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ABSTRACT 23 

Transport of water, solutes, and contaminants through a thin film composite (TFC) 24 

membrane is governed by the intrinsic structure of its polyamide separation layer. In 25 

this work, we systematically characterized the nanoscale polyamide structure of four 26 

commercial TFC membranes to reveal the underlying structure-property relationship. 27 

For all the membranes, their polyamide layers have an intrinsic thickness in the range 28 

of 10 - 20 nm, which is an order of magnitude smaller than the more frequently reported 29 

apparent thickness of the roughness protuberances due to the ubiquitous presence of 30 

nanovoids within the rejection layers. Tracer filtration tests confirmed that these 31 

nanovoids are well connected to the pores in the substrates via the honeycomb-like 32 

opening of the backside of the polyamide layers such that the actual separation takes 33 

place at the frontside of the polyamide layer. Compared to SW30HR and BW30, loose 34 

membranes XLE and NF90 have thinner intrinsic thickness and greater effective 35 

filtration area (e.g., by the creation of secondary roughness features) for their polyamide 36 

layers, which correlates well to their significantly higher water permeability and lower 37 

salt rejection. With the aid of scanning electron microscopy, transmission electron 38 

microscopy, and tracer tests, the current study reveals the presence of nanosized defects 39 

in a polyamide film, which is possibly promoted by excessive interfacial degassing. 40 

The presence of such defects not only impairs the salt rejection but also has major 41 

implications for the removal of pathogens and micropollutants.  42 

43 
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INTRODUCTION 44 

Reverse osmosis (RO) is the method of choice for seawater desalination and potable 45 

water reuse.1-3 Commercially available RO membranes are prepared from an interfacial 46 

polymerization (IP) reaction between m-phenylene diamine (MPD) and trimesoyl 47 

chloride (TMC). These membranes have a thin film composite (TFC) structure in which 48 

a thin and water-permeable polyamide (PA) rejection layer is supported by a porous 49 

substrate.3-6 The PA rejection layer exhibits a “ridge-and-valley” surface roughness,7-9 50 

and the protuberances of roughness structures extend from a few tens to hundreds of 51 

nm away from the membrane surface.10, 11 Consequently, some early studies report an 52 

(apparent) thickness in the range of ~ 50 to 300 nm for the rejection layer.12-15 53 

 54 

Advanced microscopic characterization coupled with mechanistic investigation in 55 

recent years has significantly improved our understanding on the structure of the PA 56 

rejection layer.3, 14, 16-22 For example, transmission electron microscopy (TEM) reveals 57 

the presence of a large fraction of nanovoids inside this layer,3, 17-19, 23 such that its true 58 

thickness19, 20, 24-27 would be an order of magnitude lower than the apparent thickness 59 

reported in earlier studies. More recent works17, 28-30 have shown that the backside of 60 

the PA layer presents numerous honeycomb-like openings. According to Tang and 61 

coworkers,23, 30-32 both the nanovoids and the honeycomb-like openings originate from 62 

degassing of CO2 nanobubbles under the combined action of heat and H+ generated by 63 

the IP reaction. The degassed nanobubbles are encapsulated by the PA film at the 64 

reaction interface to form the nanovoids, and their subsequent escape from porous 65 
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substrate leaves the honeycomb-like openings at the backside of the PA film.30 Adding 66 

NaHCO3, a CO2 precursor, to the aqueous MPD solution resulted in larger roughness 67 

protuberances.31 In contrast, removal of CO2 from the MPD solution before the IP 68 

reaction eliminated the formation of “ridge-and-valley” surface roughness.23 69 

 70 

Despite the apparent importance of these morphological features (the PA film 71 

thickness,19, 24, 25, 27, 33 its surface roughness,30, 34-36 and its void fractions,19, 31, 37-39 etc.) 72 

on the properties of TFC RO membranes, a number of critical issues remain to be 73 

systematically addressed. For example, recent works based microscopic 74 

characterization and tracer tests have provided evidences of pore connectivity within 75 

PA films,19, 22 yet its underlining mechanism needs to be further investigated. Another 76 

critical question is whether the PA rejection layer is prone to the formation of defects. 77 

Ideally, the free volume pores (~ 0.2 nm in radii7, 40) in RO membranes should be small 78 

enough to completely remove viruses and bacteria. Nevertheless, incomplete and often 79 

disparate removal data have been reported for intact membrane elements (e.g., 5 to 7 80 

log removal for the MS2 virus of ~25 nm in size;41, 42 3 to ≥4 log removal for a DNA 81 

of ~71 nm in size;43 and 6.8-6.9 log removal for bacteria surrogates of ~500 nm in size 82 

