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Abstract 19 

Substrate properties have profound impacts on the structure and performance of both thin-20 

film composite (TFC) nanofiltration (NF) and reverse osmosis (RO) polyamide (PA) 21 

membranes. Some studies have previously investigated the impact of substrate hydrophilicity 22 

on PA formation and TFC membrane performance. However, the observed phenomena and 23 

explanations remain contradictory in literature. Herein, we performed interfacial 24 

polymerization (IP) reactions of both piperazine (PIP)-trimesoyl chloride (TMC) and m-25 

phenylenediamine (MPD)-TMC systems on substrates with different hydrophilicity. We found 26 

that the TFC RO membrane showed higher water permeance and NaCl rejection on the 27 

relatively hydrophobic substrate, while the TFC NF membrane favored the relatively 28 

hydrophilic substrate. The critical importance of interfacial degassing and local monomer 29 

concentration was highlighted to dissect the distinct impact of substrate hydrophilicity. For the 30 

MPD-TMC system, interfacial nanobubble generation was inhibited because of the decreased 31 

local MPD concentration and heat production for the more hydrophilic substrates, resulting in 32 

a decrease in the roughness feature and compromised water permeance of RO membranes. In 33 

contrast, interfacial degassing was not a dominant mechanism in the PIP-TMC system due to 34 

the slower reaction rate of PIP-TMC than MPD-TMC. Consequently, the PA layer of NF 35 

membrane became thinner and looser when the substrate became more hydrophilic, resulting 36 

from the diluted local PIP concentration. Our study unveils the fundamental relationship among 37 

substrate hydrophilicity, PA structure, and separation performance of both TFC NF and RO PA 38 

membranes, providing important guides on their design and synthesis. 39 

Keywords: hydrophilicity; substrate; thin-film composite; nanofiltration; reverse osmosis  40 
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1. Introduction 41 

Nanofiltration (NF) and reverse osmosis (RO) technologies play crucial roles in desalination, 42 

wastewater treatment, and water reuse[1–3], to address the global challenge of water scarcity 43 

and environmental pollution[4–6]. To make these technologies more energetically efficient, 44 

intensive efforts have been dedicated to developing NF and RO membranes with both high 45 

water permeance and selectivity[7–9]. Prevailing NF and RO membranes are typically 46 

formulated in a thin-film composite (TFC) structure based on polyamide (PA) chemistry[10–47 

12]. To prepare NF or RO membranes, an amine monomer aqueous solution of piperazine (PIP) 48 

or m-phenylenediamine (MPD) is first used for wetting a porous substrate, and a trimesoyl 49 

chloride (TMC) organic solution is then applied to initiate the interfacial polymerization (IP), 50 

resulting in the formation of a continuous, thin, and cross-linked PA active layer[11]. The 51 

structure of the PA nanofilm is highly correlated with the separation performance of TFC NF 52 

or RO membrane[13,14]. RO membranes often show PA structural feature of “ridge-and-valley” 53 

(or leaf-like structure) containing numerous nanosized voids, which are beneficial for fast water 54 

transport[14,15]. In contrast, NF membranes typically possess PA nanofilms with nodular 55 

structures, though stripe-like structure has been also explored for improving the effective 56 

filtration area and increasing water permeance[7,13,16]. 57 

The structure of PA nanofilm is strongly affected by the substrate properties[17–19]. One of 58 

the most important features of the substrate is the hydrophilicity, which has a vital impact on 59 

the structure of PA nanofilm for both NF and RO membranes[18–20]. Nevertheless, the exact 60 

role of substrate hydrophilicity remains controversial in literature. Ghosh and Hoek[19] 61 

proposed that hydrophobic polysulfone (PSf) substrate could favor the convex meniscus in the 62 
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pores and the amine ejection, resulting in the rougher PA structure and improved water 63 

permeability for the RO membrane, whereas using hydrophilic substrates may lead to less 64 

permeable TFC membranes[19,21]. In contrast, some researchers noticed that hydrophilic pores 65 

would allow favorable storage of amine solution, benefiting the sufficient supply of amine 66 

monomer during the IP reaction and leading to more permeable PA layers[18,22]. Moreover, 67 

hydrophilic interlayer modifications on relatively hydrophobic substrates were reported to act 68 

as the amine reservoir and facilitate the synthesis of highly permeable PA NF 69 

membranes[10,23,24]. These apparent conflicts call for a systematic and in-depth exploration 70 

to unravel the underlying mechanisms dominating the impact of substrate hydrophilicity on the 71 

structure and performance of TFC NF and RO membranes. 72 

We hypothesize that the affinity and sorption behavior of monomers (MPD or PIP) and water 73 

onto the substrates with varied hydrophilicity could be different, possibly resulting in a 74 

contrasting local monomer concentration on the substrates and thereby different IP conditions. 75 

