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Abstract 29 

Polyaniline (PANI) has been widely explored as a promising membrane material, but the 30 

trade-off between porosity and stability limits its widespread application in organic solvent 31 

nanofiltration (OSN). Here we present a simple approach to prepare PANI membranes with 32 

excellent chemical stability and rejection performance in OSN by employing polyacids as PANI 33 

dopants for the first time. The PANI membranes were doped with two polyacids with different 34 

molecular weights (MW) and acid dissociation constants (pKa): namely poly(4-styrenesulfonic 35 

acid) (PSSA, MW: 75000 g mol–1, pKa: 0.94) and poly(2-acrylamido-2-methyl-1-36 

propanesulfonic acid) (PAMPSA, MW: 800000 g mol–1, pKa: 0.87), and were compared with a 37 

small acid (HCl) doped PANI membrane. The polyacid doped membranes, PANI-PSSA and 38 

PANI-PAMPSA, obtained dense structures with increased hydrophilicity due to strong 39 

intermolecular interactions between the PANI and the polyacids. Stability tests showed that the 40 

PANI-PSSA and PANI-PAMPSA were stable in a wide range of polar and nonpolar solvents, 41 

while the undoped PANI and PANI-HCl had poor stability in these solvents. The swelling degree 42 

and permeance of the doped membranes decreased with the increase of the dopant MW. The 43 

PANI-PAMPSA membrane exhibited a molecular weight cut-off (MWCO) in the nanofiltration 44 

(NF) range of 400 g mol–1 in methanol and isopropanol, while the PANI-HCl and PANI-PSSA 45 

membranes were in the ultrafiltration (UF) range. This study demonstrates that polyacid doping 46 

can make stable and nanoporous PANI membranes for OSN applications without the need for 47 

crosslinking. This simple approach can be used to design new classes of OSN membranes for 48 

challenging separation processes in the future. 49 

 50 
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 53 

1. Introduction  54 

Organic solvent nanofiltration (OSN), also known as solvent resistant nanofiltration 55 

(SRNF), has gained momentum in recent years with applications such as solvent exchange, 56 

catalyst recovery and recycling, in the bio-technology, the chemical and the pharmaceutical 57 

industries [1, 2]. OSN separates molecules (below 1000 g mol–1) based on three major 58 



mechanisms: size exclusion (sieving), charge interaction (Donnan effect), and solute-membrane 59 

affinity (e.g., hydrophobic attraction, hydrogen bonding) [3-5]. OSN generates less waste 60 

streams and only requires moderate energy consumption [6, 7], in comparison to conventional 61 

separation techniques, like distillation, extraction, crystallization and preparative 62 

chromatography, potentially achieving a reduction of energy consumption by 90% [8]. OSN 63 

membranes are nearly exclusively polymeric and ceramic. Ceramic membranes are more robust 64 

due to their higher chemical and thermal resistance, and they do not show any compaction under 65 

pressure and are easy to clean. They are however, more expensive, brittle and are difficult to be 66 

prepared for the molecular weight cut-off (MWCO) range lower than 450 g mol–1 [1, 2]. On the 67 

contrary, advantages of polymeric membranes are much lower MWCO ranges and more compact 68 

modules which are essential for large scale OSN applications [1]. The main current challenge for 69 

polymeric membranes is the development of materials that have high chemical and thermal 70 

resistance and long-term stability in a wide range of organic solvents [9, 10].  71 

Polyaniline (PANI) has been extensively studied as a material for membrane fabrication 72 

due to its easy synthesis, good environmental stability, and most importantly, the unique 73 

doping/dedoping properties [11-26]. PANI has a π-conjugated structure which consists of 74 

alternating single bonds (amines) and double bonds (imines) along the backbone. The oxidation 75 

states of PANI range from fully reduced (leucoemeraldine) to fully oxidized (pernigraniline). The 76 

intermediate oxidation state (emeraldine), which has a structure with equal proportions of amines 77 

and imines, is the only form capable of carrying charge [11]. The emeraldine base (EB) becomes 78 

the electrically conducting emeraldine salt (ES) upon protonation [11]. The EB form of PANI can 79 

be doped by acid and de-doped by exposure to a base [27, 28].  80 

Anderson et al. found that the as-cast PANI membrane could obtain gas permeation 81 

properties via the doping/dedoping cycle using halogen acids (HF, HCl, HBr, and HI) and 82 

ammonium hydroxide (NH4OH) [13]. The doping process forces the membrane polymer network 83 

to reorganize conformationally, in order to accommodate the proton and the counterion of the acid. 84 

The subsequent dedoping process removed the acid and induced porosity in the membrane matrix 85 