44). In addition to issues related to membrane modules (e.g., failure of glue lines), could 83 

the structure of polyamide film inherently affect the integrity of the membrane?   84 

 85 

Motivated by these questions, the current study aims to establish the structure-86 

properties relationship and its underlying mechanisms for TFC membranes. The 87 
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morphological features of four commercial PA membranes were thoroughly 88 

characterized and correlated to their permeability and rejection properties. Additional 89 

tracer filtration tests were designed to reveal the membrane connectivity and defect 90 

location. The results of this study not only provide fundamental insights to the transport 91 

properties of RO membranes but also have critical implications to their synthesis and 92 

environmental applications. 93 

 94 

EXPERIMENTAL 95 

Chemicals and materials 96 

Humic acid (HA) was purchased from Sigma-Aldrich (H16752, technical grade, St. 97 

Louis, MO). N,N-dimethylformamide (DMF), Sodium Chloride (NaCl), Sodium 98 

hypochlorite (NaOCl), Ferric (II) sulfate (FeSO4, or Fe(II)) were supplied by Aladdin 99 

(Shanghai, China). Four commercial TFC PA membranes, including a seawater RO 100 

membrane SW30HR, two brackish water RO membranes BW30 and XLE, and a 101 

nanofiltration membrane NF90, were all obtained from Dow FilmtechTM (Minneapolis, 102 

MN).45 All these membranes have a fully aromatic PA chemistry, formed based on the 103 

reaction between MPD and TMC.46, 47 Compared to SW30HR and BW30, XLE and 104 

NF90 are known as “loose” PA membranes47 with significantly higher water 105 

permeability but lower NaCl rejection (Table 1). In addition to the commercial TFC PA 106 

membranes, a polysulfone (PSF) ultrafiltration membrane (Aromem Pte. Ltd., Suzhou, 107 

China) was used as a control for the membrane chlorination treatment. 108 

 109 
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Table 1. Separation properties and structural characteristics of the commercial TFC 110 

membranes (all data obtained from the current study) 111 

 112 

Membrane SW30HRc BW30 XLE NF90 

Separation 

performance at 

low salinitya 

Water flux, J 

(L m-2 h-1) 
9.0 ± 0.8 61.4 ± 2.6 101.8 ± 1.4 125.4 ± 1.0 

Salt rejection, R 

(%) 
98.5 ± 0.2 96.9 ± 0.3  92.6 ± 0.5 83.8 ± 0.3 

Separation 

performance at 

high salinityb 

Water flux, J 

(L m-2 h-1) 
18.9 ± 1.7 95.4 ± 0.7 120.0 ± 0.9 125.0 ± 1.3 

Salt rejection, R  

(%) 
99.4 ± 0.1 97.4 ± 0.3 92.1 ± 0.5 84.3 ± 0.2 

Pores on substrate 

Diameter, dp 

(nm) 
15.2 ± 4.8 9.1 ± 1.9 15.5 ± 3.8 13.1 ± 5.0 

Number density 

(counts/μm2) 
439 872 525 932 

Area coverage 

(%) 
11.6 5.9 10.9 14.5 

Openings on  

PA backside 

Diameter, do 

(nm) 
39.1 ± 12.4 52.9 ± 16.0 51.5 ± 17.1 38.6 ± 10.4 

Number density 

(counts/μm2) 
168 106 158 142 

Area coverage  

(%) 
27.1 25.4 47.5 22.9 

Nodule size dn, measured by SEM (nm) 46.7 ± 14.5 60.2 ± 9.5 84.8 ± 27.7 67.1 ± 13.8 

dn/do ratio 1.2 1.1 1.6 1.7 

Average roughness Ra (nm)e 48.8 ± 2.5 36.0 ± 1.4 61.4 ± 1.8 50.6 ± 7.1 

Root Mean Square (RMS) roughness 

Rq (nm)e 
60.6 ± 3.5 45.6 ± 2.3 77.6 ± 3.5 66.8 ± 9.3 

Maximum roughness Rmax (nm)e 425 ± 59 355 ± 38 560 ± 34 540 ± 93 

Surface area ratio (SAR), measured by 

TEM (-)d 
3.35 3.78 7.05 5.62 

SAR, measured by AFM (-)e 1.290 1.341 1.329 1.252 

δapp, measured by TEM (nm)d,f 129 ± 61 118 ± 58 277 ± 43 159 ± 27 

δapp, measured by AFM (nm)e,g 169 ± 11 112 ± 16 204 ± 24 122 ± 8 

δint (nm)d 17.4 ± 2.0 17.8 ± 1.9 13.9 ± 1.8 11.8 ± 1.7 

a. Brackish water desalination testing conditions: 1.6 MPa, 2000 ppm NaCl, 25 ± 1 ˚C. Refer to 113 