Recent studies have demonstrated that the amine availability plays an important role in 76 

polyamide morphology and performance [25,26]. Moreover, recent advances in the PA 77 

formation mechanism may also provide useful clues for dissecting the role of substrate 78 

hydrophilicity. Ma et al.[27,28] unraveled that the generation of acid and heat during the IP 79 

would induce interfacial degassing, converting the bicarbonate in the MPD solution into CO2 80 

nanobubbles at the interface. Those nanobubbles, encapsulated between PA nanofilm and 81 

substrates, were proven responsible for the leaf-like feature of the PA layer for TFC RO 82 

membranes[11,14,29,30]. In contrast, for PIP-TMC system typically used for TFC NF 83 

membrane fabrication, the production of nanobubbles at the interface could be markedly 84 
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diminished due to the decreased production of H+ and heat at the interface, resulting from the 85 

slower reaction rate of PIP-TMC than that of MPD-TMC system[31,32]. The discrepancy in 86 

nanobubble generation conditions for PIP-TMC and MPD-TMC systems may cause a 87 

difference in the response of PA structure to the same substrate.  88 

Herein, we performed IP reactions of both PIP-TMC and MPD-TMC systems on substrates 89 

with different hydrophilicity, to reveal the distinct impact of substrate hydrophilicity on the 90 

performance and structure of TFC NF and RO PA membranes. We found that the TFC RO 91 

membrane showed higher water permeance and NaCl rejection on the relatively hydrophobic 92 

substrate, while the TFC NF membrane favored the relatively hydrophilic substrate. The critical 93 

importance of interfacial degassing and local monomer concentration was highlighted to dissect 94 

the distinct impact of substrate hydrophilicity. Our study unveils the fundamental relationship 95 

among substrate hydrophilicity, PA structure, and separation performance of TFC PA 96 

membranes, providing guides on the design and synthesis of both NF and RO membranes. 97 

 98 

2. Materials and Methods 99 

2.1. Preparation of substrates with varied hydrophilicity 100 

The preparation method of PSf ultrafiltration substrates was modified from our previous 101 

study[24]. Polyvinylpyrrolidone (PVP) powder was used for adjusting the hydrophilicity of PSf 102 

substrates. Briefly, PSf beads (15 wt%) and PVP powders (0, 2, 4, 6 wt%) were dissolved in N, 103 

N-dimethylformamide (DMF) and continuously stirred for 24 h at 25°C. After degassing, the 104 

solution was directly casted on a clean glass plate by a casting knife (Elcometer, UK), with a 105 

height of 150 μm. The glass plate after casting was directly subject to phase inversion in a 106 
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deionized (DI) water bath. The obtained PSf substrates were rinsed and conserved in DI water 107 

overnight before further use or characterization. The PSf substrates with different PVP contents 108 

(0, 2, 4, 6 wt% in DMF) were denoted as PVP0, PVP2, PVP4, and PVP6, respectively. To 109 

compensate the possible effect of PVP addition on substrate pore size, we prepared another 110 

group of PSf substrate with higher PSf concentration (18 wt% in DMF) and 6 wt% PVP (labeled 111 

as PVP6+) as an additional control.  112 

2.2. Fabrication of TFC NF and RO membranes 113 

PIP and MPD were used as the aqueous monomers for the fabrication of TFC NF and RO 114 

membranes, respectively. The PSf substrates with varied hydrophilicity were first immersed in 115 

an aqueous solution of PIP or MPD (2.0 wt/v%) for 2 min. After squeezing by a rubber roller, 116 

the surfaces of PSf substrates were exposed to TMC/hexane (0.15 wt/v%) for 1 min reaction of 117 

