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Abstract 22 

Designing membranes with synthetic water channels has become an emerging topic 23 

to overcome the ubiquitous selectivity/permeability trade-off effect. In this study novel 24 

ultra-permeable thin film composite membranes with precise molecular fractionation 25 

were successfully fabricated. Per-hydroxylated pillar[5]arene (P[5]A), a macrocycle 26 

with a highly regular, cylindrical, angstrom-scale intramolecular cavity was applied as 27 

the aqueous monomer in interfacial polymerization (IP) to construct water channels in 28 

a thin film composite membrane. The competing effects of esterification and alkali-29 

induced hydrolysis during IP were validated by investigating the effect of fabrication 30 

conditions. With almost complete rejection of model dyes >99.0% (e.g., Congo Red & 31 

Direct Red 23) and low retention of salts (e.g., 4.5% for NaCl & 18.9% for Na2SO4), 32 

the optimal membrane exhibited an ultra-high water permeance up to 267.1 33 

L·m−2·h−1·bar−1, which is 3-10 times higher than most literature-reported membranes 34 

for similar applications. Also, the precision of dye/salt fractionation of the membrane 35 

was not affected by the increased feed salinity, with overall stable performance in 72h 36 

continuous operation. A high flux recovery of >94.5% proved that the membrane had 37 

low fouling propensity. Overall, the new route explored in this study provided 38 

inspiration for designing ultra-permeable membranes with precise molecular separation 39 

for environmental applications. 40 
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1. Introduction 48 

Membrane separation technology has rapidly developed and been applied in 49 

various fields such as water treatment, gas separation, energy storage, resource recovery, 50 

and other industrial production processes [1-3]. As an emerging technology, membrane 51 

separation has exhibited a tremendous application potential due to its advantages such 52 

as high versatility, reasonable energy consumption, small footprint, and easy scale-up 53 

[4, 5]. Nevertheless, the exploration for high-performance membranes with both high 54 

throughput and selectivity for target molecules is continuously ongoing, due to the ever-55 

increasing environmental problems to be addressed and purification demands. 56 

Nowadays, to achieve near-zero discharge, novel membranes that can accurately 57 

harvest reusable resources from waste streams have drawn great interest [6].  58 

Dye and salt ions are valuable resources that co-exist in most textile wastewater, 59 

while the disposal of their mixture is a major environmental challenge worldwide [7-60 

9]. Large amounts of inorganic salts are added during the coloring process in order to 61 

accelerate the uptake of dyes by the textile, which makes the mixed wastes ecotoxic 62 

and not biodegradable [10, 11]. In addition, salts end up in the by-products of the dye 63 

synthesis processes, which makes it critical to harvest the high purity dye resource from 64 

the saline streams [12, 13]. Various robust methods such as adsorption, ion exchange, 65 

and advanced oxidation processes (AOPs) have been adopted to minimize the hazards 66 

of dye wastes to the ecosystem. Still, processes like adsorption and ion exchange require 67 

frequent regeneration [14-16]. AOPs may involve large chemical dosing and 68 

unidentified by-products [15, 17]. Furthermore, none of these processes can achieve 69 

satisfactory dye/salt fractionation for reuse. Membrane technology has also been 70 

adopted for dye wastewater treatment, but most commonly used nanofiltration (NF) 71 

membranes often reject simultaneously salt and dyes [18]. Most importantly, 72 

conventional NF can hardly provide a pure water permeance higher than 20 73 

L·m−2·h−1·bar−1 (LMH·bar-1). Both low fractionation ability and low permeability have 74 

hindered further industrial adoptions [19, 20]. Thus, novel fabrication methods and 75 

membrane materials are highly sought after to construct new classes of membranes to 76 
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overcome the permeability-selectivity trade-off. 77 

A thin selective layer with high porosity is crucial to achieve high permeability. 78 

Interfacial polymerization (IP) is a practical method to fabricate thin film composite 79 

(TFC) membranes on a robust supporting structure and a tunable selective skin layer 80 

[21]. By choosing from various monomers and adjusting the reaction conditions, 81 

membranes with target selectivity can be customized [22]. Although IP membranes with 82 

dense polyamide layers have demonstrated great potential in desalination [23-26], the 83 

design of polyester-based loose IP membranes recently drew attention with the 84 

advantage to push the permeability limit. Due to the lower reactivity of hydroxyl groups 85 

compared to amine groups in reaction with an acyl chloride, polyester-based thin films 86 

can exhibit a looser structure and hence are much more permeable than polyamides in 87 

most cases [27]. 88 

At the same time, numerous investigations have been conducted to improve 89 

membrane porosity [28, 29]. With the inspiration of biological proteins in cell 90 

membranes, macrocyclic molecules with intramolecular cavities have received 91 

increasing attention for the design of membranes with artificial water channels to 92 

increase membrane micro-isoporosity and overcome the selectivity/permeability trade-93 

off [30, 31]. Annular molecules with angstrom-scale cavities, such as cyclodextrins 94 

(CDs), porous organic cages (e.g., Noria) and cucurbiturils (CB), have been widely 95 

applied for membrane modification [32-35]. An IP membrane with cucurbit[6]uril (CB6) 96 

inclusions features enlarged polyamide tunnels due to the large steric hindrance of CB6, 97 

resulting in a fourfold enhanced water permeability compared to unmodified 98 

membranes, while maintaining high Na2SO4 rejection [32]. A CB6-embeded polyamide 99 

membrane on a patterned substrate achieved a high water permeability of 124.9 100 

LMH·bar-1 and a rejection of 99.9% for Janus Green B [36]. Thus, utilizing monomers 101 

with well-defined cavities can be an attractive route for developing membrane with high 102 

permeability. Nevertheless, both suitable macrocyclic monomers and fabrication 103 

methods need to be explored.  104 

Pillar[n]arenes are supramolecular macrocyclic molecules first reported in 2008 105 
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[37]. With the methylene bridges linked in the para-position in between hydroquinone 106 

or dialkoxybenzene units, pillar[n]arenes demonstrate symmetrical pillar architectures 107 

and rigid electron-rich cavities [38, 39]. Since their discovery, pillar[n]arenes 108 

immediately attracted great attention in host–guest chemistry, supramolecular 109 

chemistry, smart materials, and transmembrane channels [40-43]. Efforts have been 110 

made to utilize pillar[5]arene cavity to boost the membrane water permeability, e.g., a 111 

polymer bilayer membrane incorporated with peptide-appended pillar[5]arene achieved 112 

nearly 10 times more water conductive than commercial NF [44-46]. Pillar[n]arene 113 

derivatives were also constructed into artificial channels for transporting  solutes (e.g., 114 

protons and ions) [42]. Although proposed in several as-mentioned studies, the 115 

hypothesis of water conductivity of pillar[5]arene when embedded into membrane 116 

matrix was not proved. So far only a handful of studies validated the feasibility of 117 

combining pillar[n]arene via the IP method for fabricating organic solvent filtration 118 

membranes [47, 48]. However, regardless of the fabrication means, none of the above-119 

mentioned studies has comprehensively explored the mechanism of pillar[n]arene layer 120 

formation, including in IP. Thus, there is a general lack of understanding on the 121 

correlation between the fabrication conditions and filtration behavior of pillar[n]arene 122 

membrane .  123 

In this study, a new class of pillar[n]arene-based membranes is developed via the 124 