Supporting Information S1 for more detailed testing information. 114 

b. Seawater desalination testing conditions: 5.5 MPa, 32000 ppm NaCl, 25 ± 1 ˚C. Refer to 115 

Supporting information S1 for more detailed testing information. 116 

c. The condition duration was 24 hours for SW30HR and 1 hour for the other 3 membranes.  117 

d. Based on TEM characterization. 118 

e. Based on atomic force microscopy (AFM) characterization. 119 

f. The apparent thickness, δapp, was obtained from TEM images by sampling at different locations 120 

(see Figure S4 in Supporting Information S5). 121 

g. The apparent thickness, δapp, was calculated based on the average height of isolated polyamide 122 

films by AFM measurements (Figure 2).  123 
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Isolation of PA rejection layer and PSF substrate  124 

To obtain isolated PA rejection layer from a TFC membrane, its PSF substrate was 125 

dissolved by pure DMF.15, 30 The isolated PA layer was picked up from the DMF 126 

solution by a stainless steel washer, transferred to a silicon wafer, and then further 127 

treated by three cycles of DMF rinsing (3 min) and soaking (10 mins) to remove any 128 

residual PSF. The treated sample was kept in a vacuum dryer for further characterization.  129 

 130 

For the isolation of the PSF substrate, the PA layer of the TFC membrane was removed 131 

by washing with 1% NaOCl solution at pH 12 for 15 hours. The combination of high 132 

hypochlorite concentration and high pH is known to completely degrade the PA layer.48 133 

At the same time, controlled experiment of NaOCl treatment for the PSF ultrafiltration 134 

membrane under identical conditions did not result in significant changes of its pore 135 

size distribution and pure water permeability (Supporting Information S2). Therefore, 136 

the NaOCl treatment in the current study is expected to remove the PA layer while 137 

preserving the pore structure of the substrate.   138 

 139 

Microscopic characterization 140 

The surface morphology and cross-sectional structure of the membranes were 141 

characterized by an ultrahigh-resolution field-emission scanning electron microscope 142 

(FESEM, Hitachi SU8010, Japan). Membrane cross-sections were produced by 143 

fracturing membrane coupons in liquid N2. In addition, FESEM characterization was 144 

also performed for PA rejection layers and PSF substrates isolated from the commercial 145 
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TFC membranes. Prior to FESEM observation, the samples were sputter coated with Pt 146 

at a coating distance of ~ 8 cm with a current of 15 mA. The coating time for membrane 147 

front surface and cross-section was 30 and 45 s, respectively. A shorter coating time of 148 

20 s was used for the backside of the isolated PA layer as well as the front surface of 149 

the isolated PSF substrate to minimize the impact of Pt deposition on the determination 150 

of pore size.  151 

 152 

Cross-sectional TEM images were acquired with a JEM1200EX TEM (acceleration 153 

voltage of 80 kV, JOEL, Tokyo, Japan). Membrane samples were dehydrated gradually 154 

in a series of ethanol/water solution (0%, 25%, 50%, 75%, and 100% ethanol content, 155 

each step for 5 minutes) and subsequently embedded in LR White Resin (London Resin 156 

Company, Reading, UK). The resin-embedded membrane samples were sliced into 157 

ultrathin sections of ~ 80 nm using a Leica EM UC7 (Leica Microsystems, Wetzlar, 158 

Germany).23, 46 An AFM (ICON, Bruker, Billerica, MA) was used to obtain the 159 

topological images of isolated PA layers of SW30, BW30, XLE, and NF90 (placed on 160 

a silicon wafer) using a tapping mode.30  161 

 162 

Tracer filtration tests 163 

Tracer filtration tests (also known as penetration tests in some earlier studies49) were 164 

performed for BW30 and NF90 in a customized filtration cell (effective filtration area 165 

of ~ 19.6 cm2) to assess the interconnectivity within the PA layer and to determine the 166 

location where separation takes place. HA was chosen as a tracer in this study due to its 167 
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good solubility and low cost. Its small size (~ 1.1 – 5.4 nm 50) and soft nature may allow 168 

it to better penetration into pores and defects compared to rigid silver or gold 169 

nanoparticles.8, 22, 49, 51 For a typical test, a virgin membrane was operated in the “reverse 170 

orientation” with its substrate side exposed to the feed solution (a 5 mg/L HA solution) 171 

under a constant pressure of 0.69 MPa (i.e., 100 psi) for 96 hours. Such a tracer test in 172 

the “reverse orientation” allows HA macromolecules to access the backside of the PA 173 

layer. Additional HA tracer tests were performed in the “normal orientation” to allow 174 

HA macromolecules to access the frontside of the PA layer (see more details in 175 