IP. The resulting TFC membranes were rinsed by hexane and subsequently water, and then 118 

stored in DI water overnight for further use or characterization. 119 

2.3. Membrane characterization 120 

The morphological features of the surface of substrates and TFC membranes were observed 121 

by a field-emission scanning electron microscope (FESEM, Hitachi S-4800). The membrane 122 

coupons were coated with Pt and Au after being oven-dried at 40°C. The acceleration voltage 123 

for SEM observation was 5.0 kV. Average pore sizes of different PSf substrates were determined 124 

by Nano Measurer 1.2 software from the SEM images. In detail, membrane area of 20 μm2 and 125 

approximately 400 pores were analyzed for each sample, and two replicate samples of each 126 

membrane type were analyzed. The error bars are the standard error of all the pores across the 127 

different replicates analyzed. Cross-sectional transmission electron microscopy 128 
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characterization (TEM, FEI Tecnai G2) was carried out to observe the cross-sectional images 129 

of the TFC membranes based on a previous study[33]. Atomic force microscopy (AFM), 130 

attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR), X-ray 131 

photoelectron spectroscopy (XPS), zeta potential, and water contact angle measurements of the 132 

substrates or membranes were documented in our previous works[34,35]. 133 

2.4. Membrane Performance Evaluation 134 

Membrane separation performance including water flux and solute rejection for TFC NF and 135 

RO membranes was tested using laboratory-scale cross-flow filtration systems. NF and RO 136 

membranes were pre-compacted at 5.0 and 17.0 bar for 2 h at 25°C, and tested at 4.0 and 15.5 137 

bar for performance evaluation, respectively. A pre-compaction pressure higher than the testing 138 

pressure can enable more efficient stabilization of the membrane performance. The water flux 139 

(Jv) and water permeance (A) were calculated by Eqs. (1) and (2).  140 

v

m
J

t a 


=
  

                               (1) 141 

vJ
A

P 
=
 − 

                                (2) 142 

in which Δm represents the permeate mass during a given time interval (Δt), a represents the 143 

effective area for membrane filtration, ρ represents the water density, ΔP represents the applied 144 

pressure, and Δπ represents the osmotic pressure difference across the membrane. The solute 145 

rejection (R) and solute permeability (B) were calculated based on Eqs. (3) and (4). 146 
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in which Cf and Cp represent concentrations of solute in the feed and permeate, respectively. 149 
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Na2SO4 and NaCl were used for evaluating salt rejections of NF and RO membranes, 150 

respectively. The concentrations of Na2SO4 and NaCl in the feed were 1000 mg/L and 2000 151 

mg/L, respectively. A total organic carbon analyzer (TOC-L, SHIMADZU) was used to 152 

determine the concentrations of neutral solutes (dextrose and 1,4-dioxane). The concentrations 153 

of neutral solutes were 40 mg/L in TOC. 154 

2.5. Molecular Docking 155 

Molecular docking was performed based on the AutoDock Vina program to quantify the 156 

interaction force between PSf and PIP/MPD/water. The geometrical structures of polysulfone 157 

(n = 5), PIP, MPD and water molecules were built and optimized by ChemDraw software. These 158 

molecules were then processed by adding Gasteiger-Hücker empirical charge, combining 159 

nonpolar hydrogen as well as setting rotatable bonds via AutoDockTools software. The 160 

140×140×140 Å docking square boxes were set at the central sites of polysulfone (n = 5) 161 

through AutoDock Vina program. Finally, the conformational search and energy optimization 162 

of PIP, MPD, and water molecules was carried out in these boxes, respectively. The calculation 163 

processing was terminated after obtaining the best binding conformations of each molecule pair.  164 

2.6. Uptake of Monomer and Aqueous Solution by Substrates 165 

The uptake of PIP/water solution or MPD/water solution by various PSf substrates was 166 

quantified by the weight change after wetting by 2.0 wt/v % PIP/water or MPD/water for 2 min. 167 

The PSf substrates saturated with PIP/water or MPD/water were then subject to drying in a 168 

40°C oven and characterized by XPS for determining nitrogen content on the surfaces of 169 

substrates. The surfaces of substrates without monomer sorption were also characterized by 170 