[13]. The novel concept of using acid dopants to create porosity in PANI membranes was extended 86 

to OSN applications by Loh et al. [29]. They doped PANI membranes with various low molecular 87 

weight (MW) organic acids (in the MW range of 100 – 400 g mol–1) by direct addition of the acids 88 

into the casting solutions before membrane fabrication [29]. After removing the acids by alkaline 89 



extraction, the PANI membranes were treated by either thermal [30] or chemical [29] crosslinking 90 

to achieve good solvent stability. However, the crosslinking process irreversibly decreased the free 91 

volume of the membrane to an extent that even small molecules could not pass and therefore 92 

cancelled any differences caused by different acid dopants [30]. To date, the trade-off between 93 

porosity and stability still remains a challenge for preparing OSN membranes using PANI.  94 

This study presents a new strategy to fabricate PANI membranes by using polyacids as the 95 

acid dopants. Polyacids have larger MW and higher conformational flexibility in comparison to 96 

inorganic and small organic acids [31, 32]. Previous studies have found that small acids, such as 97 

HCl, form a single-strand structure with PANI, while polyacids formed a double-strand structure 98 

with PANI because the polyacids can easily adapt their conformation to match the structure of 99 

PANI [33, 34]. The double-strand structure induces strong intermolecular interactions (e.g., 100 

hydrogen bonding, π-interactions, and electrostatic interactions), which confer oxidative stability 101 

into PANI [35]. Considering that acid doping occurs on the same site as crosslinking [29], we 102 

hypothesized that high porosity and stability of PANI could be obtained by polyacid doping 103 

without the need for crosslinking, thus overcoming the current trade-off dilemma of PANI 104 

membranes.  105 

Two polyacids, poly(4-styrenesulfonic acid) (PSSA) and poly(2-acrylamido-2-methyl-1-106 

propanesulfonic acid) (PAMPSA) will be investigated and compared with HCl in this study. PSSA 107 

and PAMPSA are flexible-backbone polyacids with regular distribution of sulfonic groups along 108 

the macromolecules, which should allow them to easily form interpolymer complexes with other 109 

polymers [34]. These three dopants had different MW, acidity, and hydrophilicity to further 110 

evaluate how these parameters influence the properties of the membrane. The physical, chemical 111 

and separation properties of the doped membranes will be analyzed by a variety of characterization 112 

methods (such as Fourier transform infrared spectroscopy (FT-IR), X-ray photoelectron 113 

spectroscopy (XPS), scanning electron microscopy (SEM), and contact angle measurement) and 114 

lab-scale nanofiltration experiments. The effect of dopant on membrane performance will be 115 

investigated by determining a relationship between the three dopants, the solvent (a range of polar 116 

and non-polar solvents) and the membrane swelling behavior and will be related to membrane 117 

separation parameters such as membrane permeance and MWCO.  118 

 119 



2. Experimental  120 

2.1. Chemicals  121 

Analytical grade aniline, ammonium persulfate (APS), HCl, PSSA, N-methyl-2-122 

pyrrolidone (NMP), 4-methyl piperidine (4MP), poly(propylene) glycol (PPG, MW = 725 g mol–123 

1) were obtained from Sigma-Aldrich, UK. PAMPSA and HPLC grade toluene, acetone, 124 

isopropanol, ethanol and methanol were supplied by Fisher Scientific, UK. Tripropylene glycol 125 

(MW = 192 g mol–1), PPG (MW = 400 g mol–1) and PPG (MW = 1000 g mol–1) were purchased 126 

from Alfa Aesar, UK. The non-woven polyethylene/polypropylene mixture backing layer 127 

(Novatexx 2431, 140 μm) was supplied by Freudenberg Filter, Germany. Deionized (DI) water 128 

was produced by an ELGA deionizer from PURELAB Option, USA. 129 

The MW and the acid dissociation constant (pKa) values of HCl, PSSA and PAMPSA 130 

are summarized in Table 1. The pKa values of PSSA and PAMPSA were calculated from the 131 

titration curves by 1 M NaOH (See Supporting Information Figure S1). PSSA and PAMPSA had 132 

higher pKa than HCl, which means they were weaker than HCl at donating protons. Thus it 133 

could be expected that the doping degrees of the PANI-PSSA and PANI-PAMPSA membranes 134 

should be lower than that of the PANI-HCl membrane. 135 

 136 

Table 1: MW and pKa values of different acid dopants 137 

Dopant  MW (g mol–1) pKa 

HCl         36.46 –6.30 [36] 