IP method, incorporating per-hydroxylated pillar[5]arene (P[5]A) monomers with the 125 

aim of constructing thin film composite (TFC) membranes with ultra-thin and ultra-126 

permeable selective layers. The mechanisms of IP layer formation are explained 127 

through investigation of the membrane properties obtained under different IP conditions. 128 

The membrane performance is further tested for dye/salt fractionation using simulated 129 

textile wastewater with various compositions. As illustrated in Fig. 1, under suitable IP 130 

conditions the phenolic hydroxyls of P[5]A in the aqueous phase are reactive towards 131 

acyl chloride groups of cross-linkers in the organic phase, which results in the formation 132 

of the polyester layer. It is hypothesized that the low reactivity of phenolic hydroxyls 133 

and the steric hindrance of P[5]A macrocycles can act synergistically to build a loose 134 
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pore structure in the selective layer; while the unreacted hydroxyl groups can contribute 135 

to membrane hydrophilicity, rendering the membrane highly permeable to water and 136 

resistant to hydrophobic foulants [23, 49]. Moreover, the P[5]A intramolecular cavity, 137 

with a reported diameter of 4.7Å, is expected to enrich the membrane nano-isoporosity 138 

significantly [43]. These novel P[5]A-TFC membranes are designed to overcome the 139 

selectivity/permeability trade-off effect and achieve efficient molecular fractionation. 140 

 141 

 142 

Fig. 1. The formation of P[5]A-TFC membrane via IP process. 143 

 144 

2. Experimental 145 

2.1. Materials and chemicals 146 

Polypropylene/Polyethylene (PP/PE) non-woven fabric (Novatexx 2471) was 147 

acquired from Freudenberg Filtration Technologies, Germany. Polyether sulfone (PES) 148 

in the form of powder (Veradel® 3000P) was purchased from Solvay S.A. Unless 149 

otherwise specified, all the other chemicals were purchased from Sigma-Aldrich and 150 

used without further purification. Detailed information is shown in Section S1 in the 151 

Supplementary Information (SI). 152 

2.2. Synthesis of pillar[5]arene (P[5]A) monomers 153 
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Per-hydroxylated pillar[5]arene (P[5]A) with a molecular weight (MW) of 154 

610.6 g/mol and its precursor per-methoxypillar[5]arene were synthesized by adapting 155 

established methods [50, 51], the detailed procedures of which are shown in the Section 156 

S2 in the SI.  157 

2.3. Preparation of PES substrate and P[5]A-TFC membranes 158 

The PES membrane substrates were prepared via the non-solvent induced phase 159 

inversion (NIPS) method [52, 53]. Detailed procedures are provided in Section S3. 160 

As shown in Fig. 2, the P[5]A-TFC membranes were fabricated via an IP reaction 161 

that took place on the PES substrate surface, between the P[5]A monomers in the 162 

aqueous phase and TMC monomers in the organic phase. Detailed procedures are 163 

provided in Section S3.  164 

A series of P[5]A-TFC membranes were synthesized by varying the dosage of 165 

P[5]A monomers (i.e., 1.2 to 1.8 wt%) and NaOH (i.e., 0.3 to 0.7 wt%) in the aqueous 166 

phase, as well as the IP reaction time (i.e., 1 to 5 min). Those membranes were labeled 167 

as PxxNxxIPx, as listed in Table 1. The first and second ‘xx’ represent the concentration 168 

of P[5]A and NaOH, respectively, and the last ‘x’ refers to the IP reaction time applied. 169 

The pristine PES membrane with 15 wt% polymer concentration served as substrate 170 

and was also tested as a benchmark for performance. 171 

 172 

 173 

Fig. 2. Scheme of the fabrication process and IP reaction mechanism for the P[5]A-174 
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TFC membrane.  175 

 176 

Table 1. IP parameters for P[5]A-TFC membranes (with constant organic phase 177 

composition of 0.2 wt% TMC in n-hexane)  178 

 P[5]A dosage, wt% NaOH dosage, wt% IP reaction time, min 

PES15 

substrate 

— — — 

P1.2N0.5IP1 1.20 0.5 1 

P1.35N0.5IP1 1.35 0.5 1 

P1.5N0.5IP1 1.50 0.5 1 

P1.65N0.5IP1 1.65 0.5 1 

P1.8N0.5IP1 1.80 0.5 1 

P1.5N0.3IP1 1.50 0.3 1 

P1.5N0.4IP1 1.50 0.4 1 

P1.5N0.6IP1 1.50 0.6 1 

P1.5N0.7IP1 1.50 0.7 1 

P1.5N0.5IP3 1.50 0.5 3 

P1.5N0.5IP5 1.50 0.5 5 

  179 

2.5. Preliminary filtration performance evaluation 180 

The membrane filtration performance was evaluated in terms of water permeance 181 

and rejection of various solutes with single solute solutions, i.e., single salt solution 182 

(NaCl, Na2SO4 1000 ppm) and singe anionic dye solution (Congo Red (CR), Direct 183 

Red 23 (DR23), Reactive Blue 2 (RB2) and Direct Red 80 (DR80), 200 ppm). While 184 

all the tests were done with anionic dyes, an additional test with a cationic dye 185 

Methylene Blue (MB) was briefly demonstrated with the selected membrane 186 

P1.5N0.5IP1. Detailed procedures and indices are described in Section S4. 187 

2.6. Dye/salt fractionation and long-term stability tests 188 

The optimal membrane (i.e., P1.5N0.5IP1) was selected based on experiments in 189 

Section 2.5 to carry out the dye/salt fractionation tests. Dye solutions (200 ppm DR23) 190 
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mixed with varying concentration of salt (0 – 40 g/L Na2SO4) were applied as the feed 191 

solution. Furthermore, the long-term stability tests of the optimal membrane were 192 

conducted with a mixed solution containing 200 ppm DR23 and 1 g/L Na2SO4. Detailed 193 

procedures are described in Section S5. 194 

2.7.  Fouling experiments 195 

Three dyes (CR, DR23, RB2) were selected as the respective model foulant to 196 

investigate the anti-fouling performance of the P[5]A-TFC membranes in a 2-cycle 197 

experiment. Each solution contained 200 ppm single dye and served as the feed stream 198 

in the cross-flow apparatus at room temperature and TMP of 2 bar. Fouling indices 199 

including the flux recovery ratio (FRR), the total fouling ratio (Rt), the reversible 200 

fouling ratio (Rr), and the irreversible fouling ratio (Rir) were analyzed accordingly to 201 

evaluate the membrane anti-fouling performance. The experimental steps of each cycle 202 

and the calculating equations are briefly described in Section S6. 203 

In general, a higher FRR and a lower Rt indicate better anti-fouling behavior of the 204 

membrane [54]. The Rr is usually related to the flux drop caused by concentration 205 

polarization and the formation of loosely attached filtration cake, whereas Rir represents 206 

the adsorption of foulants which cannot be removed easily [55]. 207 

All characterization methods involved in the above experiments, i.e., P[5]A 208 

monomers, membrane morphological and surface chemical composition, molecular-209 

weight-cut-off (MWCO) of the membrane using Polyethylene glycols(PEG), solution 210 

properties, are described in Section S2, Section S7 and Section S8.  211 

3. Results and discussion 212 

3.1. Surface chemistry of P[5]A-TFC membranes 213 

After confirming the successful synthesis of the P[5]A monomer based on the 214 

nuclear magnetic resonance spectrum (NMR) results presented in Fig. S2, Fig. S3 and 215 

