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Abstract 17 

Ultrathin polyamide (PA) nanofilm based separation membranes have attracted drastically 18 

increasing attention recently. Typically, PA nanofilms with the thickness of around tens of 19 

nanometers are supported by a PSF substrate membrane which provides mechanical support. 20 

However, the low surface porosity of the PSF substrate membrane has required the transverse 21 

diffusion (parallel to the membrane plane) of water molecules in the nanofilm, which causes 22 

much longer mean diffusion paths compared to the thickness of the nanofilm. In this study, we 23 

address this problem by introducing a much looser polypiperazinamide (PPA) interlayer in 24 

between the PA nanofilm and the PSF support membrane, with the PPA nanofilm serving as a 25 

low resistance region for water molecules. A dual interfacial polymerization strategy was 26 

applied to create an asymmetrical ultrathin polyamide selective layer comprised of a high 27 

permeability loose PPA sublayer and a high selectivity dense PA top layer. Quartz crystal 28 

microbalance with dissipation (QCMD) techniques and Doppler broadening energy 29 

spectroscopy (DBES) were applied to study the asymmetry structure of the ultrathin polyamide 30 

nanofilms. Compared with the home-made traditional ultrathin polyamide (uPA) membrane, 31 

the asymmetrical ultrathin polyamide (A-uPA) membrane has 2 ~ 2.5 folds higher permeability 32 

while maintaining higher salt rejection. Our study demonstrates that the asymmetrical structure 33 

can significantly enhance the flux for ultrathin polyamide membranes. Further, the impact of 34 

the structure of the top layer and the sublayer on the membrane separation performance was 35 

explored by tuning the recipe of the PA top layer and the PPA sublayer. 36 
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1. Introduction37 

The selective layer of the conventional polyamide-based desalination membranes is a thin 38 

polyamide layer with a typical thickness of a few hundreds of nanometers formed by interfacial 39 

polymerization [1-5]. Recently, it has been revealed by high-resolution characterization 40 

techniques that the traditional polyamide layers have a large fraction of voids, hence the 41 

intrinsic selective layer (typically < 20 nm) is much less than its apparent thickness [6-13]. The 42 

voids, connected with the pores on the PSF substrate through a hierarchical pore structure, have 43 

been proven to essentially enhance the permeability of the PA layer [2]. Although the surface 44 

morphological designs of the polyamide separation layer, such as void fractions [9, 10, 14], 45 

wrinkles [15-17], thickness and crosslinking degrees [13, 18-21], have been explored in recent 46 

studies to tune the performance of the polyamide layer, relatively fewer researches are focused 47 

on studying the intrinsic physicochemical structure of the ultrathin polyamide nanofilm and its 48 

impact on the separation properties.  49 

50 

Recently, the researches on developing more efficient ultrathin polyamide nanofilms based 51 

membranes have grown drastically. For example, ultrathin polyamide layers with thickness 52 

around ten nanometers could be fabricated by electrospray facilitated 3D printing [21, 22], 53 

interfacial polymerization at a free interface [18, 23-25], layer-by-layer technology [19, 26], or 54 

low-temperature interfacial polymerization [25]. In general, permeability decreases (and salt 55 

rejection increases) with the increase of the polyamide thickness as the uniform polyamide 56 

chemistry (i.e., the reaction between m-phenylenediamine (MPD) and trimesoyl chloride 57 
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(TMC)) in these ultrathin polyamide rejection layers. However, the development of ultrathin 58 

membranes faces two major issues: (a) low permeability due to the absence of voids in the PA 59 

layer (which act as convection paths for water molecules to reach a pore on the PSF substrate 60 

[2, 13, 27-29]) or extra resistance caused by the blockage of substrate pores [30]; (b) the 61 

potential low selectivity due to the incompatibility issue between the dense PA structure and 62 

porous PSF substrate which causes defects [21]. 63 

64 

Here, to address the low permeability and incompatibility issues of the ultrathin PA membranes, 65 

we explore the effect of a chemically-bounded polypiperazinamide (PPA) loose interlayer, that 66 

is sandwiched between the dense PA layer and the PSF substrate, on the performance of the 67 

ultrathin PA membranes. This loose PPA interlayer, formed by the interfacial polymerization 68 

between low concentration piperazine (PIP) and TMC, has larger free volumes in its polymer 69 

network compared with the MPD/TMC network. This interlayer is expected to act as a gutter 70 

layer to facilitate the transport of water molecules and to reduce defect formation. Further, the 71 

structure of the asymmetrical ultrathin PA membrane, namely the A-uPA membrane, was 72 

analyzed by using Quartz Crystal Microbalance with Dissipation (QCM-D) and Doppler 73 