PSSA   75000   0.94 

PAMPSA 800000   0.87 

 138 

 139 

2.2. Synthesis of PANI powder 140 

PANI powder was synthesized by oxidative polymerization of aniline. 0.2 mole of aniline 141 

and 0.2 mole of APS were dissolved in 1 M HCl, separately. The APS solution was slowly added 142 

into the aniline solution by a peristaltic pump at a speed of 20 mL h–1. The temperature was 143 

controlled at 15 °C, and the mixture was left for 24 h for full polymerization. The obtained PANI 144 

powder was in the protonated state (PANI-ES). It has been generally observed that PANI-ES is 145 



unable to dissolve in most organic solvents [37]. In order to increase its processability for 146 

membrane fabrication, the PANI-ES powder was deprotonated with 33.3% (w/v) ammonia 147 

solution to become PANI-EB. The PANI-EB powder was then washed with DI water and 148 

methanol, and dried in a vacuum oven at 60 °C for 24 h. The dry PANI-EB powder was ground 149 

in a mortar to obtain a fine product.  150 

 151 

2.3. Fabrication and doping of PANI membranes 152 

PANI membranes were prepared by the immersion precipitation method [38], where 153 

NMP dissolved the PANI-EB powder and 4MP acted as the gelation inhibitor [39]. Firstly, 4MP 154 

was added to NMP and stirred about 5 min; secondly, appropriate amount of PANI-EB powder 155 

was added into the mixture of NMP and 4MP to make a 20% (w/w) solution; finally, the solution 156 

was stirred at 300 rpm for 4 h to obtain a homogeneous mixture, and left to stand for 4 h for 157 

degassing. The solution was then cast on the non-woven backing layer to make a 200 μm thick 158 

film using an adjustable casting knife (4340 Automatic Film Applicator, Elcometer, UK). The 159 

film was fully immersed into a coagulation bath containing DI water. Due to the solvent and 160 

non-solvent exchange, PANI precipitation occurred and a solid polymeric membrane was 161 

formed. 162 

In the doping process, three acid dopants were used, including one inorganic acid (HCl) 163 

and two polyacids (PSSA and PAMPSA). The doping solutions were 1 M HCl solution, 10% 164 

(w/w) PSSA solution, and 10% (w/w) PAMPSA solution. The PANI membranes were initially 165 

rinsed with DI water, and then soaked in the certain doping solution. The HCl solution was left 166 

in a jar at room temperature for 3 h. To facilitate the doping process of polyacid, the PSSA and 167 

PAMPSA solutions were sealed and heated in an oven at 80 °C for 3h. The doped membranes 168 

were rinsed with DI water and dried in air. A color change from dark blue to dark green was 169 

observed in the doped membranes, implying the completion of the doping process.  170 

 171 

2.4. Membrane characterization   172 

The chemical compositions of the undoped and doped PANI membranes were 173 

determined using a FT-IR spectrometer (Spectrum 100, PerkinElmer, USA) fitted with an 174 

attenuated total reflectance (ATR) accessory. Each FT-IR spectrum had 32 scans with 4 cm−1 175 



resolution. XPS spectra were obtained on a spectrophotometer (K-Alpha, Thermo Scientific, 176 

UK) utilizing a monochromatic Al-Ka X-ray source (energy = 1486.6 eV). XPS spectra were 177 

calibrated to the C 1s hydrocarbon peak at 284.6 eV. Peak fitting was carried out by the 178 

CasaXPS software (version 2.3.16) using a Shirley background. The electrical resistivity of each 179 

membrane was measured using a four-point multiheight probe (RM3000, Jandel Engineering 180 

Limited, UK) at room temperature. The electrical conductivity was calculated as the reciprocal 181 

of electrical resistivity. The morphological properties of the membranes were investigated by a 182 

SEM (JSM-6480LV, JEOL, Japan). SEM images on both the surface and the cross-section were 183 

captured for each membrane and a representative cross-section was obtained by fracturing the 184 

membrane in liquid nitrogen. The samples were mounted onto SEM stubs and coated with gold 185 

using a sputter coater (S150B, Edwards, USA). The accelerating voltage was 10 kV. The 186 

hydrophilicities of the membranes were measured by the sessile drop method using a contact 187 

angle instrument (OCA 15Pro, Dataphysics, Germany).  188 

 189 

2.5. Swelling and stability tests  190 

Methanol, ethanol, isopropanol, acetone, and toluene were chosen as the organic solvents 191 

to determine the membrane swelling and stability. In terms of the polarity, methanol, ethanol and 192 

isopropanol are polar protic solvents, acetone is a polar aprotic solvent, and toluene is a nonpolar 193 

solvent [40]. The potential swelling capabilities of these solvents were quantified by using the 194 

Hansen solubility parameters. Hansen solubility parameters measure the extent of the dispersive, 195 

polar, and hydrogen bonding interactions between the solvent and the polymer [41]. Technically, 196 

the polymer will not mix with the bulk solvent but rather absorb the solvent into its structure, 197 

increasing in both size and mass. As a general rule, solvents and polymers that exhibit similar 198 