Fig. S5, Fig. S6 in the SI, further investigations on the surface chemical composition 216 
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of the as-prepared P[5]A-TFC membranes were conducted via Fourier-transform 217 

infrared spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS). As 218 

presented in the FTIR spectrum in Fig. 3a, after eliminating the characteristic peaks of 219 

the PES substrate via background subtraction, the P1.5N0.5IP1 membrane (green line) 220 

shows distinct absorption bands at around 1700 cm-1, 1750 cm-1 and between 3000 cm-221 

1 - 3500 cm-1, which can be attributed to the existence of C=O groups and -OH groups, 222 

respectively. Here the C=O stretching around 1700 cm–1 and 1750 cm-1 could be 223 

associated with two sources, i.e., the ester C=O and/or the carboxylic C=O (carboxylic 224 

acid and/or sodium carboxylate) [56]. The former indicates that the esterification 225 

successfully took place between the hydroxyl groups of P[5]A and acyl chlorides of 226 

TMC; whereas the potential presence of the carboxylic acid C=O could be attributed to 227 

the hydrolysis of unreacted acyl chlorides [57]. The broad characteristic peak of -OH 228 

groups between 3000 cm-1 and 3500 cm-1 may be attributed to residual unreacted 229 

hydroxyl groups and hydrolyzed acyl chlorides, considering the relatively low 230 

reactivity of the phenolic hydroxyls and the steric hindrance of P[5]A macrocycles that 231 

could have led to an incomplete IP reaction.  232 

The XPS results of the selected membranes are presented in Fig. 3b-c, which show 233 

the deconvoluted C 1s spectra of the respective PES substrate and the P[5]A-TFC 234 

membrane surface. Compared to the PES, the P1.5N0.5IP1 membrane displays new 235 

‑O‑C=O, and RO-C=O contributions (brown and blue peaks), which is in good 236 

agreement with the FT-IR results. Similar new peaks were also observed on other 237 

P[5]A-TFC membranes as presented in Figure S8. Due to changes in synthesis 238 

conditions, the new peaks presented different intensities. To better understand these 239 

differences, the homogeneous equivalent elemental compositions of selected 240 

membranes were determined from the XPS survey spectra, as presented and 241 

summarized in Fig. 3d and Table S2. With an analysis area of 700 μm × 300 μm per 242 

measurement, XPS results are able to reveal the surface coverage uniformity by 243 

detecting the residue sulfur content from the PES substrate, especially when the 244 

polyester layer is thin and patchy. It can be concluded that membranes P1.5N0.5IP5 and 245 
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P1.65N0.5IP1 have the highest polyester coverage, whereas membranes P1.35N0.5IP1 246 

and P1.5N0.6IP1 have the lowest. The rest of the samples presented a similar sulfur 247 

content. This phenomenon could be explained via decreased polyester layer thickness 248 

or decreased homogeneity of the IP layer, which will be explained in the following 249 

Section 3.2. Combining the above-mentioned results, it can be confirmed that the 250 

P[5]A-based polyester skin layer was successfully synthesized on the surface of the 251 

PES substrate. 252 

 253 

 254 

Fig. 3. Chemical characterization of PES substrate and P[5]A-TFC membranes. (a) The 255 

FT-IR spectrum of PES substrate, P1.5N0.5IP1 and P1.5N0.5IP1 after eliminating PES 256 

substrate signal; (b) The C 1s spectra of PES substrate; (c) The C 1s spectra of 257 

P1.5N0.5IP1; (d) The XPS survey spectra of PES substrate and P[5]A-TFC membranes. 258 

 259 
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3.2. Surface morphology of P[5]A-TFC membranes 260 

The surface morphological changes of the P[5]A-TFC membranes, as compared 261 

to those of the pristine PES were revealed using scanning electronic microscopy (SEM). 262 

Fig. S9 shows that the obtained PES substrate structure shows good agreement with 263 

reported work [58]. The effect of the IP reaction time was evaluated by keeping the rest 264 

of the experimental conditions constant, such as the respective P[5]A and NaOH dosage. 265 

As presented in Fig. 4(a-c), with the increase in IP time from 1 to 5 min, the appearance 266 

of the membrane surface transformed from being uniform and smooth, to having a 267 

deflated-bubble-like structure and typical stacking Turing patterns [59]. Numerous 268 

studies proved that the formation kinetics of the IP layer is greatly influenced by the 269 

diffusion of monomers and hindered by the self-limiting tendency of the IP reaction 270 

[60]. In short, the MW of polyester increases up to the phase separation value in a very 271 

short time (< 1 s) after the two phases come into contact causing the polyester chains 272 

to precipitate from the organic phase. Then, due to the formation of the crosslinked 273 

polymer network, liquid–liquid diffusion gradually transitions to selective diffusion 274 

through the newly-formed polyester layer. Therefore, the diffusion resistance will 275 

continuously increase with the increasing crosslinking degree (higher polyester MW 276 

and density), namely the self-limiting nature of the IP reaction. Thus, it can be 277 

considered that the typical stacking structure was formed during the self-limiting 278 

diffusion of the IP reaction. Eventually, the polymerization degree will reach a stable 279 

state and the IP reaction will terminate. Consistently, the atomic force microscopy 280 

(AFM) images of these three membrane samples showed that the surface becomes 281 

rougher due to the more significant ridge-and-valley structures at increased IP times. 282 

The observations are further confirmed by the cross-sectional morphology of P[5]A-283 

TFC membranes in Fig. 4(d-f), which shows that the thickness of the selective layer 284 

increased with increasing IP reaction time. 285 

Similar results were observed with the membranes synthesized at varying P[5]A 286 

dosage, where the NaOH dosage of 0.5 wt% and IP time of 1 min were kept constant. 287 

As presented in Fig. S10 (a-c) in SI, when the P[5]A monomer dosage was lower than 288 
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1.5 wt%, the membrane surface was relatively smooth. When the P[5]A monomer 289 

dosage was increased to 1.65 wt%, similar surface stacking patterns to those in Fig. 4 290 

(b & c) appeared. Thus, the increased concentration of P[5]A can strongly accelerate 291 

the diffusion and polymerization, which eventually shaped this similar stacking surface. 292 

Increased surface roughness can also be seen in the AFM images of P[5]A-TFC 293 

membranes with increasing P[5]A dosage in Fig. S10 (d-f), proving that a higher 294 

polymerization degree resulted in a rougher membrane surface, which is consistent with 295 

the findings in other work [61, 62]. The increased IP layer thickness with increasing 296 

P[5]A dosage in Fig. S10 (g-i) further confirmed the difference in polymerization 297 

degree. The SEM results in Fig. S11 show the surface morphology of P[5]A-TFC 298 

membranes with varying NaOH dosage from 0.4 to 0.6 wt%, at constant P[5]A dosage 299 

of 1.5 wt% and IP time of 1 min. It is interesting to observe that the ridges and valleys 300 

became more prominent with increasing NaOH dosage, proving that NaOH can 301 

promote the esterification process. It is also worth noting that the stacking pattern on 302 

the surface of P1.5N0.6IP1 widened and became less distinct, which might be a 303 

consequence of NaOH-induced alkali hydrolysis (to be discussed in Section 3.4.1). 304 