Supporting Information S8). As a complimentary test to the pressure-driven tests, an 176 

osmotically driven filtration test was also performed using NaCl as draw solution and 177 

Fe (II) as a tracer (Supporting Information S7) with the backside of the PA layer exposed 178 

to the tracer. 179 

 180 

RESULTS AND DISCUSSION 181 

Morphology of PA rejection layers 182 

The micrographs of membrane top surfaces and cross-sections are presented in Figure 183 

1a. The surfaces of SW30HR and BW30 have a “ridge-and-valley” appearance that is 184 

characterized by the presence of numerous nodules and leaves.8, 17, 47 11, 52 Their cross-185 

sectional FESEM and TEM micrographs show a basal layer of nanovoid-containing 186 

nodular and leave-like features that are densely packed side by side. According to our 187 

previous studies,23, 30 the nodular features originate from the interfacial degassing of 188 

CO2 nanobubbles during the IP reaction that are subsequently encapsulated by the PA 189 
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layer. On the other hand, the dehydration of larger nodules causes them to collapse into 190 

a leaf-like appearance during membrane drying.30 For these reasons, this basal layer is 191 

termed as the “nodular layer” in the current study. 192 

  193 

XLE and NF90, both considered as loose TFC PA membranes with high permeability 194 

and low NaCl rejection (Table 1),47 present substantially different PA morphology that 195 

is characterized by a dual-layer structure with a basal nodular layer overlaid by an 196 

additional exterior layer (see the FESEM and TEM cross-sections in Figure 1a). Based 197 

on the FESEM surface micrographs, the exterior layer consists largely interconnected 198 

and relatively flat features (Supporting Information S3). This exterior layer covers 199 

substantial fraction of the surface, leaving some crater-like regions with the underlying 200 

basal nodular features exposed. The exterior layer could not be removed by DMF 201 

washing or long-term filtration operation, confirming that this layer is firmly connected 202 

to the basal layer. Additional analysis (Supporting Information S4 and Table 1) shows 203 

that average size of the nodules (dn) following the order of XLE (84.8 ± 27.7 nm) > 204 

NF90 (67.1 ± 13.8 nm) > BW30 (60.2 ± 9.5 nm) > SW30HR (46.7 ± 14.5 nm). The 205 

unique dual layer roughness structure of XLE and NF90 (Figure 1b) may be explained 206 

by more favorable CO2 degassing during their interfacial polymerization. Previous 207 

studies reported the formation of larger nodules due to improved CO2 degassing.31, 32 208 

Indeed, dosing 2-6 wt.% NaHCO3 (a CO2 precursor) into the MPD monomer solution 209 

led to the formation of a dual layer structure with similar appearance to those of XLE 210 

and NF90.31   211 
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 212 

Figure 1. (a) The surface FESEM, cross-sectional FESEM, and cross-sectional TEM 213 

images of SW30HR, BW30, XLE, and NF90 membranes; (b) The schematic illustration 214 

of a PA layer featuring a dual layer structure, with a basal nodular layer composed of 215 

tightly packed nodules (represented by the green solid lines) and an exterior layer 216 

composed of interconnected flat features (represented by the red dotted lines). The dual 217 

layer structure was observed in XLE and NF90 membrane, but not in BW30 and 218 

SW30HR membrane. 219 

 220 

Apparent thickness, intrinsic thickness, and effective filtration area of PA layers 221 
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The apparent thickness (δapp) of the PA layers, measured from the cross-sectional TEM 222 

images (Figure 1a and Figure S4a in Supporting Information S5), followed the order of 223 

XLE (277 ± 43 nm) > NF90 (159 ± 27 nm) > SW30HR (129 ± 61 nm) > BW30 (118 ± 224 

58 nm). AFM height analysis provides an alternative measurement of δapp based on the 225 

height histogram (Figure 2). Due to the existence of the additional exterior layer, the 226 

δapp values of XLE (204 ± 24 nm) and NF90 (122 ± 8 nm) were approximately double 227 

of their average nodular size. SW30HR and BW30 had apparent thicknesses of 169 ± 228 

11 nm and 112 ± 16 nm, respectively, which were significantly larger than the average 229 

nodular size partially due to the presence of leaf-like features. Furthermore, the 230 

additional surface coating layer of polyvinyl alcohol (PVA) of these two membranes46, 231 

47 also result in over-estimations of δapp values by the AFM method, since AFM is not 232 

able to differentiate PVA from PA.  233 

 234 

Figure 2. The AFM 3D representation, height profile, and selected area histograms of 235 

the isolated PA layers of SW30HR, BW30, XLE, and NF90 membranes. 236 
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 237 