XPS since the PVP additives also contain nitrogen elements, which need to be subtracted. The 171 
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PIP or MPD sorption (without water) by various substrates was thereby quantified according to 172 

the difference between the nitrogen contents. The quantification of PIP or MPD sorption by 173 

substrates was carried out in triplicate. 174 

 175 

3. Results and Discussion 176 

3.1. Characterization of different substrates with varied hydrophilicity 177 

Morphological observation using SEM (Fig. 1A) shows the typical structure of UF 178 

membranes for five PSf substrates[36]. The presence of PVP in PVP2, PVP4, PVP6, and 179 

PVP6+ substrates was validated by ATR-FTIR spectra (Fig. 1B), in which the characteristic 180 

peak of 1670 cm-1 relating to -C=O stretching vibration was intensified after dosing PVP[37,38]. 181 

A slight increase in surface average pore size was noticed for PVP0-PVP6 substrates after 182 

addition of PVP (Fig. 1C, Fig. S1). As expected, the water contact angles decreased with the 183 

increase of PVP dosage for PVP0-PVP6 substrates (Fig. 1D) due to the hydrophilic nature of 184 

PVP additive [39], while the PVP6+ substrate possessed a larger water contact angle than that 185 

of the PVP6 substrate, resulting from the increased dosage of relatively hydrophobic PSf. 186 

 187 
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Fig. 1. Characterization of different ultrafiltration PSf substrates. (A) Surface morphologies of 188 

various PSf substrates characterized by SEM. (B) ATR-FTIR spectra of different PSf substrates 189 

with a wavenumber range of 600 – 3000 cm-1. (C) Average pore sizes of different PSf substrates, 190 

which were determined by Nano Measurer 1.2 software from the SEM images; (D) Water 191 

contact angles of surfaces of different substrates. The reported water contact angles are the 192 

average values of seven independent measurements. 193 

 194 

3.2. Performance of TFC NF and RO Membranes Fabricated on Different Substrates 195 

IP reactions of PIP-TMC and MPD-TMC systems were conducted for the fabrication of TFC 196 

NF and RO membranes on the substrates with varied hydrophilicity, respectively. Water 197 

permeance of the TFC NF membrane increased markedly with an increase in substrate 198 

hydrophilicity (Fig. 2A). For example, the water permeance of NF-PVP0 membrane was 8.8 ± 199 

1.2 L m-2 h-1 bar-1, while the value was more than doubled for the NF-PVP6 membrane. 200 

Simultaneously, Na2SO4 rejection of various NF membranes was nearly identical (>97%). 201 

Recent studies suggested that hydrophilic interlayer-based modification on hydrophobic 202 

substrates can distinctly increase the water permeance of formed NF membranes[10,23,24]. 203 

Although the gutter effect was claimed to be largely responsible for the enhanced water 204 

permeance[23,24], the effect of more hydrophilic reaction platform could also contribute to the 205 

possibly tailored PA structure and subsequently the increased water permeance for TFC NF 206 

membranes.  207 

Surprisingly, the TFC RO membranes showed a contrasting tendency in water permeance to 208 

the TFC NF membranes on the substrates (Fig. 2B), i.e., hydrophobic substrates produced 209 
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higher water permeance for RO membranes (e.g., 2.9 ± 0.2 L m-2 h-1 bar-1 for RO-PVP0 210 

membrane) than those of relatively hydrophilic substrates (e.g., 1.2 ± 0.1 L m-2 h-1 bar-1 for RO-211 

PVP6 membrane). Although this observation appears to be counterintuitive, they are consistent 212 

with previous studies[19,20,40]. Moreover, the RO membranes prepared on hydrophilic 213 

substrates showed compromised NaCl rejections (e.g., NaCl rejection rate of 94.9 ± 2.3% for 214 

RO-PVP6 membrane) compared with that of hydrophobic substrates (e.g., 98.4 ± 0.3% for RO-215 

PVP0 membrane). Rejection of neutral solute of 1,4-dioxane (88 Da) showed similar tendency 216 

to the rejection of NaCl by RO membranes (Fig. 2C), indicative of a weakened size exclusion 217 

effect[41]. Despite an increase in the negative charge of the surface of RO membranes prepared 218 

on hydrophilic substrates (Fig. S2), it seems that the increased electrostatic repulsion between 219 