Overall, the initial P[5]A concentration, NaOH dosage, and IP time contributed 305 

synergistically to shape the membrane morphology. Well-controlled synthesis 306 

conditions can be beneficial to fabricate a thin and homogenous selective layer of the 307 

TFC membrane, e.g., moderate P[5]A concentration of 1.5 wt%, NaOH dosage of 0.5 308 

wt%, and a short IP time (1 min). 309 
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 310 

Fig. 4. The surface morphology of P[5]A-TFC membranes by varying the IP reaction 311 

time (a) P1.5N0.5IP1, (b) P1.5N0.5IP3, (c) P1.5N0.5IP5, (SEM images); the AFM 312 

images and the RMS roughness of (d) P1.5N0.5IP1, (e) P1.5N0.5IP3, (f) P1.5N0.5IP5; 313 

cross-sectional morphology of (g) P1.5N0.5IP1, (h) P1.5N0.5IP3, (i) P1.5N0.5IP5. 314 

3.3. Surface hydrophilicity and charge characteristics of P[5]A-TFC membranes 315 

Fig. 5a presents the water contact angle (WCA) results of the P[5]A-TFC 316 

membranes. It was found that the pristine PES membrane demonstrated a slight 317 

hydrophilic surface with a WCA of 67.1°. After the IP reaction, the P[5]A-TFC 318 

membranes exhibited enhanced hydrophilicity with lower WCAs in the range of 30~55°. 319 

The increased hydrophilicity can be explained by the enrichment of hydrophilic groups 320 

such as the unreacted hydroxyls from P[5]A after the IP reaction and the carboxylic 321 

acid groups generated by the acyl chloride hydrolysis [63]. As reported, the membrane 322 

anti-fouling behavior is closely related to the wettability of the membrane surface [64]. 323 
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Benefiting from the hydration layer formed by the interactions between surface 324 

hydrophilic groups and surrounding water molecules, the deposition and adsorption of 325 

hydrophobic foulants is greatly weakened [65, 66]. Moreover, introducing hydrophilic 326 

groups can also improve the water permeability of the membrane [67, 68]. 327 

The ζ-potential results of the pristine PES substrate and a representative P[5]A-328 

TFC membrane, i.e., P1.5N0.5IP1, P1.5N0.5IP3, P1.5N0.5IP5, are presented in Fig. 329 

5b. After being coated with a P[5]A-based polyester thin film, the P1.5N0.5IP1 330 

membrane demonstrated an enhanced negative charge over a wide pH range (4.5 – 10.5) 331 

compared to the pristine PES. These changes might be attributed to the presence of 332 

hydrolyzed acyl chlorides[63]. The surface charge holds vital significance in the 333 

electrostatic interactions between the surface and charged solutes. Thus, with the highly 334 

negatively charged surface, the prepared P[5]A-TFC membranes are expected to have 335 

a higher rejection of anionic molecules and may also possess anti-fouling properties 336 

when in contact with negatively charged foulants [69]. 337 

 338 

Fig. 5. (a) Water contact angles of PES substrate and P[5]A-TFC membranes; (b) ζ-339 

potentials of PES substrate and P1.5N0.5IP1, P1.5N0.5IP3, P1.5N0.5IP5 membranes. 340 

3.4. Filtration performance of P[5]A-TFC membranes 341 

3.4.1. Pure water permeance of P[5]A-TFC membranes 342 

Fig. 6 shows the comparison of the permeance of the P[5]A-TFC membranes when 343 

using DI water and salt solutions containing NaCl and Na2SO4, respectively, at different 344 
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concentrations of P[5]A monomer (Fig. 6a), different dosages of NaOH (Fig. 6b), and 345 

various IP reaction times (Fig. 6c). One synthesis parameter was varied at a time while 346 

the others were kept constant. Here the water permeance of the PES substrate was used 347 

to benchmark the performance of the TFC membranes (Fig. S13), the PES membrane 348 

showed significantly higher pure water permeance (889.5 LMH·bar-1) than the TFC 349 

membrane ones. This serves as a good indication that a surface layer has been formed 350 

on the TFC membranes. The results are in good accordance with the cross-section SEM 351 

images in Section 3.2 and 3.3, where the presence of a selective layer on the TFC 352 

membranes was identified after the IP reaction. 353 

Firstly, we will discuss the base case, i.e., pure water permeance with DI water (as 354 

blue bars) for varying membrane synthesis conditions. It can be seen from Fig. 6a, at 355 

constant NaOH dosage and IP time, the membrane water permeance decreased from 356 

317.1 to 118.6 LMH·bar-1 at increasing dosage of P[5]A from 1.2 wt% to 1.8 wt%. This 357 

phenomenon is consistent with the change in membrane surface morphology (Fig. S10 358 

(g~i)), which showed that a significant increase in membrane thickness corresponded 359 

to an increase in P[5]A concentration. Thus, it is likely that the enrichment of P[5]A 360 

monomer in the aqueous solution greatly accelerated its diffusion towards the IP 361 

interface and then further accelerated the IP reaction within a limited phase contact time, 362 

resulting in a higher cross-linking degree and thicker polyester layer [70]. 363 

The opposite was observed for the permeability changes occurring when 364 

increasing the NaOH dosage in the aqueous phase. As presented in Fig. 6b, the pure 365 

water permeance (blue bars) increased slightly when the NaOH dosage increased from 366 

0.3 to 0.5 wt%, and it dramatically surged nearly two-fold with a further increase of 367 

NaOH dosage beyond 0.6 wt%. Traditionally, NaOH is widely applied in surface 368 

modification of polyester materials as it can induce hydrolysis of ester groups [71-73]. 369 

The increasing permeance at increased NaOH dosage again proves our hypothesis that 370 

simultaneous nucleophilic substitution and hydrolysis reactions, which hydrolyze the 371 

newly formed ester bonds into hydroxyl and carboxylic end groups, might have 372 

happened during the IP cross-linking reactions [71]. As a result, the formation of a loose 373 



17 
 

pore structure in the IP layer was achieved, leading to increased water permeance. 374 

Nevertheless, with a further increase of NaOH beyond 0.5 wt%, the alkali hydrolysis 375 

reaction starts to play a dominant role in the esterification-hydrolysis equilibrium, 376 

which would further loosen the pore structure and may compromise the rejection of 377 

solutes (will be discussed in Section 3.4.2 and Section 3.4.3). 378 

As shown in Fig. 6c, the IP reaction time also plays a critical role in determining 379 

the water permeability. By extending the reaction time from 1 to 3 min, a permeance 380 

decrease was observed as expected, while a further time extension to 5 min led to a 381 

slight increase in permeance. This is because of the two competing mechanisms of 382 

esterification and hydrolysis as illustrated in Section 3.2. The IP reaction is a self-383 

limiting process, which means the newly generated cross-linked structure will increase 384 

the resistance to monomer diffusion [74], causing the esterification process to slow 385 

down. Meanwhile, the ongoing alkali hydrolysis will gradually break down the ester 386 

links. For short IP times (< 3min), the IP reaction is sufficiently fast and hence its 387 

densification effect due to esterification will be dominant, causing the water 388 

permeability to decrease. When the IP time exceeds a certain limit (e.g., 5 min in this 389 

study), the hydrolysis will be more dominant and hence start to loosen the pore structure. 390 

