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ABSTRACT 22 

The permeance and selectivity of a reverse osmosis (RO) membrane are governed by its 23 

ultrathin polyamide film, yet the growth of this critical film during interfacial polymerization 24 

(IP) has not been fully understood. This study investigates the evolution of a polyamide 25 

nanofilm at the aqueous/organic interface over time. Despite that its thickness remained largely 26 

constant (~15 nm) for IP reaction time ranging from 0.5 to 60 min, the density of polyamide 27 

nanofilm increased from 1.25 to 1.36 g cm-3 due to the continued reaction between diffused m-28 

phenylenediamine (MPD) and dangling acyl chloride groups within the formed polyamide film. 29 

This continued growth of the polyamide nanofilm led to a simultaneous increase in its 30 

crosslinking degree (from 50.1% to 94.3%) and the healing of nanosized defects, resulting in a 31 

greatly enhanced rejection of 99.2 % for NaCl without sacrificing water permeance. Using 32 

humic acid as a molecular probe for sealing membrane defects, the relative contributions of the 33 

increased crosslinking and reduced defects toward better membrane selectivity were resolved, 34 

which supports our conceptual model involving both enhanced size exclusion and healed 35 

defects. The fundamental insights on the growth mechanisms and structure-property 36 

relationship of the polyamide nanofilm provide crucial guidance for the further development 37 

and optimization of high-performance RO membranes.  38 

 39 

KEYWORDS: Reverse osmosis, growth of polyamide nanofilm, crosslinking, defects, 40 

selectivity.  41 

 42 

SYNOPSIS: This study unravels the evolution of the physiochemical properties of a 43 

polyamide nanofilm during interfacial polymerization, revealing the fundamental mechanisms 44 

governing the structure and separation performance of this critical barrier. 45 

 46 
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INTRODUCTION 49 

Increasing demand for clean water necessitates technology development to produce fresh water 50 

from non-conventional sources, e.g., through desalination and water reuse.1-4 These 51 

applications typically employ thin film composite (TFC) reverse osmosis (RO) membranes, 52 

composed of a polyamide active layer, a porous substrate, and a non-woven fabric support.5-7 53 

Among the different layers, the dense polyamide nanofilm plays the most critical role in the 54 

membrane separation performance.8-10 Numerous studies have focused on enhancing 55 

membrane permeance by fabricating thinner polyamide nanofilms,11-14 tuning their surface 56 

morphology,15-17 and incorporating additional nanochannels.18-20 Unfortunately, enhancement 57 

in permeance is often accompanied with sacrificed selectivity, a phenomenon commonly 58 

known as the permeance-selectivity tradeoff or the “upper bound”.8, 9, 21, 22  59 

 60 

Compared to water permeance, many recent studies have reported the greater importance of 61 

selectivity on the overall performance of RO plants.23 Membranes with high selectivity not 62 

only improves product water quality but also eliminates the need for additional treatment steps 63 

(such as a second-pass RO for seawater desalination).24 It has been well documented that the 64 

selectivity of an RO membrane is strongly influenced by the crosslinking degree25, 26 (and thus 65 

the effective pore size27, 28) of its polyamide nanofilm. Nevertheless, the evolution of 66 

crosslinking degree during the growth of this nanofilm is still poorly understood. In addition, 67 

membrane selectivity could be adversely affected by nanosized defects.29 Despite the sub-68 

nanometer pore size of typical polyamide films (2.1-4.5 Å in radii based on free volume 69 

characterization28, 30), RO membranes generally show incomplete rejection of viruses, giant 70 

molecules and bacteria (e.g., 3.4 to 7 log removal for MS2 phage of ∼25 nm,31 3 to ≥ 4 log 71 

removal for supercoiled plasmid DNA of ∼70 nm,32 and 4.5 to > 5.7 log removal for C. parvum 72 

of ∼5 µm33). Song et al. attributed this non-ideal rejection behavior to the inherent tendency to 73 
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form nanosized defects during the interfacial polymerization (IP) of polyamide films.34 Despite 74 

the critical role of nanosized defects in separation performance of polyamide membranes, the 75 

formation and evolution of these defects during IP have not been systematically investigated, 76 

which prompts us to explore the fundamental mechanisms as well as the inherent relationship 77 

between membrane integrity and selectivity.  78 

 79 

The difficulty to resolve the growth mechanism and defect formation in conventional IP is at 80 

least partially caused by the ridge-and-valley surface roughness features of typical polyamide 81 