Cl- and the membrane surface cannot compensate for the weakened size exclusion effect. 220 

In contrast, although rejection of neutral solute (dextrose, 180 Da) and surface zeta potential 221 

of the NF membranes showed the same response to the substrates as those of the RO membranes, 222 

the Na2SO4 rejection of NF membranes was not compromised when hydrophilicity of 223 

corresponding substrates increased. This phenomenon can be explained by the stronger 224 

electrostatic repulsion of divalent SO4
2- with membrane surface and its larger radius of hydrated 225 

ion over monovalent Cl- ion. Fig. 2D indicates that the cross-linking degrees of both NF and 226 

RO membranes decreased with the increase in hydrophilicity of substrates, verifying their 227 

looser PA structures with weakened size exclusion effects and more negatively charged surfaces. 228 
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 229 

Fig. 2. Performance and polyamide cross-linking degrees of various TFC NF and RO 230 

membranes synthesized on different PSf substrates. (A) Water permeance and Na2SO4 rejection 231 

of NF membranes fabricated on different substrates. The concentration of Na2SO4 was 1000 232 

mg/L and the feed temperature was 25°C. (B) Water permeance and NaCl rejection of RO 233 

membranes fabricated on different substrates. The concentration of NaCl was 2000 mg/L and 234 

the feed temperature was 25°C. (C) Neutral solute rejection of NF and RO membranes 235 

fabricated on different substrates. Neutral solutes of dextrose (180 Da) and 1,4-dioxane (88 Da) 236 

were used to probe the size exclusion effect of NF and RO membranes, respectively. The 237 

concentration of neutral solute was 40 mg/L in terms of total organic carbon, while the feed 238 

temperature was 25°C. (D) Cross-linking degrees of PA active layers of NF and RO membranes. 239 

The cross-linking degrees were calculated based on XPS spectra of surfaces of corresponding 240 

membranes. 241 

 242 
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3.3. Morphological characterization 243 

The change in the structure of PA layers has a vital impact on water permeance and solute 244 

rejection of NF and RO membranes[10,42,43]. No obvious change in the structure of PA layers 245 

of the NF membranes was noticed from projected SEM images, cross-sectional TEM images, 246 

and AFM topographies (Figs. 3A, B and Fig. S3). The surfaces of RO membranes showed leaf-247 

like (or ridge and valley) roughness features and the RO-PVP0 membrane had the most 248 

significant ridge and valley morphologies. Enhancing the substrate hydrophilicity (from PVP0 249 

to PVP6) resulted in the diminishing of those leaf-like features (Figs. 3C, D and Fig. S4). The 250 

leaf-like structures were formed because of the interfacial degassing of CO2 nanobubbles[27,30] 251 

which were constrained between the polyamide film and substrate. Due to the generation of 252 

acid and heat during the IP, the dissolved bicarbonate will be degassed[27]. Enlarging the pore 253 

size of the substrate could alleviate the confinement effect [30] but it should not be the major 254 

reason for the diminishing of leaf-like structures in this study, since the pore size of substrates 255 

only had slight difference (Fig. 1C). The confinement effect refers to the phenomenon that the 256 

substrate pores can restrict the downward escape of nanobubbles, and hence a stronger 257 

confinement effect results in more nanobubbles constrained between PA layer and substrate, 258 

thereby beneficial for shaping roughened PA structure. 259 
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 260 

Fig. 3. Morphological characterization of surfaces and cross-sections of TFC membranes 261 

prepared on different PSf substrates. (A) SEM characterization of surfaces of NF membranes. 262 

(B) TEM characterization of cross-sections of NF membranes. (C) SEM characterization of 263 

surfaces of RO membranes. (D) TEM characterization of cross-sections of RO membranes. 264 

Prior to the SEM characterization, the surfaces of TFC membranes were subject to gold 265 
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sputtering for enhancing conductivity. Embedment and ultrathin sectioning were performed 266 

before TEM cross-sectional characterization of the TFC membranes. The Ra values shown in 267 

SEM images represent the surface roughness measured by AFM for different membranes. 268 