This trend with increasing IP time observed here is consistent with those reported in the 391 

literature [62].  392 

 393 
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 394 

 395 

Fig. 6. Pure water permeance, salt solution permeance and salt rejection of P[5]A-TFC 396 

membranes with (a) different P[5]A monomer dosages in aqueous solution; (b) different 397 

NaOH dosages in aqueous solution; and (c) different IP reaction times. Each simulated 398 

feed contained single salt of either NaCl or Na2SO4 in 1000 ppm. (applied pressure in 399 

cross-flow: 2 bar; benchmarking synthesis conditions: P[5]A 1.5 wt%, NaOH 0.5 wt%, 400 

and IP time 1 min). 401 

 402 

3.4.2. Salt rejection of P[5]A-TFC membranes 403 

The results of the salt solution filtration tests in terms of the permeance and solute 404 

rejection are also summarized in Fig.6, with simulated feed solution with single solute 405 

of either NaCl (green bars and pink dash lines) or Na2SO4 (orange bars and dash lines). 406 

As compared to the pure water permeability, the permeance of salted feeds follows the 407 

same trend at varying fabrication conditions (i.e., P[5]A concentration, NaOH dosage, 408 

IP time), but overall lower (2-30%) in magnitude. In general and within experimental 409 

error, for each fabrication condition the water permeance follows a similar decreasing 410 

order of pure water > NaCl solution > Na2SO4 solution. The decrease is likely due to 411 

the increase of the osmotic pressure of the feed, and effects of concentration 412 

polarization at the boundary layer adjacent to the membrane surface [75]. 413 

The discussion below will mainly focus on the rejection of solutes to highlight the 414 

influence of the fabrication conditions. As presented in Fig. 6a, at low P[5]A 415 

concentration in the aqueous phase (up to 1.5 wt%), the rejection values of these 416 
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membranes for NaCl and Na2SO4 are lower than 4.5% and 18.9%, respectively, which 417 

indicate a high salt permeation. However, when further increasing the P[5]A 418 

concentration beyond 1.65 wt%, the NaCl rejection increases up to 13.4% and the 419 

Na2SO4 rejection increases sharply up to 60.4%. The rejection results were also in 420 

agreement with the changes of membrane morphologies presented in Fig. S10 (a~c), 421 

where a transition from smooth (P[5]A concentration up to 1.5 wt%) to stacking pattern 422 

surface (beyond 1.5 wt%) was observed at increasing P[5]A concentration; meanwhile 423 

the thickness of the IP layer also increased accordingly. Therefore, all these 424 

observations were consistent with the increasing trend of salt rejection results.  425 

It can be seen from Fig. 6b, the salt rejection of the P[5]A-TFC membranes 426 

prepared at increasing dosage of NaOH demonstrated firstly an increasing and then a 427 

decreasing trend, i.e., by increasing the NaOH dosage in the low range, the rejection of 428 

Na2SO4 firstly increases slightly from 8.7% at 0.3 wt% NaOH, to 18.9% at 0.5 wt% 429 

NaOH; a further increase of the NaOH dosage leads to a sharp decline of rejection to 430 

3.1%. The rejection of NaCl shows a similar trend but remains overall low (< 5.0%) 431 

throughout the range of NaOH wt%. The slight increase of solute rejection at the low 432 

dosage range (i.e., ≤ 0.5 wt%) proved that a certain dosage of NaOH can boost the IP 433 

cross-linking reaction and produce a denser IP layer. As explained in Section 3.4.1, the 434 

competition between the cross-linking reaction (i.e., esterification) and NaOH induced 435 

alkali hydrolysis during the IP process will determine the permeability – rejection 436 

behavior of the membrane. Overdosing NaOH likely causes the latter to become 437 

dominant and produce a looser pore structure, leading to greatly enhanced 438 

permeabilities for both salt ions and water.  439 

As shown in Fig. 6c, the IP reaction time also plays a critical role in membrane 440 

rejection and permeability of salt solutions. While the membrane water permeance for 441 

salt solution follows the same trend as that of pure water (Section 3.4.1), the rejection 442 

of Na2SO4 increases significantly from 18.9% to 58.6% and for NaCl also increases 443 

from 4.5% to 10.2% with increasing IP time from 1 to 3 min; While further increasing 444 

the IP time to 5 min, the respective rejection for Na2SO4 and NaCl drop to 38.4% and 445 
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8.4%. As explained in Section 3.4.1, the reason is mainly attributed to the self-limiting 446 

nature of the IP and the competing effect of the alkali hydrolysis with the presence of 447 

NaOH. Therefore, an appropriate IP time should be chosen based on the separation 448 

target, for example, if the target is to have both high water and salt permeability, a low 449 

IP time should be chosen, which reaches good agreement with the morphological 450 

analysis (Section 3.2).  451 

It is worth noticing that for all membranes tested, the trend of salt ion rejection was 452 

synchronized with the changes in permeability, e.g., a higher permeance  is 453 

accompanied with a lower salt rejection, reflecting the classical permeability – rejection 454 

trade-off. This trend proves that the denser structure was attributed to an enhanced 455 

cross-linking degree during IP, resulting in a higher resistance to the passage of salt ions. 456 

Furthermore, the rejection of SO4
2− salt fluctuated much more intensely than that of Cl- 457 

one. As for charged nanofiltration membranes, the main rejection mechanisms can be 458 

attributed to the steric hindrance, Donnan equilibrium and dielectric exclusion [76, 77]. 459 

Thus, compare to monovalent ions such as Cl-, the rejection trend divalent ions such as 460 

SO4
2- with stronger charge and larger hydrated ionic size tend to be more sensitive to 461 

the changes in membrane pore structure and surface charge [78]. 462 

3.4.3. Dye rejection of P[5]A-TFC membranes 463 

With simulated dye solutions as feeds, the filtration performance of the P[5]A-464 

TFC membranes as a function of different synthesis conditions is presented in Fig. 7. 465 

Clearly, with the increases of P[5]A dosage from 1.2 to 1.8 wt % in the membrane, the 466 

rejection of all anionic dyes increases, e.g., for CR increasing from 98.0 to 99.8 %, 467 

DR23 increasing from 98.1 to 99.5 %, RB2 increasing from 96.9 to 99.7 %, and DR80 468 

from 98.6% to 100%, respectively. However, within the experimental error, the overall 469 

trend of permeance decreases slightly with increasing P[5]A dosage at the low range 470 

(i.e., 1.2 ~ 1.5 wt%), but remains within the range of 205-280 LMH·bar-1 with all 471 

simulated dye solutions; while a significant decrease occurs when increasing the dosage 472 

further. The lowest permeance of 70 LMH·bar-1 was observed at a P[5]A dosage of 1.80 473 
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wt% with the DR80 solution. The overall trend in permeance at varying P[5]A dosage 474 

is consistent with that observed for the pure water permeance (Fig. 6a). The dye 475 

rejection results are in good agreements with that of the salt ions, as well as the analysis 476 

of the membrane surface morphologies (Fig. S10) in Section 3.2. In brief, the increased 477 

initial dosage of P[5]A monomer possessed higher monomer diffusion rate, which 478 

resulted in a thicker and denser polyester selective layer under the same reaction time. 479 