The intrinsic PA thickness (δint, Figure 1b and Table 1) was estimated from the cross-238 

sectional TEM images (Figure 1a and Figure S4b in Supporting Information S5). For 239 

any given membrane, its nodules had relatively uniform intrinsic layer thicknesses in 240 

the range of 10 - 20 nm, which is in good agreement with the existing literature.17, 24, 35, 241 

53 Similar intrinsic thickness was also reported by Song et al.19 for roughness nodules 242 

(“domes”). Using a quantitative electron tomography, these authors also found that 243 

“dimpled” and “clustered” crumples (which are possibly related to collapsed leaf-like 244 

features and the secondary layer reported in this study, respectively) could have greater 245 

film thickness. In the current study, XLE (13.9 ± 1.8 nm) and NF90 (11.8 ± 1.7 nm) had 246 

thinner δint compared to SW30HR (δint = 17.4 ± 2.0 nm) and BW30 (17.8 ± 1.9 nm), 247 

which partially explains the greater water permeability of the loose XLE and NF90 248 

membranes (Table 1). This finding also underpins the recent attempts of making thinner 249 

PA rejection layer in order to achieve higher membrane water permeability.23, 24, 33, 35, 54, 250 

55  251 

 252 

Membrane water permeability is also greatly affected by the effective PA surface area,23, 253 

53 which is in turn affected by the membrane surface roughness features. The average 254 

surface roughness values (Ra, see Figure 2 and Table 1) of the loose membranes XLE 255 

and NF90 were 61.4 ± 1.8 nm and 50.6 ± 7.1 nm, respectively. Those of SW30HR and 256 

BW30 were 48.8 ± 2.5 nm and BW30 36.0 ± 1.4 nm, respectively. The SAR, i.e., the 257 

ratio of the three-dimensional (3D) surface area measured by AFM over its projected 258 
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plan area, had the following order (Table 1): BW30 (1.341) > XLE (1.329) > SW30HR 259 

(1.290) > NF90 (1.252). In the current study, neither Ra or SAR measured by AFM 260 

seems to provide satisfactory explanation to the ten-fold higher flux of the loose 261 

membranes (XLE and NF90) compared to SW30HR under the low salinity testing 262 

conditions (Table 1). This is due to the inherent limitation of AFM measurement that 263 

only the front (exposed) area can be accessed by its tip of finite size.31  264 

 265 

In comparison to the AFM data, the SAR values obtained from TEM cross-sections 266 

(Supporting Information S6 and Table 1) were substantially larger. For example, the 267 

SAR value of SW30HR estimated from the 2D TEM image analysis was 3.35, which 268 

was much larger than the AFM-based SAR of 1.290. A similar trend has been observed 269 

by Culp et al.21. Furthermore, the SAR value obtained in this study agrees reasonably 270 

well with the value obtained from the 3D TEM tomography21 (3.35 vs. 3.48 for 271 

SW30HR), suggesting that the 2D image analysis described in this study could offer a 272 

simpler alternative to the more sophisticated 3D approach. Compared to SW30HR and 273 

BW30, loose membranes XLE and NF90 had much larger SAR values (Table 1), which 274 

is attributed to the additional area contributed by the exterior layer. For example, the 275 

SAR values of XLE estimated from its TEM cross-section (Supporting Information S6) 276 

was as large as 7.05. Our result is also consistent with the 3D TEM measurements by 277 

Song et al.19, who reported that the localized SAR varied from 3.5 to 15.7 for a 278 

polyamide film synthesized on a sacrificial layer. Compared to AFM measurements, the 279 

TEM-based SAR provides better explanation to the significantly higher water 280 
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permeability of the loose PA membranes. 281 

 282 

Hierarchical pore structure and interconnectivity within the PA layer 283 

 284 

Figure 3. FESEM micrographs and pore size distributions of the PSF substrates and 285 

the backside openings of the PA rejection layer. To isolate the PSF substrate, the PA 286 

layer of the TFC membrane was removed using 1% NaOCl solution at pH 12. On the 287 

other hand, the PA rejection layer was isolated by dissolving the PSF substrate in DMF. 288 

For the size distribution curves, the red and green curves correspond to the pore sizes 289 

on the polysulfone surface and polyamide backside, respectively. 290 

 291 

Figure 3 shows FESEM micrographs of the membrane substrates and the backsides of 292 

PA layers. The backside of all the membranes features honeycomb-like openings, with 293 

the opening density in the range of 100 to 200 counts/μm2 and the average opening 294 

diameter (do) in the range of 39 to 53 nm (Figure 3 and Table 1). These data agree 295 

reasonably well with previous studies.17, 28, 30 Based on FESEM and TEM cross-296 
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sectional micrographs (Figure 1) and previous studies22, 30, we hypothesize that the 297 

openings in the backside are directly connected to the nanovoids in the PA layer. 298 