Broadening Energy Spectroscopy (DBES). Then, the impact of the PPA sublayer and PA top 74 

layer on the performance of the A-uPA was further explored. This study proposes a new 75 

fabrication strategy and forms a theoretical base for constructing higher performance reverse 76 

osmosis membranes. 77 

78 
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2. Materials and Methods79 

2.1. Materials 80 

Piperazine (PIP, Reagent Plus, 99 %) and m-phenylenediamine (MPD, > 99 %, Aladdin) 81 

dissolved in DI water as well as 1,3,5-benzenetricarbonyl trichloride (TMC, > 99 %, Aladdin 82 

98 %,) dissolved in n-hexane (HPLC grade, 97%) were used to fabricate the ultrathin 83 

polyamide layers on the PSF ultrafiltration membranes (molecular weight cut-off  of 50 KDa, 84 

Ande). Sodium chloride (NaCl) and sodium sulfate anhydrous (Na2SO4) were provided by 85 

Xilong Scientific Co. Ltd, which were used in membrane rejection tests. N, N-86 

dimethylformamide (DMF, 99.8 %) was used as a solvent for dissolving the PSF support to 87 

prepare isolated PA membranes for characterization. All chemicals were used without any 88 

further purification. The BW30 membrane obtained from Dow Filmtech (Minneapolis, MN) 89 

was used as a reference for the comparison of membrane performance. 90 

91 

2.2. Preparation of uPA and A-uPA membranes 92 

The uPA membranes were formed by performing the interfacial polymerization techniques on 93 

the PSF substrates according to our previous study [19]. A-uPA membranes were formed on 94 

the top of the substrates via the multilayer deposition-interfacial polymerization strategy 95 

(Figure 1). The formation process of an A-uPA membrane includes two stages. In stage I, a 96 

PPA sublayer was fabricated first. For the initial PPA nanofilm deposition, the substrate 97 

membrane surface was soaked in a PIP solution with pre-designed low concentrations. 98 

Subsequently, excess PIP solution is removed by N2 purging at 2 bar followed with hexane 99 
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rinsing. The PIP solution impregnated surface was then reacted with a pre-designed low 100 

concentration of TMC dissolved in hexane for 60 s. Finally, removal of excess TMC solution 101 

stops the reaction and this results in the formation of a PPA sublayer on the PSF substrate. In 102 

stage II, the fabrication methods of top layers dictated the same fabrication route with building 103 

the sublayers, except the PIP solution was replaced by the MPD solution. Between the stage I 104 

and II, the membrane were dried vertically in a fume hood for 4 mins, during which time the 105 

hexane was efficiently drained and dried to avoid pinholes developed in the subsequent stage. 106 

After stage II, the membrane was not post-cured to avoid the annealing of the PSF substrate 107 

pores and alteration of nanoscale structures of the PA layer, which will cause complexities in 108 

the comparison between the uPA and A-uPA membranes. A series of concentration pairs 109 

including PIP/TMC and MPD/TMC were examined in this study. For the simplicity, the A-uPA 110 

membrane fabricated using PIP/TMC = x1/y1 and MPD/TMC = x2/y2 is designated with the 111 

name of x2/y2@x1/y1 for short. As the reference to an A-uPA membrane, the corresponding uPA 112 

membrane is designated with the name of x2/y2. After fabrication, all membranes were stored 113 

in DI water at 6 °C refrigerator for further use. 114 

115 
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Figure 1. The preparation route of the A-uPA membrane. 116 

117 

2.3. Evaluation of membrane separation performance 118 

Membrane separation performance (Flux, JW, and Salt Rejection, R) was tested with a lab-scale 119 

cross-flow RO test setup. The diameter of the membrane chamber was 5 cm and the feed 120 

channel depth was 2.5 mm. The cross-flow velocity and pressure were 0.6 L/min and 2.0 MPa, 121 

respectively. All membranes were compacted with DI water for 1 hour, then the rejection and 122 

flux for NaCl (2000 ppm) and Mg2SO4 (2000 ppm) were tested for 1 hour. The determination 123 

of JW and R was consistent with our previous study [19]. As a comparison, the performance of 124 

the BW30 membrane was also measured with identical conditions. 125 

126 

2.4. Characterization of the membranes 127 

The surface and cross-sectional morphologies of membranes were characterized by an 128 

ultrahigh-resolution Hitachi 8010U FESEM unit. Cross-sectional images were prepared by 129 

fracturing membrane coupons in liquid N2. Before observation, the samples were coated with 130 