RO membranes.35, 36 To avoid such interferences, we adopt a novel free interface fabrication 82 

strategy to form smooth polyamide nanofilms by suppressing the nanofoaming-induced surface 83 

roughness.11, 13, 14, 37-40 The series of smooth polyamide films formed over predetermined time 84 

steps enable us to unravel the evolution of their physiochemical properties (e.g., thickness, 85 

density, crosslinking degree, and defects) as well as correlate these properties to membrane 86 

separation performance. These fundamental insights into the growth dynamics of polyamide 87 

rejection films and their structure-performance correlation provide important guidance to the 88 

future development of high-performance RO membranes.   89 
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EXPERIMENTAL SECTION 90 

Chemicals.  91 

M-phenylenediamine (MPD, 99%), trimesoyl chloride (TMC, 98%), and n-hexane (95%) from 92 

Sigma-Aldrich were used for the fabrication of polyamide nanofilms. Sodium chloride (NaCl, 93 

Dieckmann), sodium hydroxide (NaOH, Dieckmann), and hydrochloric acid (HCl, 37%, VWR) 94 

were used to adjust solution chemistry. Silver nitrate (AgNO3, Sigma-Aldrich) and nitric acid 95 

(HNO3, 69%, VWR) were used to determine the content of carboxylic groups in polyamide 96 

layer. Humic acid (HA, Sigma-Aldrich) was used for membrane defect healing. Boron (in the 97 

form of boric acid (B(OH)3)) and xylitol were used to test film rejection of neutral molecules. 98 

Unless specified otherwise, all the aqueous solutions were prepared using Milli-Q water.  99 

 100 

Polyamide nanofilm fabrication. 101 

A free interface fabrication strategy was adopted to prepare the polyamide nanofilms using a 102 

custom-designed interfacial polymerization cell (Figure S1, Supporting Information S1). 103 

Briefly, a 30 mL aqueous solution with 2.0 wt. % MPD was introduced into the cell first. 104 

Subsequently, a 10 mL hexane solution containing 0.1 wt. % TMC was gently added on the 105 

surface of aqueous solution to allow the IP reaction occurred at the aqueous/organic interface 106 

for a duration of 0.5-60 min. The fabricated polyamide nanofilm was deposited onto a 107 

preloaded polysulfone substrate by the vacuum-assisted drainage of MPD solution (Figure 108 

S2).38, 41 This substrate (molecular weight cut-off of 67 kDa, Vontron Membrane Technology) 109 

comprises a porous polysulfone layer of ~40-45 µm in thickness, which is further supported by 110 

a non-woven fabric to provide enhanced mechanical strength. Additional information of the 111 

substrate, such as its appearance and surface wettability, can be found in Supporting 112 

Information S2. Residual TMC/hexane solution on the membrane surface was then removed 113 
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by a thorough rinsing using hexane. The resultant membrane was denoted as RO-n, where n 114 

represents the duration of IP reaction. 115 

 116 

Traditional TFC membrane fabrication. 117 

For comparison purpose, we also fabricated a TFC polyamide film by performing the 118 

traditional IP reaction directly on a polysulfone substrate. Other fabrication conditions were 119 

identical to those used for RO-1, i.e., a 2.0 wt. % MPD solution and a 0.1 wt. % TMC solution 120 

for the IP reaction with 1 min. 121 

 122 

Nanofilm characterization. 123 

The surface morphology of polyamide nanofilm was characterized by a field-emission 124 

scanning electron microscope (FE-SEM, S-4800, Hitachi). All the samples were dried and 125 

sputter coated with a thin gold layer before SEM characterization. A transmission electron 126 

microscope (TEM, G2, FEI Tecnai) was used to resolve their cross-sectional structure. 127 

