PEG rejections in the 436 

following order: M1<M8<M4<M5<M2<M3. The different PEG rejections between pristine and HCl-437 

doped M4-M5 membranes were attributed to the contraction of the membrane pore size, because of the 438 

different free volumes in the skin layer. The strength of the HCl doping solution enhanced the PEG-439 

1000 g mol-1 rejection to 40% and 49% for the M4 and M5 membranes, respectively, in comparison 440 

with 29% rejection by M1. A substantial increase in the PEG rejections to 66% and 99% were obtained 441 

by M2 and M3, respectively. The higher density of the top skin layer and the change in the membrane 442 

conformation to the suppressed macro-void structure with less porosity was directly reflecting the PEG 443 

rejections. To evaluate the enhanced performance of S-PANI membranes, the commercial M8 444 

membrane rejection was also acquired. A rejection of around 34% was achieved at 1000 Da in 445 

comparison with nominal (labelled) MWCO around 90%. The PEG comprehends a series of water-446 

soluble, linear chain polymers of oxyethylene units, which are mainly present as a helix [70]. The 447 

hydrated polymer shows a conformation as an expanded random coil [71], therefore, the wiggling effect 448 

of the linear PEG could contribute to the solutes carry-over to the permeate under applied pressure 449 

which explains the difference between the measured MWCO and the nominal rejection as found in 450 

previous work [72]. The wiggling effect may underestimate the actual MWCO of the tested membranes. 451 

Additionally, the measured TOC of the feed PEG solution is high (≈312 mg L-1) which may also 452 

underrate the rejection of the tested membranes. To exclude the PEG wiggling effect and identify the 453 

exact MWCO of the NF membrane (M3), rejection for sucrose octa-acetate and raffinose was 454 
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determined at TOC feed of 20 mg L-1. Table. 4 shows that the cross-linked M3 membrane has a MWCO 455 

around 680 g mol-1 compared to 900 g mol-1 using the PEG1000 solute.  456 

Table. 4 The MWCO determination of the NF membrane (M3) using sugar solutes. 457 

Solute MW (g mol-1) Rejection (%) 

Sucrose octa-acetate 678.6 90.0±2 

Raffinose 504.4 60.0±3 
 458 

The nominal MWCO of M8 (charged membrane), as presented by the supplier, might have been 459 

measured based on the different dye solutions. The Donnan effect could have resulted in such higher 460 

dye rejection and apparently lower MWCO. On the other hand, PEG is electrically neutral, and its 461 

rejection will not be influenced by the Donnan effect, thus resulting in lower rejection of M8 for PEG 462 

solution and higher MWCO [72]. The overall outcome shows coherence between the permeance and 463 

the rejection results. The results also suggest that M3 was the only one to be classified as an NF 464 

membrane. The specific MWCO values of the other membranes can be determined using solutes that 465 

are larger than the maximum MW of 1074 g mol-1 used in this work. 466 

To have an accurate evaluation of the membrane rejection because of the adopted modifications, the 467 

rejection test of four different dyes was implemented for the M1-M3 and the commercial M8 membrane. 468 

Fig. 13b shows the rejection values from 50-84% to 72-96% and 91-100% for the M1-M3 membranes 469 

at a molecular weight range from 320 to 1017 g mol-1. Also, M8 exhibited a high dye rejection between 470 

74 to 85%. The membrane surface charge and the dye feed solution’s zeta potential measurements were 471 

undertaken to evaluate membrane-solute charge interaction, which could influence the dye exclusion 472 

and show higher apparent rejection of dye [73]. Fig. 14a shows the surface charge of M1-M5 and the 473 

commercial M8 membrane. The reported surface charge of the S-PANI membrane doped in acidic 474 

solution at pH 4.5 was around 20 mV [26,74], which falls within the same range as the HCl-doped M4 475 

membrane. It can be observed that the higher acidic strength enhanced the surface charge of the doped 476 

M5 membrane to 25 mV. This can be attributed to the abundance of H+ ions which protonated the 477 

polymer chains and therefore implied an increase of membrane surface charge. M2 and M3 membranes 478 

exhibited a significant step-change (74%) in surface charge even after leaching of all residual H+ ions 479 

compared to the M1 membrane. Compared to the S-PANI membrane, the surface charge of the M8 was 480 
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obtained (-11.7±3.4 mV) and the negative surface charge agreed with the literature values [75]. The zeta 481 

potential of the four tested dye feed solutions was measured, as shown in Fig. 14b. All dye solutions 482 

were negatively charged with zeta potential ranging from -1.6 to -27.4 mV. The difference between the 483 

S-PANI membrane surface charge and the zeta potential of the dye solutes could underestimate the 484 

membranes’ rejection, in contrast with the commercial membrane, where the actual rejection rate could 485 

be overestimated. 486 

The anionic charge of the aqueous dye feed solution and the negative surface charge of the commercial 487 