Hansen solubility parameters are expected to interact strongly with each other and cause 199 

significant polymer swelling [42]. The Hansen solubility parameters (25 °C) for the solvents are 200 

as follow: 29.6 MPa0.5 (methanol), 26.5 MPa0.5 (ethanol), 23.6 MPa0.5 (isopropanol), 19.9 MPa0.5 201 

(acetone), 18.2 MPa0.5 (toluene) [41]. The Hansen solubility parameter (25 °C) for the undoped 202 

PANI is 22.2 MPa0.5 [43].  203 

The undoped and doped PANI membranes were cut into small samples (2cm × 2cm) and 204 

dried in the vacuum oven. The dried membrane samples (of known mass) were allowed to 205 



equilibrate with excess of the solvent in a sealed flask at 25 °C for 1 h. The swollen membranes 206 

were taken from the solvent and quickly dried with a filter paper to remove solvent from the 207 

external surface. The mass of the swollen membranes was then determined. The mass swelling 208 

degree (𝑄𝑚) was calculated using equation (1):   209 

 210 

𝑄𝑚 = (𝑚𝑤𝑒𝑡 − 𝑚𝑑𝑟𝑦)/𝑚𝑑𝑟𝑦        (1) 211 

 212 

where 𝑚𝑤𝑒𝑡 is the mass of the swollen membrane after equilibrium and 𝑚𝑑𝑟𝑦 is the mass 213 

of the dry membrane. 214 

The stability of the PANI membranes in the solvents were determined by immersing the 215 

membrane sample in the solvent for one week (same conditions as per swelling test). After one 216 

week, the swollen membrane samples were taken from the solvent and dried in the vacuum oven. 217 

The mass change of the dry membrane before and after soaking in the solvent indicates whether 218 

the membrane dissolves in the certain solvent. The swelling and stability test was repeated three 219 

times for each membrane. 220 

 221 

2.6. Nanofiltration setup and MWCO determination  222 

Nanofiltration experiments were conducted in dead-end mode using a stainless-steel 223 

pressure filtration cell (HP4750, Sterlitech Corporation, USA). The schematic of the 224 

experimental set-up is illustrated in Figure 1. The membrane was placed on the base of the cell 225 

with an effective area of 14.6 cm2. During filtration, the cell was immersed in a water bath at 226 

25 °C, pressurized with nitrogen at 30 bar, and stirred by a magnetic stirrer at 300 rpm. The 227 

permeate flow was measured using an electronic balance (EK-300i, A&D Weighing, USA). 228 

Each membrane was pre-conditioned with pure solvent until a stable flux was achieved. The 229 

permeance (𝑃) was determined using equation (2): 230 

 231 

𝑃 = 𝑄𝑃/(𝐴 × 𝑝)                                                                                     (2) 232 

 233 

where 𝑄𝑃 is the permeate flow at provided test conditions, 𝑝 is the applied pressure and 𝐴 234 

is the membrane active area. 235 



 236 

Nitrogen 

Pressure 

gauge

Stirrer Balance
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 237 

Figure 1: Schematic of the dead-end pressure filtration system. 238 

 239 

MWCO is defined as the lowest MW at which 90% of a solute is retained by the 240 

membrane [44]. This value was obtained by plotting the rejection of solutes versus their MW, 241 

and interpolating this curve to find the MW corresponding to 90% rejection. The MWCO 242 

determination method used in this study was described in detail elsewhere [45]. Briefly, the 243 

mixture solution to determine the MWCO contained 4 g L–1 of tripropylene glycol (MW = 192 g 244 

mol–1), PPG (MW = 400 g mol–1), PPG (MW = 725 g mol–1) and PPG (MW = 1000 g mol–1) in a 245 

certain type of solvent. The reason to choose these MWs was to cover the typical MWCO range 246 

for nanofiltration (NF) which is 200 – 1000 g mol–1 [46]. For each experiment, 40 mL of feed 247 

solution was added into the cell and 20 mL of permeate solution was collected. The 248 

concentrations of PPG oligomers in the feed, permeate and retentate solutions were determined 249 

by a HPLC equipped with a reverse-phase C18 column and an evaporative light scattering 250 

detector (ELSD) (1260 Infinity, Agilent Technologies, USA). Calibration curves were 251 

constructed by measuring a series of mixture solutions of PPG oligomers with concentration 252 

ranging from 0.2 to 8 g L–1. The calibration curves in isopropanol can be found in Figure S2, 253 

while the calibration curves in methanol and acetone were included elsewhere [45].  254 

The rejection (𝑅) of each oligomer was calculated using equation (3): 255 

 256 



𝑅 = (1 − 𝐶𝑃/𝐶𝑅) × 100%       (3) 257 

 258 

where 𝐶𝑃 and 𝐶𝑅 are the permeate concentration and the retentate concentration, 259 

respectively. The MWCO values of the PANI membranes were determined by plotting the 260 

rejections of all the oligomers against their MWs.  261 

 262 

3. Results and discussion  263 

3.1. Characterization of the PANI membranes  264 

FT-IR. Figure 2 shows the FT-IR spectra of the PANI, PANI-HCl, PANI-PSSA, and 265 