The thicker IP layer guaranteed a high rejection for all model dye solutes, however with 480 

a compromise in the membrane permeability. However, the overall excellent 481 

performance of high permeability and dye rejection of the as-developed TFC 482 

membranes can also be attributed to the enhanced negative surface potential and 483 

hydrophilic surface properties of the membrane, which are consistent with the surface 484 

characterization results in Section 3.3.  485 

When benchmarking with the PES substrate, the dye rejection performance of 486 

P[5]A-TFC membranes are greatly enhanced. For example, the dye rejection rate of 487 

P1.5N0.5IP1 increased from 89.5 to 99.7% for CR and 90.8 to 99.4% for DR23; the 488 

rejection rate of RB2 increased dramatically from 62.2 to 99.0%. These results are in 489 

good accordance with the ζ-potential and MWCO characterization (Fig. 5b, Fig. S12), 490 

the IP reaction indeed created a denser membrane surface with enhanced negative 491 

charge, which allows the P[5]A-TFC membrane to screen out target dye solutes. In 492 

addition, a preliminary test with a cationic dye MB containing feed solution (results 493 

shown in Fig. S14) proved that the membrane P1.5N0.5IP1 demonstrated 110.0 494 

LMH·bar-1 water permeance and 37.8% MB rejection. Although MB has lower 495 

molecule weight, the permeance decrease with MB solution is more significant than 496 

those with selected anionic dyes. Compared to the membrane after anionic dye (CR) 497 

filtration, which showed intactness of the effective membrane area (Fig. S15c), 498 

significant adsorption of MB was observed on the membrane surface (Fig. S15b). The 499 

phenomenon can be explained via the negatively charged nature of the membrane 500 

surface (Fig. 5b). With the main aim to investigate the membrane formation mechanism 501 

in this study, the membrane performance will be mainly evaluated via anionic dyes 502 
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based on the characteristics of the as-developed membranes. 503 

As revealed in Fig. 7b, in the low dosage range of NaOH, i.e., 0.3 to 0.5 wt%, the 504 

rejection for all dyes increases with increasing NaOH concentration, for example, the 505 

rejection of DR23 increased from 98.5 to 99.4%, and the rejection of RB2 increased 506 

from 91.7 to 99.0%. This is due to the promotion of the IP reaction and hence a higher 507 

cross-linking degree at the selective layer of membrane. Nevertheless, a further increase 508 

of NaOH to 0.6 and 0.7 wt% would lead to a loss of the dye rejection. For example, the 509 

rejection of DR23 changed from 99.4% (at 0.5 wt% NaOH) to 98.1% (at 0.7 wt% 510 

NaOH); while the rejection of RB2 decreases sharply from 99.0% (at 0.5 wt% NaOH) 511 

to 81.1% (at 0.7 wt% NaOH), indicating that almost 20% RB2 leaked into the permeate 512 

side. The results are consistent with the observation in the salt rejection in Fig. 6b, and 513 

can also be explained via the competing effect of the hydrolysis reaction at high NaOH 514 

dosage. Although also being an anionic dye, it is interesting to note that the rejection 515 

for RB2 (774.2 Da) is generally the lowest for all tests, and it changes much more 516 

dramatically than dye ions with similar (DR23, 813.7 Da) or even smaller size (CR, 517 

696.7 Da). This is due to the smaller aggregation degree of reactive dyes than that of 518 

direct dyes, so RB2 turned to be more dispersed as smaller particles in the aqueous 519 

solution; whereas those direct dye molecules were inclined to form aggregates/clusters 520 

with enlarged effective size during filtration [79-81]. Similar changes can also be found 521 

in Fig. 7c, with the prolonged IP reaction time, the P[5]A-TFC membranes turned to be 522 

firstly denser (from 1 to 3 min) then became looser (from 3 to 5 min) due to the 523 

competing effects of esterification and hydrolysis reaction, as explained in detail in 524 

Section 3.4.1. This hypothesis was further supported by the MWCO results of all TFC 525 

membranes as shown in Fig. S12 of the SI: Specifically, membrane P1.5N0.5IP3 shows 526 

the lowest MWCO of 20000 Da, which represents the highest crosslinking degree and 527 

most dense structure. While membrane P1.5N0.5IP1 and P1.5N0.5IP5 have higher 528 

MWCO of 72000 Da and 35000 Da, respectively. As expected, the rejection for all 529 

model dyes exhibits a slight increase and then decrease, the trend of which is consistent 530 

with that of the membrane permeance. Although the theoretical molecular size of the 531 
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anionic dyes employed have MW lower than the MWCO of all four membranes 532 

presented in Fig. 7c, their dye rejection values are much higher than neutral PEG within 533 

the similar range of molecular weight (e.g., 600-2000 Da). Therefore, the rejection 534 

behavior with anionic dyes of the as-prepared P[5]A-TFC membrane could be mainly 535 

attributed to the negatively charged nature of surface (Section 3.4.2). Based on the 536 

MWCO results, the P[5]A-TFC membranes could be tailored to fit for the isolation of 537 

neutral molecules of different sizes, for which further investigation is needed. 538 

 539 

 540 

 541 

Fig. 7. Dye solution permeability and dye rejection rates of P[5]A-TFC membranes 542 

with (a) different P[5]A monomer dosages in aqueous solution; (b) different NaOH 543 

dosages in aqueous solution; and (c) different IP reaction times. (Each simulated feed 544 

contains a single dye, either CR, DR23, RB2 or DR80, of 200 ppm; applied pressure of 545 

cross-flow 2 bar; benchmarking synthesis conditions were P[5]A of 1.5 wt%, NaOH of 546 

0.5 wt%, and IP time of 1 min). 547 

 548 

Due to the simultaneous and competing effect of esterification and hydrolysis 549 
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during the studied IP reaction, careful choices of the membrane fabrication conditions 550 

should be made to ensure high solute rejection utilizing the dense cross-linked structure 551 

and reasonably high permeance utilizing the hydrolyzed loose structure of the IP layer. 552 

Based on the comparisons of synthesized P[5]A-TFC membranes, membrane 553 

P1.5N0.5IP1 demonstrated the most optimal performance in obtaining simultaneously 554 

high dye/salt selectivity and water permeability. Thus, P1.5N0.5IP1 was selected in the 555 

following filtration experiments with simulated dye/salt mixed solutions, exploring the 556 

long-term stability and membrane anti-fouling performance. 557 

 558 

3.4.4. Effect of salinity on dye/salt fractionation performance 559 

To verify the capability of the P[5]A-TFC membrane in the fractionation of dye 560 

and salt ions, Fig. 8a presents the filtration results with the optimal membrane 561 

P1.5N0.5IP1, using dye/salt mixed solutions containing a fixed concentration of DR23 562 

(200 ppm) at varying Na2SO4 concentration from 0 to 40 g/L. It was shown that with 563 

the increasing content of Na2SO4, the rejection of dye remains constant in between 98.3% 564 

and 98.7%, demonstrating that membrane P1.5N0.5IP1 can stably decolorize regardless 565 

of the increasing salinity of the feed. This observation is encouraging but contrary to 566 

the adverse effect of increased feed salinity in the operation of conventional NF, which 567 

was reported to decrease the rejection of organic solutes possibly due to 1) the property 568 

change of the membranes (e.g., increased pore size and/or thickness of the membrane) 569 

[82] and 2) shielding of the electrostatic interaction between surface and organic solutes 570 