Nanofilm thickness was determined by an atomic force microscope (AFM, Dimension 3100, 128 

Vecco) with a scan rate of 6 Hz. The density of polyamide nanofilm was calculated by its 129 

thickness and determined mass using a quartz crystal microbalance (QCM, Q-Sense E4, Biolin 130 

Scientific, Supporting Information S3).13, 42, 43 The crosslinking degree of nanofilm was 131 

calculated by the determined O/N ratio using an X-ray photoelectron spectroscopy (XPS, Axis 132 

Ultra Dld, Supporting Information S4).19, 44, 45 The water contact angle was evaluated using a 133 

contact angle analyzer (Attention Theta, Biolin Scientific). The charged carboxyl group content 134 

within the polyamide nanofilm was determined at pH 10.5 using an AgNO3-based titration 135 

method (Supporting Information S5). Silver ions could preferentially bind to charged 136 
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(deprotonated) carboxyl groups.46, 47 Subsequently, nitric acid was used to elute the bound 137 

silver ions. Finally, inductively coupled plasma spectrometry (ICP-MS, Agilent 7900) was 138 

utilized to detect the concentration of silver ions for the calculation of the charged carboxyl 139 

group density. It should be noted that the number of charged carboxylate groups is affected by 140 

the pH of the AgNO3 solution. According to the literature,46, 47 carboxyl groups are expected to 141 

be fully deprotonated at pH 10.5, so the charged carboxyl group content within the polyamide 142 

nanofilm was determined at pH 10.5 in the current study. Doppler broadening energy 143 

spectroscopy (DBES, Institute of High Energy Physics, Chinese Academy of Sciences) was 144 

used to characterize the S parameter of RO-1 and RO-60 films. DBES can reflect the 145 

information of free-volume of the polyamide nanofilm at an atomic scale (e.g., 0.2-2 nm) 146 

through positron annihilation.28, 48 The S parameter represents the ratio of the counts in the 147 

energy range of 510.2-511.8 keV to the total counts (within 499.5-522.5 keV),49 and its value 148 

is sensitive to the change of the positron states caused by nano-structural changes. When the 149 

positron is localized in a free volume with a finite size, the observed S parameter is a measure 150 

of the momentum broadening according to the uncertainty principle: a larger free volume could 151 

result in a larger S parameter value.48-50 The DBES characterization was operated using a 152 

positron source of 22Na with the positron energy range of 0-5 keV.  153 

 154 

Separation performance.  155 

The separation performance of polyamide nanofilms was tested on a laboratory scale crossflow 156 

filtration setup.11 A testing coupon consisting of a polyamide nanofilm and a polysulfone 157 

support was installed into the crossflow filtration cell with an effective filtration area of 12 cm2. 158 

The coupon was then pre-compacted with a 5 L feed solution containing DI water, 2000 ppm 159 
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NaCl, 5 ppm boron (in the form of boric acid (B(OH)3)), 200 ppm xylitol, 2000 ppm MPD, or 160 

100 ppm HA at 17.5 bar under 25 °C for 1 h. Samples were then collected to determine the 161 

water flux and solute rejections of polyamide nanofilms. Water flux (Jw) and water permeance 162 

(A) were calculated by:  163 

                𝐽𝐽𝑤𝑤 =  ∆𝑚𝑚
∆𝑡𝑡×𝑎𝑎×𝜌𝜌

                               (1) 164 

                𝐴𝐴 =  𝐽𝐽𝑊𝑊
𝛥𝛥𝛥𝛥 − 𝛥𝛥𝛥𝛥

                                (2)   165 

where Δm is the mass of permeate water over the sample collection duration of Δt, a is the 166 

effective filtration area (i.e., 12 cm2), ρ is the density of water (i.e., 1 g cm-3), ΔP is the applied 167 

hydraulic pressure, and Δπ is the osmotic pressure between feed solution and permeate solution. 168 