PANI-PAMPSA membranes. Typical absorption bands of the undoped PANI were observed at 266 

1586 cm–1 (quinoid C=C stretching), 1498 cm–1 (benzenoid C=C stretching), 1299 cm–1 267 

(aromatic amine C–N stretching), 1142 cm–1 (aromatic imine C=N stretching) and 824 cm–1 (C–268 

C bending) [22, 47, 48]. For the doped PANI membranes, the presence of absorption bands from 269 

the dopants confirmed their successful incorporation into PANI structures. Specifically, the 270 

characteristic bands of O=S=O stretching of PSSA were observed at 1031 cm–1 and 1005 cm–1 in 271 

PANI-PSSA [34]. The bands of O=S=O stretching and C=O stretching of PAMPSA were 272 

observed at 1037 cm–1 and 1656 cm–1 in PANI-PAMPSA [34].  273 

In the doping process, the counter-ions from the acid dopants, namely the chloride from 274 

HCl and the sulfonic groups from PSSA and PAMPSA, provide the necessary protons to the 275 

polymer backbone of PANI [49]. It is well established that the molecular incorporation of PSSA 276 

and PAMPSA in PANI matrix is through the interaction between sulfonic groups of the 277 

polyacids and nitrogen atoms of PANI [34]. As shown in Figure 2, in the doped PANI 278 

membranes the bands of quinoid and benzenoid stretching were shifted to a lower wavelength 279 

due to the doping effect [34, 50, 51]. The doping effect was less pronounced in the PANI-280 

PAMPSA as the band shift was shorter. A possible explanation is that the large MW of 281 

PAMPSA constrained its diffusion in the PANI matrix, thereby resulting in a lower doping level 282 

compared to the small MW dopants [52, 53]. 283 

 284 



 285 

Figure 2: FT-IR spectra of PANI, PANI-HCl, PANI-PSSA, and PANI-PAMPSA 286 

membranes. 287 

 288 

XPS. The intrinsic oxidation state and protonation level of the PANI membranes were 289 

monitored through the N 1s core-level spectra (Figure 3). Three nitrogen species were 290 

differentiated in the properly curve-fitted spectra, namely the imine (=N–) at 398.5 eV, the amine 291 

(–NH–) at 399.5 eV, and the protonated nitrogen (N+) located above 400 eV [28, 54, 55]. The 292 

ratio of nitrogen species to total nitrogen content, the doping level (the percent of protonated 293 

nitrogen to the total nitrogen content), and the electrical conductivity are given in Table 2.  294 

The undoped PANI had approximately equal amounts of imine and amine species, which 295 

was consistent with the intrinsic redox state of the EB form of PANI (Figure 3(a)). The small 296 

ratio of protonated nitrogen (0.17) was probably associated with surface oxidation products, 297 

interchain hydrogen bonding, and contribution of the imine satellite [28]. In the N 1s core-level 298 

spectrum of PANI-HCl (Figure 3(b)), the ratio of the imine nitrogen decreased significantly to 299 

only 0.05 and the ratio of the protonated nitrogen increased to 0.52, corresponding to a doping 300 

level of 52%. This agrees with the general belief that protonation occurs predominantly at the 301 

imine nitrogen atoms [28]. The N 1s core-level spectrum of PANI-PSSA was similar to that of 302 

PANI-HCl but with a lower doping level of 43% (Figure 3(c)). This is because PSSA is less 303 

capable to donate protons than HCl (Table 1). A positive correlation between the doping level 304 



and electrical conductivity was observed among the undoped PANI, PANI-PSSA, and PANI-305 

HCl (Table 2). Through acid doping, the imine sites were protonated to the bipolaronic form, 306 

which was responsible for the increased conductivity [56, 57]. 307 

It is noteworthy that only the amine and the protonated nitrogen species appeared in the 308 

spectrum of PANI-PAMPSA (Figure 3(d)). This was because the residual PAMPSA 309 

macromolecules covered the surface of PANI-PAMPSA and consequently, the amine nitrogen 310 

from PAMPSA shielded nitrogen signals from PANI-PAMPSA. Thus, the doping level of PANI-311 

PAMPSA could not be quantitatively determined through the N 1s core-level spectra. 312 

Nevertheless, given the FT-IR, pKa and conductivity results, the actual doping level of PANI-313 

PAMPSA was expected to be lower than that of PANI-PSSA.  314 

 315 

 316 

Figure 3: N 1s core-level spectra of (a) PANI, (b) PANI-HCl, (c) PANI-PSSA and (d) 317 

PANI-PAMPSA membranes 318 

 319 

Table 2. XPS and conductivity results of the undoped and doped PANI membranes 320 