 269 

Notably, amine concentration has been demonstrated to have a profound impact on the leaf-270 

like PA structure of RO membranes[25,26]. It was reported that a more intensified leaf-like 271 

structure would be formed if the bulk MPD concentration increased[26], and reducing 272 

restrictions in the MPD supply can even allow secondary formation of leaf-like structure on the 273 

as-prepared NF/RO membranes[25]. In current study, constant MPD solution (2.0 wt/v%) was 274 

employed to wet the substrates with varied hydrophilicity. To deconvolute the possible 275 

difference in monomer-PSf interaction and water-PSf interaction, a molecular docking 276 

simulation experiment was conducted. The simulation indicates a stronger interaction of PIP 277 

with PSf for NF membranes (or MPD with PSf for RO membranes) compared to water-PSf 278 

(Fig. 4A). This result implied the different interaction condition of monomers and water to the 279 

PSf substrate. We further determined monomer/water uptake and monomer sorption by various 280 

substrates with different hydrophilicity. Both the sorption of PIP/water and MPD/water by 281 

substrates increased with the enhancement of substrate hydrophilicity[18,44] (Figs. 4B and 4C). 282 

However, interestingly, the sorption of PIP and MPD monomers alone by substrates kept nearly 283 

constant despite the change in the hydrophilicity (Figs. 4D and 4E). This contrasting sorption 284 

behaviors suggested that the concentration of monomers on the surface of hydrophilic substrate 285 

would be markedly lower (constant PIP or MPD divided by more adsorbed water) than that on 286 

the surface of hydrophobic substrate. In other words, the monomers of PIP and MPD were 287 
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concentrated on the surface of hydrophobic substrates (Fig. S5), creating a local region with a 288 

higher concentration of monomers that reacted with TMC more dramatically during IP. 289 

 290 

Fig. 4. The contrasting phenomenon in water and monomer uptakes for different PSf substrates 291 

with varied hydrophilicity. (A) Interaction forces between monomers-PSf and water-PSf 292 

calculated by a molecular docking simulation experiment. (B) PIP/water uptake of different 293 

substrates determined by weighting method; (C) MPD/water uptake of different substrates 294 

determined by weighting method; (D) PIP sorption of different substrates. (E) MPD sorption of 295 

different substrates. The substrates after PIP/water or MPD/water uptake test were dried and 296 

subject to XPS characterization for determining PIP or MPD sorption quantity. 297 

 298 

The IP of diluted PIP/MPD and TMC monomers on relatively hydrophilic substrates (Fig. 299 

5A) enabled a more thermodynamically unfavorable reaction, resulting in PA membranes with 300 

lower cross-linking degrees (Fig. 5B). Moreover, AFM scanning at the border of isolated PA 301 

layer and silicon wafer suggested that the PA apparent thicknesses of both NF and RO 302 
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membranes on hydrophilic substrates were lower than those on relatively hydrophobic 303 

substrates (Fig. 5C, Figs. S6 and S7), which further validates the reduced IP rates for the 304 

hydrophilic substrates. The apparent thickness was used for normalizing the water permeance 305 

to obtain the apparent water permeability (Fig. S8). The nearly comparable apparent water 306 

permeabilities for NF membranes implies the critical impact of apparent thickness on the water 307 

permeance, while the marginal difference among the apparent water permeabilities should be 308 

ascribed to the influence of cross-linking degree. The looser and thinner PA structure benefits 309 

the increase in water permeance (Fig. 5D), as observed for the NF membranes. However, the 310 

RO membranes showed both substantially decreased water permeance and apparent water 311 

permeability after the substrate became more hydrophilic (Fig. 5D, Fig. S8), though the 312 

variation of the local monomer concentration, the cross-linking degree, and apparent thickness 313 

of RO membranes showed the same tendency as those of NF membranes (Figs. 5A-C). 314 

Importantly, the PA roughness of RO membrane was in positive correlation with the water 315 

contact angle of substrate (R2=0.99, Fig. 5E) and the water permeance (R2=0.81, Fig. 5F), which 316 

further highlighted the critical role of nanovoids that originated from interfacially degassed 317 

nanobubbles in RO performance[27].  318 
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 319 