Solute rejection (R) and solute permeability (B) were determined by: 169 

              𝑅𝑅 = 𝐶𝐶𝑓𝑓−𝐶𝐶𝑝𝑝
𝐶𝐶𝑓𝑓

                                   (3)     170 

 𝐵𝐵 =  1−𝑅𝑅
𝑅𝑅
𝐽𝐽𝑊𝑊                                  (4) 171 

where Cf and Cp are the solute concentrations in feed and permeate solution, respectively. NaCl 172 

concentration was measured by a portable conductivity meter (Myron II). The concentration of 173 

MPD was determined using an ultraviolet-visible spectrophotometer (UV, UH-5300, Hitachi). 174 

HA and xylitol concentrations were tested by a total organic carbon (TOC) analyzer (TOC-L 175 

CPH, SHIMADZU). The concentration of boron was detected by an ICP-MS (Agilent 7900). 176 

 177 

Defect healing. 178 

A vacuum-assisted deposition of HA was developed to partially heal the intrinsic defects within 179 

the polyamide nanofilms. Briefly, a polyamide nanofilm was preloaded on a polysulfone 180 

substrate following by the addition of 50 mL 1 ppm HA solution. The healing process was 181 

performed by vacuum filtration of the HA solution at a vacuum pressure of ~ 1 bar for 1 min. 182 

The healed nanofilms were thoroughly rinsed by Milli-Q water to remove residual HA. Their 183 
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separation performance was then systematically evaluated following the same protocol in the 184 

previous section. 185 

 186 

RESULTS AND DISCUSSION 187 

Microscopic morphology.  188 

 189 

Figure 1. The surface SEM micrographs and cross-sectional TEM micrographs of polyamide films 190 
with different IP times (0.5 min, 1 min, 5 min, 10 min and 60 min). The micrographs of a TFC 191 
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polyamide film fabricated by performing traditional IP process (1 min reaction time) on a polysulfone 192 
substrate with otherwise identical conditions (2.0 wt. % MPD and 0.1 wt. % TMC) were also included 193 
for comparison purpose. The relative darkness in TEM micrographs is related to the relative mass 194 
density, with higher mass density showing darker color. For the membranes formed at free interface 195 
(RO-0.5, RO-1, RO-5, RO-10, and RO-60), their polyamide layers are darker than their polysulfone 196 
substrates due to the crosslinked nature of the polyamide layers. For the traditional TFC membrane, 197 
the polyamide layer had a lighter color as a result of extensive presence of nanovoids inside its 198 
polyamide layer,36 which reduces the effective mass density. 199 
 200 
Figure 1 shows the surface (SEM) and cross-sectional (TEM) morphology of the polyamide 201 

films prepared with different IP times. As expected, the adoption of the free-interface strategy 202 

(RO-0.5, RO-1, RO-5, RO-10, and RO-60) successfully suppressed the formation of “ridge-203 

and-valley” appearance that is typical for traditional IP (TFC), resulting in relatively smooth 204 

surfaces of the polyamide films. Similar low-roughness films have also been reported in the 205 

literatures,13, 14, 38 which has been attributed to the weakened local heating14, 51 and reduced 206 

confinement effect37, 38 during IP reaction in the absence of substrate. This relatively smooth 207 

surface morphology enables us to evaluate the evolution of the film thickness over time (Figure 208 

2 AFM).  209 

 210 

AFM measurements show that the film thickness was typically in the range of 14.5-15.6 nm 211 

over time (Figure 2). To verify the statistical significance of the difference in thickness for RO-212 

60 and RO-0.5, we conducted a Student’s t-test for the data. The results show a p value of < 213 

0.02 for RO-60 vs. RO-0.5, suggesting that the difference in thickness for the two polyamide 214 

films is statistically significant. Nevertheless, the growth in film thickness over time was very 215 

slow after t = 0.5 min. Our experimental observations appear to be in line with Freger’s and 216 