M8 membrane appeared to have a contribution to the solute repulsion leading to higher rejection due to 488 

the Donnan effect [72]. However, all tested S-PANI membranes (M1-M3) which had an opposite charge 489 

to the retained dye solutes, also demonstrated a higher rejection than the PEG solutes. To differentiate 490 

the S-PANI membrane’s dye rejection mechanism, i.e., size-exclusion versus adsorption, as there would 491 

not be any Donnan exclusion in the cationic membrane for anionic molecules, the adsorbed dye mass 492 

was quantified for the M1 membrane based on the mass balance of the feed, concentrate and the 493 

permeate, (SI, Table. S3). The mass of the adsorbed dye to the M1 membrane was in the following order 494 

Indigo carmine>Rose bengal>Methylene blue. The dye mass adsorption follows similar order to the 495 

dye’s zeta potential -27.4, -6.1 and -1.5 mV, respectively. The significant difference in the membrane 496 

surface charge and the Indigo carmine solution’s zeta potential (ΔV≈38.9 mV) resulted in the highest 497 

mass adsorption (≈42%) compared with the methylene blue dye solution where the adsorbed mass 498 

≈16%. This means that the size exclusion is the dominant rejection mechanism for the methylene blue 499 

dye solutes for the S-PANI membranes. The bulky nature of the dye molecule showed a higher rejection 500 

compared to the flexible PEG molecule for the same MW of PEG and dye solution, as the PEG chain 501 

allows it to wiggle through the small size pore while the dye molecule clogs the pore [76,77]. 502 
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(a) (b) 

  

Fig. 12 (a) PEG permeance and (b) rejection of the S-PANI membranes (M1-M5) and the commercial membrane 503 
(M8). 504 

(a) (b) 

  
Fig. 13 (a) dye feed solution (methylene blue, indigo carmine, bromothymol blue and rose bengal) permeance and 505 
(b) rejection for of the S-PANI membranes (M1-M3) and the commercial membrane (M8). 506 

(a) (b) 

  

Fig. 14 (a) The surface charge of M1-M5 membranes and the commercial M8 membrane and (b) The zeta potential 507 
of dye feed solutions (methylene blue 10 mg L-1, indigo carmine 10 mg L-1, bromothymol blue 50 mg L-1 and rose 508 
bengal 10 mg L-1).509 
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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 1M and 

3M 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). The reduction in the IEC for the cross-linked membranes also 

advocates the hypothesis of the sulfonamide formation. 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 molar 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 
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methanol (50%, w/v) and finally 1 L of pure water. The filtered polymer powder was dried under a 

vacuum for 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. S1 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.  

NH2
+

H2N SO3H
HCl(aq) 1 M

APS

H
N

SO3

N
H

SO3 H
N

N
H

Aniline Metanilic acid
S-PANI (salt form)

Fig. S1 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. 
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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 S1. 

Table. S1 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, 1M HCl and 3M 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 
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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 (1M and 3M 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. 

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 
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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). 

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: 

𝐼𝐼𝐼𝐼𝐼𝐼 =
𝑉𝑉𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁  𝑥𝑥  𝑆𝑆𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
 (1) 

where, 𝑉𝑉𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 is the volume of NaOH used in the titration, 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑 is the dry weight of the membrane in 

g, and  𝑆𝑆𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 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: 

𝑊𝑊𝑊𝑊 = �
𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤 −𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
�× 100 

(2) 

Where 𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤 is the mass of the swollen membrane after equilibrium and 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑 is the mass of the dry 

membrane. 
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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 

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 
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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. 

 

 

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 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 Vernier callipers. The 

reported mechanical data is an average of three different membrane samples. 

Solvent stability 
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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’. 

 

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 cm × 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: 

𝑆𝑆𝑆𝑆 = �𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑� 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑�  (3) 

 where 𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤 is the mass of the swollen membrane after equilibrium and 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑 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: 

𝐺𝐺𝐺𝐺𝐺𝐺 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐺𝐺𝑐𝑐𝑐𝑐 % = (𝑊𝑊𝑁𝑁 𝑊𝑊𝑏𝑏⁄ ) 𝑥𝑥 100 (4) 

where 𝑊𝑊𝑏𝑏 and 𝑊𝑊𝑁𝑁 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 
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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]. 

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. S2. 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 𝐽𝐽𝑝𝑝(L m-2 hr-1 bar-1) by using the following equation: 

𝐽𝐽𝑝𝑝 =
𝛥𝛥𝑊𝑊

𝐴𝐴.𝛥𝛥𝛥𝛥. 𝑐𝑐.𝜌𝜌𝑝𝑝
 (5) 

Where 𝛥𝛥𝑊𝑊 (kg) is the obtained permeate weight during a fixed time slot, 𝜌𝜌𝑠𝑠 (kg m-3) is the permeate 

density at room temperature, 𝐴𝐴 (m2) is the membrane coupon active surface area (filtration area), t is 

the time intervals between each measurement and 𝛥𝛥𝛥𝛥 (bar) represents the differential pressure at the 

membrane, which is maintained by the inline 𝑁𝑁2 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 
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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. 