[83]. Therefore, the extraordinary stability demonstrated by P1.5N0.5IP1 indicated that 571 

the robust cross-linking structure and angstrom-scale P[5]A channels can resist the 572 

widely-reported adverse salting effects and maintain high dye rejection in the tested 573 

range of salinity. However, the permeance decreases dramatically from 167.1 LMH·bar-574 

1 to 8.0 LMH·bar-1, together with gradually increased salt rejection from 18.9% to 575 

34.9%. In pressure-driven processes, the permeance of the membrane is directly related 576 

to the cross-membrane pressure difference, i.e., the applied pressure subtracts the 577 
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osmotic pressure. When the former is kept constant and osmotic pressure differences 578 

increase with increasing salt concentration, it is reasonable to expect a decrease in 579 

process driving force and hence a flux decline [84, 85]. The flux decline could also be 580 

attributed to the “salting-out” effect under high salinity, which directly resulting in 581 

severe dye aggregation and dye/salt precipitation [84, 85]. Therefore, the deposition of 582 

salting-out particles may cause fouling formation. Meanwhile, a high salt concentration 583 

can decrease electrostatic repulsion between the membrane and charged solutes due to 584 

charge screening, which might also lead to the formation of a fouling layer and 585 

eventually flux decline [86]. 586 

 587 

Fig. 8. Filtration performance of P1.5N0.5IP1 membrane (a) Effect of feed salinity; (b) 588 

semi long-term stability test (feed solution containing 200 ppm DR23 and 1 g/L Na2SO4; 589 

applied pressure at cross-flow 2 bar) 590 

3.4.5. Stability of P[5]A-TFC membrane in dye/salt fractionation 591 

Continuous experiments of 72 hours were performed to investigate the stability of 592 

P[5]A-TFC membrane for the fractionation of dye/salt mixture at constant solute 593 

concentration. The results are presented in Fig. 8b in terms of the permanence and 594 

solute rejection. During the first 24 h of operation, the water permeance decreases 595 

sharply from 167.1 to 111.4 LMH·bar-1, equivalent to a decline of 33.3%; while from 596 

24 to 48 h, the decreasing tendency becomes less significant, and eventually it stays 597 

around 92-94 LMH·bar-1 after 48 h. At the same time, the membrane demonstrates 598 

extremely stable dye rejection around 99.0% for DR23 ions. Slight fluctuations were 599 

observed in the Na2SO4 rejection, which gradually dropped and stabilized at around 600 
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7.2 % compared to the initial value of 18.9%. This could be explained with the 601 

membrane swelling and charge screening caused by salts, as well as the effective pore 602 

size increasing caused by “salting-out” effect [82, 87]. However, at a relatively lower 603 

range of salinity (1 g/L Na2SO4), the dye aggregation and dye/salt precipitation are minor. 604 

Therefore, the membrane fouling was mainly caused by the adsorption of dye molecules, 605 

which explains the slow decline of permeance [86]. 606 

Even after 72 h operating, the stabilized flux was nevertheless still as high as 92.6 607 

LMH·bar-1 with overall stable solute rejection. As compared to the literature data 608 

summarized in Section 3.4.7, the permeance value obtained with the P[5]A-TFC 609 

membrane is still higher than most of the published data measured under short term 610 

experiments. Thus, the tested membrane has extraordinary stability and selectivity in 611 

continuous dye/salt fractionation. However, the gradual decline of permeance in the 612 

initial phase of the semi long-term operation is worth further investigation.  613 

 614 

3.4.6. Anti-fouling performance of P[5]A-TFC membranes 615 

Although membrane processes demonstrate very promising separation 616 

performances and possess a lot of advantages compared to other conventional 617 

technologies, membrane fouling has always been the major hindrance towards 618 

industrial scale applications [88]. Membrane fouling and scaling can directly result in 619 

flux decline, which can further lead to membrane productivity and economic losses. 620 

Besides, frequent cleaning would be required for recovering the membrane 621 

performance, which  might cause membrane degradation and aging, shortening the 622 

membrane service life [21]. According to Chon et al., membrane fouling properties are 623 

closely related to surface charge and hydrophilicity characteristics [89]. Therefore, to 624 

evaluate the antifouling performance of the P[5]A-TFC membranes, a 2-cycle filtration 625 

experiment was done with intermediate pure water tests to benchmark the intactness of 626 

the membrane. The results are presented in Fig. 9a in terms of the normalized 627 

permeance as a function of the operating time, with single component solution 628 
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containing either DR23, RB2 or CR. In general, the membrane permeance declines 629 

whenever the feed is switched to a dye solution, by about 5 - 20% depending on the 630 

species of the dye, as compared to the pure water permeance. This phenomenon can be 631 

explained as the increased osmotic pressure due to the addition of dye solutes and 632 

concentration polarization adjacent to the membrane surface. The permeance decline 633 

when switching to the RB2 dye is least significant (5 - 10%); while those of CR and 634 

DR23 are both more (10 – 20%). This proves that the higher aggregation degree of 635 

direct dyes (e.g., CR and DR23) can result in a larger effective size of solute during 636 

filtration, eventually leading to a more severe membrane fouling as discussed in Section 637 

3.4.3. 638 

The subsequent water permeance after the dye filtration in both the first and the 639 

second cycles shows that the rinsing procedure could repeatedly recover the membrane 640 

permeance to a great extent, regardless of the dye species. The ability of fouling 641 

resistance in each test scenario is expressed in terms of the fouling indices, i.e., FRR, 642 

Rt, Rr, Rir, calculated based on the permeance changes using Equations S4 – S7, the 643 

results shown in Fig. 9b. The FRR values for all three dye foulants are higher than 94%, 644 

which indicates that membrane P1.5N0.5IP1 has promising anti-fouling properties. As 645 

predicted, the Rir values for all model foulants are lower than 6%, which indicates that 646 

the irreversible fouling caused by the deposition of dye aggregates could be greatly 647 

mitigated and hence minimal adsorption of dyes was observed. In general, the P[5]A-648 

TFC membrane exhibited superior anti-fouling properties, which might be due to two 649 

reasons: firstly, the improved hydrophilicity (Fig. 5a) after IP modification imparts a 650 

hydration layer adjacent to the membrane surface, which can reduce foulant deposition; 651 

secondly, the electrostatic repulsion between the negative membrane surface (Fig. 5b) 652 

and the anionic dye ions; these two effects work synergistically to mitigate fouling 653 

formation. However, in the case of cationic dyes, e.g., MB, strong adsorption of MB 654 

was observed (Fig. S15b) due to electrostatic attraction with negatively-charged surface 655 

and such surface contamination could not be easily removed by washing with DI water. 656 

This phenomena is in contrast with the minimal influence on the membrane used in 657 
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anionic dye filtration (Fig. S15c). Therefore, either further functionalization of the 658 

monomers to tailor the surface charge property or more efficient cleaning strategies 659 

(e.g., with ethanol) should be explored in future studies to overcome the surface charge 660 

issue of the TFC membrane and broaden its applications in molecule fractionation and 661 

water / wastewater treatment in general. 662 

 663 

Fig. 9. Performance of membrane P1.5N0.5IP1 in 2-cycle fouling experiments (a) 664 

Normalized permeance in alternating pure water and dye solution testing; (b) flux 665 

recovery rate and fouling indices. (simulated feed solution: respective model dye of CR, 666 