Dickson et al.’s simulation studies52, 53 that the formation of a nascent polyamide film would 217 

dramatically slow down the diffusion of MPD monomers from the aqueous phase to the organic 218 

phase, thereby retarding the subsequent growth of the polyamide film. Nevertheless, a few 219 

studies reported substantial growth of polyamide layer over time,54, 55 e.g., from ~40 to 110 nm 220 

when the IP reaction time was increased from 10 sec to 600 sec.55 This contradiction could be 221 
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potentially reconciled by the difference in the definition of intrinsic vs. apparent film 222 

thickness.34 Conventional polyamide films formed by traditional IP generally show a ridge-223 

and-valley roughness structure containing numerous nanovoids11, 56 (around 30% by volume 224 

fraction obtained from TEM images57). Song et al.34 studied the polyamide morphology of four 225 

commercial RO membranes and found that despite the major difference in the apparent 226 

thicknesses of their rejection layers, their intrinsic thicknesses were all in the range of 10-20 227 

nm, which is in line with the film thickness (~15 nm in Figure 2) observed in the current 228 

study.58-61  229 

 230 

The SEM micrographs in Figure 1 show the emergence and growth of some leaf-like features 231 

on the surface of polyamide nanofilms at longer IP reaction times. This morphological change 232 

is probably caused by the leakage of amine monomers through nanosized defects of the 233 

polyamide films: the convection of the MPD solution through a defect and its reaction with 234 

TMC in the organic phase forms a “leaf”. In a previous study, Song et al.38 observed nanosized 235 

pinholes at the bottom surface of a polyamide film formed at a free interface, and these pinholes 236 

seem to be co-located with leaf-like features. This explanation is also consistent with Grzebyk 237 

et al.’s observation on the growth of additional roughness features over an existing polyamide 238 

film (e.g., a commercial RO membrane): the formation of additional leaf-like roughness feature 239 

is well correlated to the transport of MPD across the existing layer.62 Presumably, the presence 240 

of defects would allow a faster localized MPD supply, which would promote the further growth 241 

of polyamide near the defective regions. 242 

 243 

To verify the existence of defects, we performed filtration tests using Aldrich HA. According 244 

to Song et al.,34 the macromolecular size of HA (approximately 1.1-5.4 nm63) together with its 245 

soft property could allow it to penetrate through the defects but not through an intact polyamide 246 
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film. These features could enable HA to be used to verify nanosized defects. It is worthwhile 247 

to note that HA and other macromolecules have also been commonly used to partially seal 248 

membrane defects.64-66 Figure S7 shows HA rejection of below 97%, which confirms the 249 

presence of defects in the polyamide nanofilms. Song et al.34 also shows the presence of defects 250 

in commercial RO membranes based on HA tracer tests: their TEM characterization confirms 251 

that the colloidal HA molecules were able to penetrate through a polyamide layer into the 252 

polysulfone substrate. The existence of nanosized defects would allow the convection of amine 253 

monomers through the polyamide nanofilms, whose reaction with TMC monomers forms leaf-254 

like features. Such secondary growth of leaf-like features over the defective regions tends to 255 

partially heal the defects, as reflected by the reduced passage of HA at longer IP rection time 256 

(Figure S7). The implications of the formation and evolution of defects on membrane rejection 257 

will be further discussed in the section “Membrane separation performance”. 258 

 259 

Figure 2. AFM characterization of polyamide films with different IP times (0.5 min, 1 min, 5 min, 10 260 
min and 60 min). (a) Height profiles of various polyamide nanofilms with different IP reaction times. 261 
The height profiles were obtained after polyamide films were transferred into silicon wafers. (b) 262 
Thicknesses of polyamide films based on height differences between polyamide films and silicon wafers. 263 
The error bars represent the standard deviation based on at least three replicate measurements using 264 
different membrane coupons. 265 
 266 
Physicochemical properties. 267 