Meanwhile, the density of the substrate pores (in the range of 439 to 932 counts/μm2) 299 

was 2.6 - 8.2 times of that of the PA backside openings for the corresponding membrane, 300 

suggesting that each opening may be connected to multiple pores in the substrate.  301 

 302 

 303 

Figure 4. The illustration of HA tracer test from the backside of the PA layer (left panel) 304 

and TEM micrographs of BW30 and NF90 after the HA tracer test (right panel).  305 

 306 

In order to further study the connectivity within the hierarchical pore structure, we 307 

performed tracer filtration tests for BW30 and NF90 from the substrate side using HA 308 

as a molecular tracer (Figure 4). The macromolecular nature of HA (approximate size 309 

range from 1.1 – 5.4 nm 50) allows it to penetrate through pores and defects but not an 310 

intact PA film. For both membranes, HA was able to reach all the way to the nanovoids 311 

within the PA layer. Our observation is consistent with Li et al.22 who reported the 312 

penetration of 1-nm gold nanoparticles into the interior of polyamide nodules. An 313 

additional test was also performed using FeSO4 as a tracer on the backside of a PA layer 314 

isolated from BW30 using an osmotically driven water permeation, which led to the 315 

accumulation of iron hydroxide deposition within the nodular structures (Supporting 316 
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Information S7). Earlier studies believe that separation of solutes occurs at a “dense 317 

base” of the PA layer.8, 9 Nevertheless, the observation of honeycomb-like openings at 318 

its backside (Figure 3) and the ability of both HA and FeSO4 tracers to access nanovoids 319 

in the roughness nodules (Figure 4 and Supporting Information S7) provide strong 320 

evidence that the actual separation takes place at the frontside of the PA layer instead 321 

of its backside.  322 

 323 

Tracer tests by HA from the frontside was also performed for BW30 and NF90 324 

(Supporting Information S8). For the tight BW30 membrane, HA deposited above the 325 

nodules/leaves of the PA layer, whereas the nodular voids within the PA layer and the 326 

pores in the substrate were largely free of HA. For the loose NF90 membrane, large 327 

amount of HA particles deposited in the gap between its exterior layer and nodular layer 328 

of the roughness structure. Moreover, some HA particles penetrated through the nodules 329 

and deposited within their nanovoids. A tiny fraction of HA even reached the pores of 330 

the substrate (marked by the red arrows in Figure S8). We further compared the 331 

rejection of HA by NF90 and BW30. While HA was found in the permeate of NF90, it 332 

was below the detection limit in the permeate of BW30 (Figure S9, Supporting 333 

Information S8). These results suggest the possible presence of defects in the PA layer 334 

of NF90. On the other hand, the better integrity of BW30 may be attributed to a more 335 

intact polyamide film and/or its PVA surface coating46. Additional high resolution 336 

FESEM micrographs of NF90 (Figure S10) reveal the frequent existence of nanosized 337 

holes of 10-50 nm in size on the nodular walls of its PA layer. These holes can provide 338 
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interconnectivity between adjacent nodules.19 If not completely enclosed during the 339 

film growth, they could also potentially lead to defects through the PA layer. The 340 

possible existence of defects within the PA rejection layer, in addition to integrity of 341 

glue lines in membrane modules, may explain the incomplete removal of viruses whose 342 

physical sizes (e.g., of several tens of nm) are several orders of magnitude larger than 343 

the pore size of RO membranes.42 It also provides insights to the observation that a 344 

series of RO membranes, even though having similar PA network pore-volumes, can 345 

exhibit significantly different rejection rates to small neutral solutes.56 Furthermore, it 346 

is consistent with the observation that membrane rejection can be significantly 347 

improved under mild/initial fouling by macromolecules thanks to the partial sealing of 348 

defects.57 349 

 350 

Mechanistic insights of roughness structures, inter-connectivity, and defects 351 

formation of PA layers 352 

Figure 5 presents a schematic diagram to illustrate the mechanisms involved in forming 353 

the roughness structures as well as defects of PA layers. During the IP reaction, MPD 354 

and TMC react rapidly to form oligomers (Stage I) and eventually a nascent cross-355 

linked network of polyamide (Stage II). CO2 nanobubbles released during IP and 356 

confined between the substrate and the nascent PA film lead to the formation of 357 

“balloon-like” nodular roughness features,23, 30, 31 while the thickness of the PA film can 358 

be strongly affected by the reaction recipe (e.g., monomer concentrations26, 27, 33). The 359 

release of gas nanobubbles can also potentially lead to convection of monomer 360 
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solutions, which can further influence the integrity as well as the final shape of the PA 361 

layer (Stage III). For example, when the PA layer completely encapsulates CO2 362 

nanobubbles, a defect-free dense RO membrane is expected (Figure 5, Scenario 1). 363 