Pt at standard coating distance (~ 8 cm) with a 15 mA current. Both surface samples and cross-131 

section samples were coated for 45 seconds. The PA nanofilm’s topological images and 132 

thickness at ambient conditions were obtained using an atomic force microscope (AFM, ICON, 133 

Bruker, Billerica, MA) under the tapping mode. Free-standing polyamide (PA) selective layers 134 

were isolated by dissolving the substrate PSF layer in pure DMF followed by washing with 135 

fresh DMF for 3 cycles of rinsing (3 minutes in each cycle) and soaking (10 minutes in each 136 
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cycle). The neat isolated PA layer should be transparent. The free-standing polyamide layer 137 

was then transferred onto a silicon wafer for further characterization or analysis. 138 

139 

QCMD characterization 140 

Quartz Crystal Microbalance with Dissipation (QCMD, E4, Q-Sense Biolin Scientific, Sweden) 141 

was used to monitor the mass change in the process of interfacial polymerization to form the 142 

nanofilms in the A-uPA and uPA membranes. The deposition medium is the cleaned gold 143 

sensors (Q-Sense) installed in a QCMD flow chamber cell as previously described [19]. For 144 

the deposition of uPA nanofilm, the MPD aqueous solution (0.1 wt %) was first pumped into 145 

the chamber. Then, pure n-hexane was pumped in the chamber to remove excess MPD solution. 146 

Finally, the TMC/n-hexane solution (0.02 wt %) was pumped through the chamber for the 147 

growth of PA nanofilm. The deposition of the A-uPA nanofilm, on the other hand, was 148 

accomplished with two stages. In the first stage, the PPA sublayer was formed by the reaction 149 

between PIP/water (0.05 wt %) solution and TMC/n-hexane (0.01 wt %) solution following the 150 

above-mentioned steps. In the second stage, the PA top layer was formed by the reaction 151 

between MPD/water (0.1 wt %) solution and TMC/n-hexane (0.02 wt %) solution directly on 152 

the top of the sublayer. Frequency variations were used to quantify the mass change of the 153 

sensors induced by the formation of polyamide nanofilm using the Sauerbrey equation in the 154 

Q-Tool analysis software (Q-Sense, Biolin Scientific, Sweden) [19].155 

156 

Doppler Broadening energy spectroscopy (DBES) 157 
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The variable monoenergy slow positron beam coupled DBES was obtained in the Institute of 158 

high energy physics (Beijing, China). The DBES spectrum shows the information about the 159 

positron annihilation event and their properties always characterized by the conventional S and 160 

W parameters [31].In this study, The microstructure of membranes was analyzed in terms of 161 

the value S and W parameters and the relation of W-S with different positron energy. More 162 

detailed information regarding the DBES equipment and the definition of S and W can be found 163 

in the references [32, 33]. The mean implantation depth of positron in the polyamide membrane 164 

can be calculated by Equation 1 [31, 34]: 165 

(1) 166 

Here, the R is the mean implantation depth in the membrane. The ρ is the density of materials 167 

(polyamide: 1.00~ 1.25 g/cm3 [11, 35-39]). The E is the positron energy. 168 

169 

XPS 170 

X-ray photoelectron spectroscopy analysis (XPS, Kratos AXIS Ultra DLD) was used for171 

performing the elemental content of the PA layer within 10 nm of the PA membrane and the 172 

radiation source is Al Kα (1486.6eV). For all wide scans and high-resolution scans, a spot area 173 

of 700×300µm2 was used. Furthermore, angle-resolved XPS (ARXPS) is used to explore the 174 

depth profile of elemental composition in the cross-section of the polyamide selective layer. 175 

The analysis depth may be estimated by d = λsinθ, where d is the analysis depth of the overlayer, 176 

λ is the inelastic mean free path, and θ is the take-off angle of the analyzed electrons [40, 41]. 177 

ARXPS measurements for isolated polyamine layers were conducted at four different 178 

6.1)
40

( ER



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photoelectron take-off angle with respect to the membrane surface plane (30°, 50°, 70°, and 179 