Fig. 5. Correlations between the water contact angle of substrate with the structure and water 320 

permeance of the TFC NF and RO membranes. (A) Water contact angles of substrates versus 321 

local monomer concentrations; (B) Water contact angles of substrates versus cross-linking 322 

degrees of PA layers; (C) Water contact angles of substrates versus apparent thicknesses of PA 323 

layers; (D) Water contact angles of substrates versus water permeances; (E) Water contact 324 

angles of substrates versus PA roughness; (F) PA roughness versus water permeances. R2 in the 325 

figure, which was obtained from Microsoft Excel, represents the correlation coefficient between 326 

different parameters. The blue and red points correspond to data of the NF and RO membranes, 327 

respectively. 328 

 329 

3.4. Mechanistic insights 330 

In order to further reveal the mechanisms governing the impact of substrate hydrophilicity 331 

on structure and performance of PA layers, we prepared PA nanofilms at free interfaces for both 332 

PIP-TMC and MPD-TMC systems, which were further loaded on PVP0 and PVP6 substrates. 333 
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The lack of confinement effect at the free interface enables freely escaping of nanobubbles 334 

resulting from interfacial degassing[26,30], which would suppress the formation of nanovoids 335 

within PA nanofilms, especially for the RO membranes. The NF-fi membranes (“fi” represents 336 

TFC membranes fabricated at the free interface) still presented typical nodular structures (Fig. 337 

S9A) when the preparation conditions were changed from the direct IP to the free interface, 338 

which implied that the interfacial degassing mechanism did not play dominant role in the 339 

formation of nodular morphology of the NF membranes. In contrast, the leaf-like structure 340 

disappeared for both RO-fi-PVP0 and RO-fi-PVP6 membranes (Fig. S9B), highlighting the 341 

suppressed templating function of nanobubbles due to the loss of confinement effect[26,30].  342 

The NF-fi-PVP0 membrane showed comparable water permeance to the one prepared from 343 

the direct IP (Fig. S10A), while the NF-fi-PVP6 membrane possessed markedly lower water 344 

permeance than the corresponding one of the direct IP. This phenomenon could be explained 345 

by the fact that the IP at free interface has sufficient supply of reactive monomers, which results 346 

in a more cross-linked PA nanofilm. Simultaneously, the water permeance of RO-fi-PVP0 347 

membrane was significantly compromised (~ 1 L m-2 h-1 bar-1) compared with that of the RO 348 

membrane prepared from the direct IP (Fig. S10B). This result further underlined that nanovoids 349 

in PA nanofilms of RO membranes strongly contributed to the water permeance of the whole 350 

membrane.  351 

According to the nanobubble theory (or the interfacial degassing theory)[18,27,30], more 352 

available MPD monomer could induce a more intensive heat generation at the interface of IP 353 

reaction, which boosts the production of CO2 nanobubbles and thereby intensifies the shaping 354 

effect [25–27]. Here, the more hydrophilic substrate with lower local MPD concentration on 355 
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the surface leads to a weaker production of heat and thereby inhibited the release of CO2 356 

nanobubbles between substrates and PA nanofilms (Fig. 6). This reason was responsible for the 357 

diminished leaf-like structure of RO membranes when the substrates became more hydrophilic. 358 

Since the leaf-like structure was highly correlated with the effective surface area for water 359 

transport, the diminished leaf-like structure would cause a decrease in water permeance of RO 360 

membranes[14,15]. Although the cross-linking degree of the RO membrane decreased, the 361 

looser structure of the RO membrane could not compensate for the water permeance loss 362 

induced by the reduced effective surface area. 363 

 364 

Fig. 6. Mechanistic illustration on the effects of hydrophilicity of substrates on the interfacial 365 

polymerization process and structure of NF and RO membranes. (A) Hydrophilic substrate; (B) 366 

Hydrophobic substrate. 367 

 368 

Currently, the nanobubble theory was barely studied in the field of NF membrane. 369 



21 

 

Nevertheless, the nanobubble generated in the IP process of NF membrane should be, 370 

theoretically, less important due to the weaker reaction rate and lower heat generation of PIP-371 

TMC reaction than that of MPD-TMC reaction[27,31,32]. Therefore, the more hydrophilic 372 

substrate with lower local PIP concentration resulted in the NF membrane with a looser and 373 

thinner PA layer, corresponding to the higher water permeance. One should note that the 374 

nanobubble theory in PIP-TMC system still requires further investigation to better elucidate 375 

why the potential nanobubbles can hardly shape the PA structure of the NF membrane. 376 