As shown in Figure 3a, increasing IP reaction time led to reduced O/N ratio (rO/N), revealing 268 

the evolution of polyamide toward greater crosslinking degree (n) over time (e.g., from 50.1% 269 

at 0.5 min to 94.3% at 60 min). Extended IP reaction time provides more opportunities for 270 

amine monomers to diffuse into/through a polyamide film and to continue reacting with those 271 
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unreacted acyl chloride functional groups of the film, which would promote greater 272 

crosslinking of polyamide. Consistent to this increase in crosslinking degree over time, the 273 

density of charged carboxyl groups (formed by the hydrolysis of unreacted acyl chloride groups 274 

after IP reaction) dropped from 22.6 ± 0.8 nm-2 for RO-0.5 to 9.2 ± 0.9 nm-2 for RO-60 at pH 275 

10.5 (Figure 3b). The reduced number of charged carboxyl groups also led to an increase in 276 

water contact angle, noting that the charged carboxyl groups are able to form hydrogen bonds 277 

with water molecules and thus can improve film hydrophilicity.67  278 

 279 
Figure 3. Physicochemical properties of polyamide films. (a) The O/N ratio (rO/N) and crosslinking 280 
degree (n) of polyamide films. The O/N ratio was used to calculate crosslinking degree of a polyamide 281 
film based on the equation: n = (4 − 2rO/N)/(1 + rO/N).13 (b) Charged carboxyl group density and water 282 
contact angles of various polyamide films. Charged carboxyl group density of polyamide was 283 
quantified by a silver binding method in accordance with Ref. 46, 47 at pH 10.5. (c) Density and aerial 284 
mass of different polyamide films (RO-0.5, RO-5 and RO-60). The density of polyamide film was 285 
determined based on the thickness measured by AFM and the film mass measured by a quartz crystal 286 
microbalance. The error bars represent the standard deviation based on at least three replicate 287 
measurements using different membrane coupons. 288 
 289 
Figure 3c shows significantly increased polyamide film density over longer IP reaction time 290 

(1.25 ± 0.06 g cm-3 at 0.5 min vs. 1.36 ± 0.07 g cm-3 at 60 min, p < 0.04). Despite that the film 291 

thickness was only marginally increased (Figure 2), QCM results show increased aerial mass 292 

from 1.81 × 10-6 g cm-2 at 0.5 min to 2.12 × 10-6 g cm-2 at 60 min (Figure 3c), which confirms 293 

the continued IP reaction over time. Consistent with the increased crosslinking degree, MPD 294 

(a)

(b) (c)
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molecules diffused into a polyamide film can react with dangling acyl chloride groups within 295 

the film to result in higher film density. This growth of a denser film is in addition to (1) the 296 

diffusion of MPD through the film whose reaction with TMC in the organic phase would 297 

increase the film thickness (Figure 2) and (2) the convection of MPD through the defects of the 298 

film whose reaction forms leaf-like features to heal defects (SEM, Figure 1). The evolution of 299 

the polyamide nanostructure over time has major implications on its separation properties, 300 

which is further discussed in the section “Membrane separation performance”.  301 

 302 

Membrane separation performance. 303 

 304 

Figure 4. Water permeance and NaCl rejection of polyamide films with different IP times (0.5 min, 1 305 
min, 5 min, 10 min and 60 min). Testing conditions: DI water (for pure water permeance 306 
measurements) or 2000 ppm NaCl (for salt rejection measurements) at 17.5 bar with the crossflow 307 
velocity of 22.4 cm/s under room temperature (25 °C). The effective filtration area of the crossflow 308 
filtration cell is 12 cm2. The coupon was pre-compacted with feed solution (5 L) to achieve stable 309 
separation performance. The error bars represent the standard deviation based on at least three 310 
replicate measurements using different membrane coupons. 311 
 312 
Extending IP reaction time had little effect on water permeance (Figure 4). In contrast, the  313 

NaCl rejection increased from 95.0% to 99.2% when the IP reaction time was extended from 314 