However, in some cases, the gas bubble may start to escape from a nascent PA nodule 364 

before it completely encapsulates the gas bubble. This escape of the bubble drives the 365 

convection of the MPD solution towards the TMC solution, which promotes the 366 

formation of secondary structures such as a secondary nodule (or “grafted” nodule) that 367 

is well connected to the primary nodule (Scenario 2). Under conditions where rigorous 368 

degassing prevails, the escape of the gas bubble can be so forceful that the reaction 369 

frontier assumes a shape similar to a pressurized water jet instead of the common 370 

balloon-like shape, which is responsible for the formation of the exterior layer with a 371 

large aspect ratio of length/width (Scenario 3). Extremely forceful degassing and/or the 372 

depletion of MPD monomers may further result in the formation of defects such as the 373 

incomplete enclosure of the primary nodules (Scenario 4). In reality, a combination of 374 

the various scenarios can be applicable to the same membrane (e.g., the observation of 375 

all the four scenarios for NF90), which can be attributed to the highly heterogeneous IP 376 

reaction conditions at the nanoscale.  377 

 378 
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 379 

Figure 5. Formation mechanisms of the nodular layer and the exterior layer.  380 

 381 

In the current study, we performed XPS elemental composition analysis of both the 382 

frontside and backside of PA layers isolated from NF90 and XLE (Table S1). The O/N 383 

ratios of the frontside of XLE (1.50) and NF90 (1.36) were much higher than the 384 

respective values of the backside (1.07 for XLE and 1.01 for NF90), revealing that the 385 

cross-linking degree of the exterior layer was much lower compared to that of the 386 

nodular layer.46 In contrast, tight RO membranes have been reported to have more 387 

uniform chemical compositions across their PA layers.58 The large difference in the O/N 388 

ratios between of front and back sides for the loose membranes XLE and NF90 supports 389 



22 

 

our explanation of the formation of exterior layer due to gas escape from the primary 390 

nodules. That is, the forced convention of the MPD solution into the TMC solution 391 

would induce a more TMC-rich and MPD-lean environment, which would in turn form 392 

less crosslinked6, 13 secondary PA structure in good agreement to our experimental 393 

observation. Interestingly, Table 1 shows that the dn/do ratios, representing the relative 394 

size of nodules over that of backside pore openings, of the loose membranes XLE (1.6) 395 

and NF90 (1.7) were significantly greater than those of the tight membranes SW30HR 396 

(1.2) and BW30 (1.1). This observation is consistent with the possibly more intensive 397 

degassing during the formation of the loose membranes. 398 

 399 
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Table 2. Correlation coefficients of key measured parameters of commercial RO membranes.a 

 

 

a. The correlation coefficient R2 was obtained using Microsoft Excel software. The correlation is classified in strongly correlated (|R2| ≥ 0.8), well correlated (0.8 > |R2| 

≥ 0.5), weakly correlated (0.5 > |R2| ≥ 0.3), and no obvious correlation (|R2| < 0.3). Bold font is used to indicate cases of strongly or well correlated cased.    
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J (Brackish) 1              

R (Brackish) -0.88 1             
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Diameter -0.04 -0.09 1            

Density 0.58 -0.58 -0.76 1           

Coverage 0.37 -0.69 0.68 -0.08 1          

O
p

en
in

g
 

 

Diameter 0.11 0.36 -0.42 0.05 -0.80 1         

Density -0.19 -0.01 0.98 -0.78 0.68 -0.53 1        

Coverage 0.21 0.11 0.54 -0.56 -0.03 0.53 0.40 1       

Nodule size, dn 0.79 -0.47 0.20 0.08 0.11 0.51 0.01 0.76 1      

Ra 0.38 -0.35 0.88 -0.52 0.63 -0.13 0.78 0.75 0.64 1     

SAR (AFM)  -0.25 0.67 -0.33 -0.22 -0.88 0.93 -0.39 0.50 0.24 -0.20 1    

SAR (TEM) 0.81 -0.60 0.42 0.00 0.39 0.24 0.24 0.72 0.96 0.80 -0.02 1   

δapp -0.11 0.23 0.85 -0.87 0.23 0.12 0.78 0.87 0.42 0.83 0.22 0.49 1  

δint -0.88 0.95 -0.35 -0.32 -0.77 0.31 -0.24 -0.17 -0.63 -0.62 0.60 -0.78 -0.09 1 
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Structure-property relationship 397 

Table 2 shows the correlation among various parameters for the four TFC membranes. 398 