Membrane  Imine N  Amine N Protonated N Doping level 

(%) 

Conductivity 

(S cm-1) 

PANI 0.41 0.42 0.17 17 6.5×10–7 

PANI-HCl 0.05 0.43 0.52 52 2.7×10–2 

PANI-PSSA 0.07 0.50 0.43 43 2.4×10–4 



PANI-PAMPSA 0 0.82 0.18 NA 1.3×10–4 

 321 

SEM images of the membrane surfaces are shown in Figure 4. The PANI and PANI-HCl 322 

membranes had irregular bulges on the surface, which was due to the heterogeneous 323 

accumulation of PANI granules. Oppositely the PANI-PSSA and PANI-PAMPSA membranes 324 

had much smoother skin layers, which was attributed to the homogenous coverage of PSSA and 325 

PAMPSA macromolecules on the membrane. No pinhole or pore structures were seen at the 326 

magnification used (5000x). The cross-sectional images (Figure 5) reveal that the undoped and 327 

doped PANI membranes all had an integrally skinned asymmetric structure, where a thin, dense 328 

skin layer was at the top of a porous support layer. Solution rejection and hydraulic resistance 329 

occurred mostly across the thin layer. The bulk support layer was dominantly spongy 330 

interspersed with many finger-like macrovoids. The formation of macrovoids in such phase-331 

inversion membranes was due to the instantaneous onset of liquid-liquid demixing [29, 58]. 332 

These macrovoids might result in membrane compaction during filtration. The cross-sectional 333 

images of the different PANI membranes were highly similar, which suggested that the acid 334 

doping under the conditions used did not affect the porous support structure in the asymmetric 335 

membrane layers.  336 

 337 

 338 



Figure 4: SEM images of the surface of (a) PANI, (b) PANI-HCl, (c) PANI-PSSA and 339 

(d) PANI-PAMPSA membranes 340 

 341 

 342 

Figure 5: SEM images of the cross-section of: (a) PANI, (b) PANI-HCl, (c) PANI-PSSA 343 

and (d) PANI-PAMPSA membranes 344 

 345 

Hydrophilicity of the PANI membrane was estimated by measuring the 346 

apparent contact angle of the membrane surface. A hydrophilic membrane has high 347 

affinity to water, which results in a contact angle less than 90°. As seen from Figure 6, 348 

all the four PANI membranes were hydrophilic. The contact angle of the membranes 349 

decreased in the order of PANI > PANI-HCl > PANI-PSSA > PANI-PAMPSA. 350 

Therefore, the hydrophilicity followed the opposite order: PANI < PANI-HCl < PANI-351 

PSSA < PANI-PAMPSA. Previous work reported that the doping treatment 352 

significantly improved the hydrophilicity of the PANI membranes [59]. The 353 

hydrophilicity of PANI-HCl, PANI-PSSA and PANI-PAMPSA arose from the 354 

hydrophilic functional groups from the corresponding dopants, i.e., chloride from HCl, 355 

sulfonic group from PSSA, and sulfonic, carbonyl and amide groups from PAMPSA. 356 

Between the two sulfonic dopants, PSSA is less hydrophilic than PAMPSA due to the 357 



presence of the hydrophobic phenylene groups [60]. Therefore, PANI-PSSA was less 358 

hydrophilic than PANI-PAMPSA. Additionally, residual dopants existed on the 359 

membrane surface even though the membrane was gently rinsed with DI water. These 360 

dopants produced dissociative ions that distributed randomly in the membrane, which 361 

again facilitated the interaction between the membrane and water [61]. 362 

 363 

 364 

Figure 6: The apparent contact angle of PANI, PANI-HCl, PANI-PSSA, and 365 

PANI-PAMPSA membranes over time 366 

 367 

3.2. Membrane swelling and stability  368 

Determining the extent of swelling in the membranes is a key step to fully understand 369 

their behavior, as when swollen the separation properties are different to those in their non-370 

swollen state [62, 63]. Figure 7 shows the mass swelling degrees of PANI membranes as a 371 

function of the Hansen solubility parameters. The mass swelling degree of the undoped PANI 372 

increased from 0.47 to 0.87 as the Hansen solubility parameter increased from 18.2 to 23.6 373 

MPa0.5, and then reduced at the higher end of solubility parameter. The maximum swelling 374 

occurring at 23.6 MPa0.5 corresponded favorably to the Hansen solubility parameter of 22.2 375 

MPa0.5 for PANI. Solvents close to this value were likely to swell the polymer most, and solvents 376 

far from this value had negligible effect on swelling. The similar curved trend was reported for 377 

the swelling of polydimethylsiloxane (PDMS) membrane in the solubility parameter range 14.3 – 378 