0.5 min to 60 min. The enhanced salt rejection can be at least partially attributed to the 315 

improved film crosslinking (Figure 3a).25 In the current study, we show that this improvement 316 

in crosslinking of a polyamide film corresponds to an increased density of the film (Figure 3c), 317 

which could enhance the size exclusion effect27, 28 and result in a more selective polyamide 318 

rejection layer. In addition, healing of nanosized defects at longer IP time (Figure 5) is also 319 
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expected to improve NaCl rejection. To further confirm the role of defects on membrane 320 

rejection, we performed additional salt rejection tests for films treated with mild HA fouling 321 

(Figure 5a). According to prior studies,64 HA macromolecules could partially plug nanosized 322 

defects of polyamide films, thereby improving film rejection. Figure 5 shows obviously 323 

improved NaCl rejection and water-NaCl selectivity after HA treatment, confirming impaired 324 

rejection and selectivity due to defects in films with short IP times (e.g., 0.5 and 1 min). At 325 

extended IP time of 10 and 60 mins, little difference in NaCl rejection could be observed before 326 

and after HA treatment, which is consistent with less defects in these films at longer IP reaction 327 

time. Figure 5 further allows us to resolve the role of size exclusion effect from that of defects: 328 

longer IP time resulted in better rejection and selectivity even for the HA-treated films (e.g., 329 

higher NaCl rejection (99.4%) by HA-treated RO-60 than those of HA-treated RO-0.5 (96.8%) 330 

and RO-1 (97.9%)), once again confirming the critical role of size exclusion for more 331 

crosslinked polyamide films. 332 

 333 

Figure 5. Separation performance comparison of polyamide films with different IP times (0.5 min, 1 334 
min, 5 min, 10 min and 60 min) before/after HA treatment. (a) NaCl rejection (2000 ppm) comparison 335 
of polyamide films before/after HA treatment. (b) Water-NaCl permselectivity of polyamide films 336 
before/after HA treatment. HA treatment was performed by depositing HA onto polyamide films by 337 
using vacuum filtration. The volume of HA solution was 50 mL. The concentration of HA solution was 338 
1 ppm, and the filtration time was 1 min. The error bars represent the standard deviation based on at 339 
least three replicate measurements using different membrane coupons. 340 
 341 
Conceptual model. 342 

(a) (b)
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 343 

Figure 6. (a) S parameter of RO-1 and RO-60 nanofilms tested by DBES, and rejection of (b) boron 344 
and (c) xylitol by polyamide films with different IP times (0.5 min, 1 min, 5 min, 10 min and 60 min). 345 
The effective filtration area of the crossflow filtration cell is 12 cm2. The coupon was pre-compacted 346 
with feed solution (5 L) to achieve stable separation performance. The error bars represent the 347 
standard deviation based on at least three replicate measurements using different membrane coupons. 348 
 349 

To further understand the evolution of effective pore size and free volume of the nanofilms 350 

over time, we performed DBES characterization for RO-1 and RO-60. Our DBES results 351 

(Figure 6a) are in line with the reported range of S parameters (0.48-0.53) in the literature.27, 51 352 

Since a larger S value indicates a greater free volume in the polyamide film,50, 51 the lower S 353 

parameter of RO-60 confirmed the reduced free volume inside the polyamide layer over longer 354 

IP reaction time, which is consistent with the film crosslinking and density measurements 355 

(Figure 3). Additional rejection tests were also performed for neutral molecules boron (in the 356 

form of boric acid) and xylitol. Since the rejection of these molecules is not affected by 357 

electrostatic interactions, their rejection behaviors allow a better understanding of the size 358 

exclusion effect. Figure 6b,c shows improved rejection of both molecules over longer IP 359 

reaction time, which confirms the reduced effective pore size over time. The extended IP 360 

reaction time would provide more opportunities for amine groups to react with acyl chloride 361 

groups within the polyamide nanofilm, which increases the crosslinking degree and the film 362 

(c)

(a)