DR23 or RB2 of 200 ppm, applied pressure of 2 bar) 667 

 668 

3.4.7. Benchmarking membrane performance  669 

To benchmark the performance of the as-developed P[5]A-TFC membrane in 670 

dye/salt fractionation, comparisons with similar membranes reported in recent literature 671 

are summarized in Table S3 and Fig. 10, respectively. To better compare the membrane 672 

performance, all selected membranes were reported within the last 3 years and 673 

evaluated in the application of dye/salt fractionation with similar solutes under similar 674 

concentration ranges, i.e., salt concentration of 500 - 2000 ppm, dye concentration of 675 

20 - 200 ppm [90-100]. It is noted that only several membranes were made by the IP 676 

method; while the others were made by other methods such as ion cross-linking, in-situ 677 

growth, phase inversion, self-assembly. Compared to other membranes in Table S3, the 678 

as-developed membrane P1.5N0.5IP1 in this study exhibited a 3 – 10 times higher water 679 

permeance (267.1 LMH·bar-1), which pointed towards the positive contribution of the 680 
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P[5]A water channels to the significantly improved permeability. The literature reported 681 

membranes all exhibited satisfactory dye retention performance of over 93.0% and high 682 

permeance to salts, i.e., NaCl and Na2SO4. The separation factor αNaCl/CR calculated 683 

based on Equation S3 was used to evaluate the fractionation efficiency, i.e., selectivity 684 

between NaCl and CR, where a high value of is α desired. As revealed in Table S3 and 685 

Fig. 10, the membrane P1.5N0.5IP1 demonstrated an improved selectivity for salts and 686 

dyes, e.g., αNaCl/CR = 318.3, proving that the membrane selectivity was not compromised 687 

despite the ultra-high permeability. 688 

 689 

Fig. 10. Comparison of dye/salt filtration performance of advanced LNF membranes in 690 

literature during 2021-2023. 691 

The extraordinary performance proves that P[5]A-TFC membranes have the 692 

potential to overcome the classical permeability/selectivity trade-off, achieving ultra-693 

fast water treatment and precise molecular fractionation with a foreseeable prospect in 694 

energy saving and efficiency improvement. 695 

  696 
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4. Conclusions  697 

In this study, a novel macrocycle P[5]A was selected as aqueous monomer to 698 

fabricate ultra-permeable dye/salt fractionation membranes with robust water channels 699 

via IP. Comprehensive characterizations prove that the as-developed P[5]A-TFC 700 

membranes possess enhanced hydrophilicity and negative surface charge due to the 701 

increased hydroxyl and carboxyl groups. The fabrication conditions including P[5]A 702 

concentration, NaOH dosage and IP time were investigated to control the competing 703 

effect of esterification and alkali-induced hydrolysis during IP layer formation. 704 

Consequently, an optimal membrane P1.5N0.5IP1 with ultra-high water permeance 705 

(267.1 LMH·bar-1, 3 – 10 times higher than literature data) and precise dye/salt 706 

selectivity (αNaCl/CR = 318.3) was developed. The superior performance pointed towards 707 

the water channel effect of the P[5]A intramolecular cavity, which can greatly enhance 708 

the membrane permeability without compromising the selectivity. This membrane also 709 

demonstrated stable performance in separating dye/salt mixtures under continuous 710 

experiment, and good capability in fractionating of dye/salt mixtures with high salinity. 711 

Attributed to the intrinsic angstrom-scale cavity of P[5]A, enhanced hydrophilicity and 712 

negative surface charge, this membrane was also endowed with excellent anti-fouling 713 

properties. Moreover, further exploration of functionalized macrocycles which tailor 714 

the membrane properties to broaden its applications is foreseeable. Overall, the 715 

membrane and method developed in this study possess prosperous application potential 716 

in ultra-fast waste source recovery and other precise products fractionation processes. 717 

 718 

 719 

ASSOCIATED CONTENT 720 

Supporting Information 721 

Fig. S1. Per-methoxypillar[5]arene; Fig. S2. The 1H-NMR spectrum of per-722 

methoxypillar[5]arene; Fig. S3. The 13C-NMR spectrum of per-methoxypillar[5]arene; 723 



31 
 

Fig. S4. Per-hydroxypillar[5]arene; Fig. S5. The 1H-NMR spectrum of per-724 

hydroxypillar[5]arene; Fig. S6. The 13C-NMR spectrum of per-hydroxypillar[5]arene; 725 

Fig. S7. Schematic of lab-assembled scale cross-flow apparatus; Fig. S8. Chemical 726 

characterization of PES substrate and P[5]A-TFC membranes. (a) The C 1s spectra of 727 

P1.35N0.5IP1; (b) The C 1s spectra of P1.65N0.5IP1; (c) The C 1s spectra of 728 

P1.5N0.4IP1; (d) The C 1s spectra of P1.5N0.6IP1; (e) The C 1s spectra of P1.5N0.5IP3; 729 

(f) The C 1s spectra of P1.5N0.5IP5; Fig. S9. (a) The surface morphology of PES 730 

substrate, (SEM image); (b) the AFM image and the root-mean-square roughness (RМS) 731 

of PES substrate; (c) cross-sectional morphology of PES substrate, (SEM image).; Fig. 732 

S10. The surface morphology of P[5]A-TFC membranes by varying P[5]A monomer 733 

concentration (a) P1.35N0.5IP1, (b)P1.5N0.5IP1, (c)P1.65N0.5IP1, (SEM image); the 734 

AFM images and the root-mean-square roughness (RМS) of (d) P1.35N0.5IP1, 735 

(e)P1.5N0.5IP1, (f)P1.65N0.5IP1; cross-sectional morphology of (g) P1.35N0.5IP1, 736 

(h)P1.5N0.5IP1, (i)P1.65N0.5IP1, (SEM image); Fig. S11. The surface morphology of 737 

P[5]A-TFC membranes by varying NaOH concentration (a) P1.5N0.4IP1, 738 

(b)P1.5N0.5IP1, (c)P1.5N0.6IP1, (SEM image); the AFM images and the root-mean-739 

square roughness (RМS) of (d) P1.5N0.4IP1, (e)P1.5N0.5IP1, (f)P1.5N0.6IP1; cross-740 

sectional morphology of (g) P1.5N0.4IP1, (h) P1.5N0.5IP1, (i) P1.5N0.6IP1, (SEM 741 

image). Fig. S12. The MWCO of PES substrate and P1.5N0.5IP1, P1.5N0.5IP3, 742 

P1.5N0.5IP5 membranes. Fig. S13. Permeance, salt rejection and dye rejection of 743 

PES15 substrate (applied pressure in cross-flow: 2 bar; salt concentration: 1000 ppm; 744 

dye concentration: 200 ppm). Fig. S14. Permeance and dye rejection of membrane 745 

P1.5N0.5IP1 (applied pressure in cross-flow: 2 bar; dye concentration: 200 ppm). Fig. 746 

S15. Picture of P1.5N0.5IP1 membrane (a) fresh membrane; (b) after MB testing; (c) 747 

after CR testing. Table S1 The chemical structures of selected dye ions; Table S2 748 

Elemental composition of PES substrate and P[5]A-TFC membranes as determined 749 

from XPS survey spectra. Table S3. Comparison of dye/salt filtration performance of 750 

advanced membranes in literature (2021-2023). 751 
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