29.2 MPa0.5, where a maximum expansion was attained at 15.5 MPa0.5 which was the solubility 379 

parameter for PDMS [62].  380 

However, the swelling trend of the doped PANI membranes was different, which did not 381 

decrease at Hansen solubility parameter greater than 23.6 MPa0.5. On the contrary, the swelling 382 

degrees of PANI-PSSA and PANI-PAMPSA continued to increase at higher solubility parameter 383 

values. As discussed in Section 3.1, acid dopant significantly increased the hydrophilicity of 384 

PANI. This means that the doped PANI membrane, as an integral, had a higher solubility 385 

parameter than the undoped PANI. An increase in the solubility parameter of PANI resulted in a 386 

shift of the maximum swelling towards the higher end of solubility parameter. In consequence, 387 

the swelling degree of the doped PANI continued to grow with increasing solubility parameter, 388 

especially in the case of PANI-PSSA and PANI-PAMPSA which obtained higher degrees of 389 

hydrophilicity after doping.    390 

 391 

 392 

Figure 7: Mass swelling degree of PANI membranes in different solvents as a function of 393 

the Hansen solubility parameter 394 

 395 

Figure 7 also shows that the acid dopants with larger MW resulted in a smaller swelling 396 

degree. Specifically, the swelling degree of PANI membranes in the same solvent decreased in 397 

the sequence: PANI > PANI-HCl > PANI-PSSA > PANI-PAMPSA. This can be explained by a 398 

decrease in the free volume of the membrane. Previous studies revealed that polyacids can 399 



strongly interact with PANI via hydrogen bonding and electrostatic interactions [33-35]. The 400 

intimately entangled double-strand structure of PANI-polyacid leads to a reduced porosity of the 401 

membrane [64]. Besides, the top layer of PANI-PAMPSA was more hydrophilic than other 402 

membranes, which effectively prevented the dissolution and permeation of organic solvents into 403 

the bulk PANI matrix.  404 

To determine the membrane stability in organic solvents, PANI membranes were soaked 405 

in the above five solvents for one week. The undoped PANI was unstable in all of the solvents, 406 

as all five solvents turned blue due to the dissolution of PANI, and the dry mass of the soaked 407 

membrane was reduced by 10 – 20%. The PANI-HCl membrane was more stable in methanol 408 

and acetone than the undoped PANI membrane, as there was only a slight colour change and the 409 

soaked membrane mass decreased by 5%, and it was stable in all other solvents. Both the PANI-410 

PSSA and PANI-PAMPSA membranes were stable in all solvents as the solvents were colorless 411 

after the one week, and the dry mass of the soaked membrane remained constant (within an error 412 

range of 1%). Furthermore, the FT-IR spectra of the PANI-PSSA and PANI-PAMPSA 413 

membranes before and after soaking in the five solvents were analyzed (Figure S3). The spectra 414 

show that the characteristic bands of both PANI and the polyacids did not shift after the 415 

membrane was soaked in solvent. These results indicate that the polyacid doped PANI 416 

membranes were able to retain their physical integrity in a wide range of solvents, and were 417 

therefore promising membranes for OSN. 418 

 419 

3.3. Membrane permeance  420 

Membrane permeance was evaluated using three solvents: methanol, isopropanol and 421 

acetone. These solvents were chosen as they had different solubility parameters and swelling 422 

effects as discussed in Section 3.2. The undoped PANI membrane was not evaluated because it 423 

was not stable in any of the solvents used. Additionally, the flux across the PANI-PAMPSA 424 

membranes was so low in acetone and thus insufficient volume for determining the permeance 425 

and the MWCO.  426 

The permeance of the doped PANI membranes experienced an initial drop due to the 427 

effect of membrane compaction under the transmembrane pressure [30, 65]. The permeance 428 

became constant when an equilibrium was reached between the expansion effect of membrane 429 



swelling and the compaction effect of the applied pressure, which took approximately 30 min. 430 

Figure 8 shows that the steady-state permeances of the doped PANI membranes were highly 431 

dependent on the dopant and the solvent used. In the same solvent, the permeance decreased with 432 

the increase of the dopant MW. In methanol, for example, PANI-HCl had the highest permeance 433 

(3.15 L h–1 m–2 bar–1) followed by PANI-PSSA (2.14 L h–1 m–2 bar–1) and PANI-PAMSPA (0.55 434 

L h–1 m–2 bar–1). Recalling the material properties and swelling profile, PANI-HCl had a larger 435 

free volume, thus leading to a higher permeance. In comparison, PANI-PAMPSA had a much 436 

lower permeance because it had a smaller free volume due to the doping of the PAMPSA 437 

macromolecules. 438 

For the same type of membrane, the order of solvent from smallest to largest permeance 439 

was acetone < isopropanol < methanol. This order mirrored the already established swelling 440 

profile demonstrated in Figure 7. This result suggests that the highest solvent permeance was 441 

generated by the solvent that swelled the membrane the most (methanol) and conversely, the 442 

lowest permeance was generated by the solvent that swelled the membrane the least (acetone). 443 