 377 

3.5. Perspectives 378 

TFC-PA NF and RO membranes are widely applied in wastewater treatment, water reuse 379 

and seawater desalination.[2,3] The current study revealed the distinct impact of substrates with 380 

different hydrophilicity on the performance and structure of TFC-PA NF and RO membranes. 381 

We highlighted the two fundamental mechanisms (locally concentrated aqueous monomers on 382 

hydrophobic surface and interfacial degassing) in the different responses of NF and RO 383 

membranes to the substrates. Generally, increased substrate hydrophilicity can lead to a 384 

weakened IP and thus a looser and thinner PA structure, due to the diluted monomer 385 

concentration (PIP/MPD) on the substrate. At the same time, the interfacial nanobubble 386 

generation was inhibited for the MPD-TMC system because of the weakened reaction and heat 387 

production, resulting in a decrease in the roughness feature and compromised water permeance 388 

of RO membranes. Since the interfacial degassing mechanism was not obvious in the PIP-TMC 389 

system due to the slower reaction rate of PIP-TMC compared to MPD-TMC, the performance 390 

and structure of NF membranes were mainly governed by the local monomer concentration 391 
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with the exclusion of the interfacial degassing. Therefore, the water permeance of NF 392 

membrane was enhanced when the substrate became more hydrophilic, resulting from the 393 

looser and thinner PA structure. 394 

Our study indicates that TFC-PA NF membranes favor more hydrophilic substrates while 395 

relatively hydrophobic substrates are more suitable for the fabrication of TFC-PA RO 396 

membranes. This principle can partially rationalize the phenomenon that hydrophilic interlayer 397 

modification on hydrophobic substrate often benefits the synthesis of high water permeance NF 398 

membranes[10,23,24]. The adverse impact of increased hydrophilicity of substrates on the 399 

performance of RO membranes, which is consistent with previous studies[19,40], suggests that 400 

relatively hydrophobic substrate or interlayer will be possibly effective in further optimizing 401 

the structure and enhancing the performance of RO membranes. Nevertheless, one should note 402 

that highly hydrophobic substrates such as polyvinylidene[45,46] or polypropylene 403 

substrates[47,48] with water contact angles greater than 100° would not be suitable for high 404 

performance RO membrane fabrication due to the substantially limited water sorption on the 405 

substrates, and ultra-hydrophilic substrates like polyacrylonitrile with a water contact angle <40° 406 

could induce the delamination of the PA layer[49]. The critical points of hydrophobic and 407 

hydrophilic substrates for ideal RO and NF membranes should be explored in future studies, 408 

respectively, which can facilitate the development of customized membrane for efficient water 409 

and wastewater treatment. 410 

It should be noted that the pore size of different substrates in this study still showed slight 411 

difference, which may also contribute to the change in structure and performance of TFC-PA 412 

NF and RO membranes. Creating substrates that have strictly the same pore size with different 413 
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hydrophilicity is needed for future studies. In addition, for identical PA layers, substrates with 414 

higher hydrophilicity could somewhat facilitate water transport and thereby improve the water 415 

permeance of the whole TFC membranes. Although this phenomenon is neglectable in this 416 

study (as demonstrated in the free interface experiment of Figs. S9 and S10), this effect should 417 

be taken into consideration in future experimental design. 418 

 419 

4. Conclusions 420 

The TFC RO membrane showed higher water permeance and NaCl rejection on the relatively 421 

hydrophobic substrate, while the TFC NF membrane favored the relatively hydrophilic 422 

substrate. We highlighted the critical importance of interfacial degassing and local monomer 423 

concentration to dissect the distinct impact of substrate hydrophilicity. For the MPD-TMC 424 

system, interfacial nanobubble generation was inhibited because of the decreased local MPD 425 

concentration and heat production for the more hydrophilic substrates, resulting in a decrease 426 

in the roughness feature and compromised water permeance of RO membranes. In contrast, 427 

interfacial degassing was not a dominant mechanism in the PIP-TMC system due to the slower 428 

reaction rate of PIP-TMC than MPD-TMC. The PA layer of NF membrane hence became 429 

thinner and looser when the substrate was more hydrophilic, resulting from the diluted local 430 

PIP concentration.  431 
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