(b)
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density as well as decreases the free volume and effective pore size. In addition to the enhanced 363 

size exclusion effect, healing of defects in polyamide over longer reaction time may have also 364 

contributed to the improved rejection of the neutral molecules. It has been reported that IP 365 

reactions can potentially lead to the formation of nanosized defects.34, 68 Presumably, the 366 

presence of defects would allow a faster localized transport of amine monomers, whose 367 

subsequent reaction with TMC in the organic phase tends to partially heal the defects. We 368 

further evaluated the rejection of MPD by the different polyamide films. The transport of MPD 369 

across the polyamide films could provide additional information to better understand the 370 

evolution of polyamide films over time. As shown in Figure 7, the polyamide films formed at 371 

longer IP reaction time achieved less passage for MPD monomers. Since the growth in the film 372 

thickness is dependent on the supply of MDP monomers,54, 62, 69 the reduced transport rate of 373 

MPD at longer IP reaction time explains the limited growth of film thickness over time. This 374 

“self-limit” nature of film growth is critical for the formation of ultrathin polyamide films, 375 

commonly in the range of 10-20 nm as reported in the literatures58-61 for RO membranes. 376 

Furthermore, the reduced MPD passage is consistent with our conceptual model involving 377 

increased crosslinking and improved defect healing over longer reaction time. On the other 378 

hand, our experimental results revealed that this evolution in membrane structure did not impair 379 

the water permeance (Figure 4), making it a potentially attractive strategy for the synthesis of 380 

high-performance RO membranes. 381 
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 382 

Figure 7. Rejection of MPD by polyamide films with different IP times (0.5 min, 1 min, 5 min, 10 min 383 
and 60 min). The effective filtration area of the crossflow filtration cell is 12 cm2. The coupon was pre-384 
compacted with feed solution (5 L) to achieve stable separation performance. The error bars represent 385 
the standard deviation based on at least three replicate measurements using different membrane 386 
coupons. 387 
 388 
Structure-property correlation.  389 

Table 1. Correlation coefficients of key parameters (IP reaction time, thickness, crosslinking degree, 390 
density, water permeance and NaCl rejection) of polyamide films. Due to potential nonlinear reaction 391 
kinetics, the correlation was performed on a log-log scale. Microsoft Excel was utilized to analyze the 392 
correlation coefficients based on the CORREL function. Correlation on a linear scale is presented in 393 
Supporting Information S7 for comparison purpose. 394 

 IP reaction 
time Thickness Crosslinking 

degree Density Water 
permeance 

NaCl 
rejection 

IP reaction 
time 1 - - - - - 

Thickness 0.82 1 - - - - 
Crosslinking 

degree 0.93 0.68 1 - - - 

Density 0.72 0.41 0.64 1 - - 
Water 

permeance 0.20 -0.02 0.21 0.11 1 - 

NaCl 
rejection 0.88 0.75 0.78 0.65 0.08 1 

 395 
To better understand the structure-property relationship, we performed a correlation analysis 396 

among the structural properties and performance parameters for the polyamide films formed at 397 

different IP rection time (Table 1). Increasing the reaction time resulted in greater crosslinking 398 

degree (correlation coefficient r = 0.93) and film density (r = 0.72), along with a marginal 399 

increase in film thickness (r = 0.82). In the current study, the membrane water permeance seems 400 

to be poorly correlated to these structural properties. This might be partially explained by the 401 
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small differences in the membrane thickness (< 7.1%). Interestingly, enhanced salt rejection 402 

could be achieved without sacrificing water permeance (r = 0.08), providing a potential way to 403 

overcome the permeance-selectivity trade-off. The NaCl rejection was found to be strongly 404 

dependent on the membrane structural parameters (r = 0.75, 0.78, and 0.65 for film thickness, 405 

crosslinking degree, and film density, respectively). The strong dependence of NaCl rejection 406 

on film thickness is possibly explained by the growth of the secondary leaf-like features at 407 

longer IP reaction time, which tends to seal the defects in the polyamide film. At the same time, 408 

a denser and more crosslinked rejection layer is favorable to increased NaCl rejection as a result 409 

of enhanced size exclusion.  410 
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