90°), and the corresponding estimated detection depths are 5.0, 7.1, 8.9 and 10.0 nm, 180 

respectively [42]. All isolated polyamide nanofilms were transferred onto the gold-coated 181 

silicon wafer for further characterization. 182 

183 

3. Results and discussion184 

3.1. Characteristics of the uPA and A-uPA membranes 185 

The morphology of the home-made uPA membranes and the A-uPA membranes are 186 

characterized by FESEM and the results are shown in Figure 2. On the top surfaces of both 187 

membranes, the pores on the PSF substrate are no longer visible in the FESEM images, this 188 

suggests the successful formation of the ultrathin polyamide layers. Compared with the PA 189 

layer in the conventional RO membrane, both uPA and A-uPA membranes have a smooth 190 

surface [2, 19]. Nodules and leaves, which produce a ridge-and-valley structure on the surface 191 

of traditional PA membranes, are absent on the surface of both uPA membranes and A-uPA 192 

membranes. This agrees well with our previous study [19], in which we discovered that by 193 

adopting low concentration pairs of MPD/TMC, a smooth PA layer on top of the polysufone 194 

substrate could be formed. This is probably due to the less intense interface polymerization 195 

induced less release of CO2 nanobubbles [2, 10, 43]. Note that when MPD concentration was 196 

increased from 0.02% to 0.1% (MPD/TMC ratio constantly at 5/1), nodular structures gradually 197 

developed at a few locations in both membranes, which are likely a result of the occasional 198 

release of CO2 gas nanobubbles [2, 10]. 199 
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200 

The inserted cross-section FESEM images of the membranes (Figure 2) show the presence of 201 

ultrathin PA skin layers in both uPA and A-uPA membranes. However, the accurate 202 

measurements of the PA layer thicknesses directly from these images are not reliable due to the 203 

lack of clearly defined boundaries between the PA layer and PSU substrate. Hence, the skin 204 

layer thicknesses were characterized alternatively using AFM microscopy. For this purpose, 205 

the PA skin layers of A-uPA and uPA membranes were isolated and transferred onto a silicon 206 

wafer before AFM observation. As shown in Figure 3, a typical height histogram of a uPA skin 207 

has two prominent probability peaks, the peak locating near 0 nm marks the height of the silicon 208 

wafer baseline, and the sharp peak locating at a higher value represents the height with most 209 

probability. Hence, the distance between the two distribution peaks is recognized as the 210 

thickness (δ) of the A-uPA and uPA skin layers [18]. As presented in Table 1, the uPA membrane 211 

by a series of increasing MPD/TMC concentrations typically has a δ of 8.2 to 12.3 nm. A 212 

similar increasing trend was also reported by Jiang et al. in the free interface formation of 213 

ultrathin PA nanofilms [13]. In comparison, the δ value of the A-uPA membranes fabricated 214 

with the 0.05/0.01 PPA sublayer is constantly higher (from 10.64 to 13.00 nm). The constantly 215 

higher thickness of the A-uPA skin layers indicates the PPA sublayer contributes to the overall 216 

thickness. Nevertheless, in both of the A-uPA and uPA membranes, the nanofilms have 217 

thicknesses of ca. one magnitude lower than those reported for conventional PA layers (i.e., a 218 

few hundreds of nanometers [13, 44, 45]). 219 

220 
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Table 1.  the surface roughness (R) and thickness (δ) of uPA membranes and A-uPA 221 

membranes 222 

Parameter 

Top layer MPD concentration (%) 

0.02 0.05 0.1 

uPA A-uPA uPA A-uPA uPA A-uPA

Ra 5.50 6.47 8.96 11.90 9.47 12.10 

δb 8.21 10.64 10.50 11.02 12.30 13.00 

a. The concentration ratio of MPD/TMC was kept constantly at 5:1223 
b.The thickness, δ, is defined by the height difference between the two prominent peaks on the224 

height histogram.225 

226 

227 

Figure 2. FESEM images of the uPA membranes (the left column) and A-uPA membranes (the 228 

right column). uPA membranes were fabricated without the PPA sublayer. A-uPA membranes 229 
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were fabricated with a PPA sublayer (PIP/TMC = 0.05/0.01). The inserted FESEM image is 230 

the corresponding cross-sectional FESEM images to the surface FESEM images. 231 

232 

233 

Figure 3. AFM images of the uPA and A-uPA nanofilms isolated on the silicon surface ( the 234 

left panel shows uPA nanofilms and the right panel shows A-uPA nanofilms 235 

(PIP/TMC=0.05/0.01). The diagram to the left of each AFM image is the corresponding height 236 

histogram. The color scales for all graphs have been unified. 237 

238 

239 
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Table 2. Elemental compositions of the A-uPA selective layer (0.05/001@0.05/0.01) measured 240 

by XPS 241 

The XPS results of 

the top and rear surfaces 

Atom percent (%) 