These results are in good consistence with previous studies that found swelling increased 444 

permeance as larger channels were formed in the polymer matrix [66, 67].  445 

 446 

 447 

Figure 8: Steady-state permeance of the doped PANI membranes in different solvents at 448 

30 bar, 25 °C 449 

 450 



3.4. Membrane MWCO 451 

Figure 9 shows that the three different doped PANI membranes generated distinct 452 

MWCO curves with the PPG rejections, which in general followed the order: PANI-HCl < 453 

PANI-PSSA < PANI-PAMPSA. The different PPG rejections were attributed to the different 454 

free volumes in the thin skin layers of the doped PANI membranes. The skin layer was 455 

dependent on the MW and interaction between PANI and the acid dopants. A higher swelling 456 

degree should yield a lower solute rejection because of the expansion of the polymer matrix by 457 

the solvent. This was directly reflected in the PPG rejections, where the most swollen PANI-HCl 458 

membrane had the lowest rejection and the least swollen PANI-PAMPSA had the highest 459 

rejection.  460 

For PANI-PAMPSA, the MWCO curves in methanol and isopropanol were similar and 461 

the MWCO value was found to be around 400 g mol–1. Therefore, PANI-PAMPSA can be 462 

classified as a NF membrane (i.e., with a typical MWCO range of 200 – 1000 g mol–1). To 463 

evaluate the stability of the PANI-PAMPSA membrane, three PANI-PAMPSA membrane 464 

samples were soaked in isopropanol for 1, 7, and 14 days, respectively, before the NF 465 

experiments. The MWCO curves of these membranes were very similar with a MWCO range of 466 

370 – 400 g mol–1 (Figure S4). For PANI-PSSA, the MWCO curves in methanol and isopropanol 467 

were similar. The PPG rejections by PANI-PSSA were always below 90% throughout the MW 468 

range of 308 and 1179 g mol–1, with the rejection of the 1179 g mol–1 PPG oligomer 469 

approximately 79%. This suggests that PANI-PSSA can be classified as a ‘tight’ ultrafiltration 470 

(UF) membrane (i.e., with a typical MWCO range of 1000 to 10000 g mol–1). For PANI-HCl, the 471 

rejection of the 1179 g mol–1 PPG oligomer was 55%, which means that PANI-HCl was ‘looser’ 472 

than PANI-PSSA. The specific MWCO values of PANI-PSSA and PANI-HCl can be determined 473 

using solutes that are larger than the maximum MW of 1179 g mol–1 used in this work.  474 

The PANI-HCl and PANI-PSSA membranes gave poor rejections in acetone, in 475 

comparison to those in methanol and isopropanol. The flat curves obtained indicate that there 476 

were probably defects inside the membranes, which could not discriminate between different 477 

PPG molecules. These membranes may need further treatment or alternative dopants for 478 

utilization in polar aprotic and nonpolar solvents. 479 

 480 



 481 

Figure 9: MWCO curves of doped PANI membranes with PPG solution at 30 bar, 25 °C 482 

 483 

Conclusions 484 

This study systematically investigated the effect of polyacid dopants on the performance 485 

of PANI membranes in OSN. The PANI powder was synthesized by oxidative polymerization 486 

and the integrally skinned asymmetric PANI membranes was fabricated using immersion 487 

precipitation. The PANI membranes were then doped with HCl, PSSA and PAMPSA, 488 

respectively. FT-IR and XPS analysis confirmed the successful incorporation of acid dopants in 489 

the PANI polymer matrix. SEM images showed that large polyacids made the skin layer of the 490 

PANI membranes tight and smooth through interactions between PANI backbone and polyacids, 491 

without affecting the structure of the bulk support layer. Contact angle measurements revealed 492 

that the doped PANI membranes were more hydrophilic than the undoped PANI due to their 493 

hydrophilic acid groups. Stability tests showed that the polyacid doped PANI membranes had 494 

improved stability in a wide variety of organic solvents, and their swelling degrees decreased 495 

with the increase of the dopant MW. Preliminary NF experiments demonstrated that acid dopants 496 

played a key role in determining the permeance and separation performance of the membranes. 497 

The PANI-PAMPSA membrane had very high rejections in the NF range with an estimated 498 

MWCO of 400 g mol–1 in methanol and isopropanol. The PANI-HCl and PANI-PSSA 499 



membranes had UF characteristics. This study proved that polyacid doping is an important 500 

strategy to confer solvent stability and NF properties to PANI membranes. This simple approach 501 

can be broadly applied to designing new classes of OSN membranes for complicated chemical 502 

and refining processes in the future. 503 
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