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-

S6. 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: 

𝑅𝑅% = �1 −
𝐼𝐼𝑝𝑝
𝐼𝐼𝑓𝑓
� × 100 

(6) 

Where 𝐼𝐼𝑝𝑝 is the dye solution concentration in the permeate and 𝐼𝐼𝑓𝑓  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 S7-



47 

 

S14. 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. 

 

 

Fig. S2 Schematic diagram of the dead-end cell filtration. 

 

 

Fig. S3 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. S4 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. S5 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. S6 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). 

y = 4.6148x
R² = 0.9998

0

10

20

30

40

50

0 2 4 6 8 10

U
V

 A
bs

 (m
-1

)

Concentration (mg L-1)

y = 1.6052x
R² = 0.999

0

20

40

60

80

100

0 10 20 30 40 50

U
V

 A
bs

 (m
-1

)

Concentration (mg L-1)

y = 9.0361x
R² = 0.9999

0

20

40

60

80

100

0 2 4 6 8 10

U
V

 A
bs

 (m
-1

) 

Concentration (mg L-1)



49 

 

 

Fig. S7 The calibration curve of the PEG oligomer MW 766 g mol-1 at different concentrations. 

 

Fig. S8 The calibration curve of the PEG oligomer MW 810 g mol-1 at different concentrations. 

 

Fig. S9 The calibration curve of the PEG oligomer MW 854 g mol-1 at different concentrations. 

y = 2.9915x - 276.96
R² = 0.9932

0

1000

2000

3000

4000

0 200 400 600 800 1000 1200 1400

O
ilg

om
er

 p
ea

k 
ar

ea
 (7

66
 g

 m
ol

-1
)

PEG concentration (mg L-1)

y = 3.3687x - 120.38
R² = 0.9769

0

1000

2000

3000

4000

5000

0 200 400 600 800 1000 1200 1400

O
ilg

om
er

 p
ea

k 
ar

ea
 (8

10
 g

 m
ol

-1
)

PEG concentration (mg L-1)

y = 3.5564x + 40.116
R² = 0.9595

0

1000

2000

3000

4000

5000

0 200 400 600 800 1000 1200 1400

O
ilg

om
er

 p
ea

k 
ar

ea
 (8

54
 g

 m
ol

-1
)

PEG concentration (mg L-1)



50 

 

 
Fig. S10 The calibration curve of the PEG oligomer MW 898 g mol-1 at different concentrations. 

 

Fig. S11 The calibration curve of the PEG oligomer MW 942 g mol-1 at different concentrations. 

 
Fig. S12 The calibration curve of the PEG oligomer MW 986 g mol-1 at different concentrations. 
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Fig. S13 The calibration curve of the PEG oligomer MW 1030 g mol-1 at different concentrations. 

 
Fig. S14 The calibration curve of the PEG oligomer MW 1074 g mol-1 at different concentrations.  
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S-PANI doping S7 
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Fig. S15 pictorial representation of both doped/dedoped M4-M5 and M1 membranes. 

XPS spectra S8 
(a) (b) 

  
(c) (d) 

  
Fig. S16 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. S2 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 
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M3 None None None None 

Morphology S10 
(a) M4 (b) M5 

  
(c) M6  (d) M7  

  
Fig. S17. 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. S18 The isotherm of the S-PANI membrane produced in pure water coagulation bath (M1). 



54 

 

 

Fig. S19 The isotherm of the S-PANI membrane produced in 1M HCl(aq) coagulation bath (M2). 

 

Fig. S20 The isotherm of the S-PANI membrane produced in 3M HCl(aq) coagulation bath (M3). 

 

Fig. S21 The cumulative pore volume versus the pore width of the S-PANI membranes prepared in a neutral 
coagulation bath (M1) without a support layer. 
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Fig. S22 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. S23 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. S24 DSC thermogram register from 20 to 300°C of M1 S-PANI membrane produced in DI water 
coagulation bath. 
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Fig. S25 DSC thermogram register from 150 to 350°C of M1 S-PANI membrane produced in 1M HCl coagulation 
bath. 

 

Fig. S26 DSC thermogram register from 150 to 350°C of M1 S-PANI membrane produced in 3M HCl 
coagulation bath. 
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Transport properties S13 

 

Fig. S27 pH change of the M1-M5 membranes’ permeate after preconditioning and filtration. 

 

 

Fig. S28 A schematic representation of asymmetric S-PANI membrane and matrix swelling and pore contraction 
of the membrane after HCl(aq) acid doping. 

Table. S3 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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