The salt rejection was strongly negatively correlated to the membrane water flux, which 399 

is expected based on the well-known upper bound theory describing the tradeoff 400 

relationship between membrane selectivity and permeance.6, 59, 60 Among all the 401 

parameters, the intrinsic PA thickness had the strongest impact on the membrane 402 

separation properties, with a thinner δint resulting in a greater flux (R2 = -0.88) but 403 

reduced NaCl rejection (R2 = 0.95). In addition, greater effective filtration area (as 404 

characterized by the TEM-based SAR) also led to enhanced flux (R2 = 0.81) and poorer 405 

NaCl rejection (R2 = -0.60). The negative correlation between TEM-based SAR and 406 

NaCl rejection was likely due to the greater presence of defects in membranes 407 

containing extensive exterior layers. Compared to the intrinsic PA thickness and the 408 

TEM-based SAR, the more widely used conventional parameters including the 409 

apparent PA thickness and the AFM-based SAR were far less useful for the prediction 410 

of membrane separation properties. In the current study, the flux and rejection of the 411 

membranes also appeared to be correlated to the pore number density and coverage (i.e., 412 

surface porosity) of the substrate and the average nodular size. Our correlation analysis 413 

supports the earlier studies 30, 31 reporting the positive role of larger nodular size and 414 

greater surface roughness in enhancing membrane permeability by offering greater 415 

effective filtration area (see their strong correlation with TEM-based SAR in Table 2). 416 

The important role of the substrate revealed in this analysis also underpins the increased 417 

interest61-63 in the optimization of the substrate pore structure. Based on the 418 
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observations in this study, the higher water permeability of the loose XLE and NF90 419 

membranes can be mainly attributed to their thinner intrinsic PA thickness and larger 420 

effective filtration area, both resulting in reduced hydraulic resistance. On the other 421 

hand, the formation of a more defective PA film and the reduced crosslinking degree 422 

(e.g., for the exterior layer) are likely responsible for the reduced salt rejection.   423 

Despite the insights revealed by the correlation analysis, the readers need to be mindful 424 

that such analysis was only based on a limited collection of commercial membranes (4 425 

types) with proprietary recipes. Furthermore, these commercial membranes were 426 

provided in their dry state, which could cause some deformation of morphological 427 

features.30 Future studies need to expand the correlation analysis to a wider range of 428 

membranes, including samples synthesized under controlled synthesis conditions and 429 

without drying history.  430 

 431 

Implications and perspectives 432 

The current study suggests that the membrane transport properties are governed by a 433 

selective PA skin of 10-20 nm in intrinsic thickness. On the other hand, the backside of 434 

the PA rejection layer is porous and does not appear to contribute to solute rejection. 435 

The new mechanistic insights gained with respect to the intrinsic structure of the 436 

discriminative PA layer, its connectivity to the substrate pores and the structure-437 

properties correlation facilitate improved understanding of transport phenomena in RO 438 

membranes. For example, the inherent tendency to form nanosized defects as a result 439 

of interfacial degassing during membrane formation has major implications to the 440 
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removal of pathogens and micropollutants, both of which are of critical concerns for 441 

water reuse applications.2 In this respect, additional studies of in-depth material 442 

characterization and multi-scale simulations are needed. For example, RO membranes 443 

are traditionally modelled by the solution-diffusion theory (which assumes diffusion is 444 

the sole transport mechanism). Although some studies have included additional 445 

convective transport of solutes across RO membranes,64-66 the potential role of defects 446 

on their transport behavior need to be refined based on the latest advances in membrane 447 

characterization. The respective roles of the nodular layer and the exterior layer need to 448 

be further resolved with respect to the transport of both water and solutes. Better 449 

characterization methods are also needed for studying the nanosized defects and voids 450 

within the PA layer as well as for the accurate determination of the effective membrane 451 

transport area. Furthermore, some existing characterization results may need to be 452 

reassessed to determine whether their interpretation could be affected by the presence 453 

of these nanosized features (e.g., pore size measurement of RO membranes based on 454 

the rejection of sugar molecules67, 68 and position annihilation lifetime spectroscopy56).  455 

 456 

The current study also implies the critical importance of optimizing of the ultrathin 457 

selective PA skin. A key challenge would be to prepare a thin yet defect-free PA skin 458 

with large SAR in order to overcome the upper-bound tradeoff6, 59, 60 of PA membranes. 459 

This in turn calls for the careful optimization of the reaction recipes and the interfacial 460 

degassing conditions to promote the growth of thin polyamide films with larger 461 

filtration area and to avoid extensive defects formation at the same time. One highly 462 
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promising method is the including of an interlayer69-71 between the PA and the substrate 463 

layers, which enhances water permeability and minimizes defects formation 464 

simultaneously.    465 
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