O 1s N 1s C 1s O/N 

Bottom surface 14.68 11.42 73.90 1.28 

Top surface 16.70 11.07 72.23 1.51 

242 

To examine the crosslinking degree of the PA network in the A-uPA membrane, the elemental 243 

composition of the A-uPA selective layer (0.05/001@0.05/0.01) was characterized by XPS. 244 

The results are summarized in Table 2. In theory, for both MPD/TMC and PIP/TMC chemistry, 245 

the fully-crosslinked and linearly-crosslinked polyamide network shows an O/N ratio of 1 and 246 

2 respectively [44]. As shown in Table 2，XPS results suggest that the top and bottom surface 247 

of the isolated asymmetrical nanofilm in A-uPA membrane has an O/N ratio of 1.51 and 1.28 248 

respectively, which value is within the range for typical MPD/TMC based RO membranes and 249 

PIP/TMC based NF membranes [43, 46, 47]. Note that the XPS penetrates ~ 10 nm for organic 250 

samples at a take-off angle of 90°. Therefore, these values reflect the average values of the 251 

penetration depth of XPS. As the take-off angle decreases (for ARXPS), the O/N ratio of the 252 

top surface showed an increasing trend (Table S1). This phenomenon indicates that the cross-253 

linking degree of the top MPD/TMC layer might be heterogeneous. For example, the O/N ratio 254 

of the A-uPA membrane (3.88) even exceeded 2.0 at the take-off angle of 30°, suggesting the 255 

presence of abundant oxygen-containing groups on the top surface, which is likely resulted 256 

from the hydrolysis of uncrosslinked acyl chloride [48-50]. In conclusion, the XPS results 257 
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suggest that the sublayer of PIP/TMC and the top layer of MPD/TMC are successfully formed 258 

with a typical cross-linking degree. However, the crosslinking degree of the densest part in the 259 

A-uPA nanofilm may be biased by the hydrolysis of TMC at the superficial surface.260 

261 

3.2. The desalination performance of uPA and A-uPA membranes 262 

3.2.1. The impact of sublayer on the membrane performance 263 

264 

Figure 4. The comparison of the desalination performance for the uPA and A-uPA membranes. 265 

The sublayers for all membranes were fabricated with PIP/TMC = 0.05/0.01; The top layers 266 

for all membranes were fabricated with a fixed concentration ratio of MPD:TMC = 5:1, while 267 

the MPD concentration varies. Testing conditions: 2.0 MPa, 2000 ppm NaCl solution. 268 

269 

The desalination performance of the uPA and A-uPA membranes are compared in Figure 4. The 270 

A-uPA membranes were fabricated with the same MPD/TMC top layer with the reference uPA271 

membrane, while their sublayers were fabricated with PIP/TMC = 0.05/0.01. For all 3 MPD 272 
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concentrations examined, the water flux of the A-uPA membrane increased ~ 2 to 2.5 folds 273 

compared with the uPA membrane. Simultaneously, the NaCl rejection of the A-uPA membrane 274 

was constantly higher than that of the uPA membrane. For example, the pure water flux for the 275 

0.05/0.01@0.05/0.01 A-uPA membrane was 65.35 L m-2 h-1, which was approximately 2 folds 276 

of that (33.76 L m-2 h-1) of the uPA membrane. Meanwhile, its NaCl rejection (95.18 %) was 277 

higher than the reference (90.73%). The detailed data on membrane performance is listed in 278 

Table 3. While the enhancement of salt rejection may be explained by the better compatibility 279 

due to the addition of a loose sublayer between the porous UF substrate membrane and the 280 

ultrathin PA nanofilm [30], the increment in the water permeability suggests that water 281 

molecules encounter less resistance while diffusing through the A-uPA layer. Although not a 282 

primary topic to discuss in this study, it should be noted that the salt rejections of both uPA and 283 

A-uPA membranes could be further enhanced by tuning the IP time of the MPD/TMC top layer.284 

285 

Table 3. The comparison of desalination performance between the uPA and A-uPA membranes 286 

MPD conc. 

(w/v %)a 

Sublayerb 

A 

(L·m-2·h-1·bar-1) 

Rejectionc 

(%) 

0.05 

Without 1.690 90.73% 

With 3.271 95.19% 

0.1 

Without 1.351 96.11% 

With 2.855 97.30% 

0.2 Without 1.162 96.67% 
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With 2.600 96.70% 

a MPD:TMC ratio was kept constantly at 5 for the top layer fabrication. 287 
b The sublayer was fabricated with PIP/TMC = 0.05/0.01. 288 
c Testing conditions: 2.0 MPa, 2000 ppm NaCl solution. 289 

3.2.2. The impact of the sublayer recipe on the A-uPA membrane performance 290 

a) b) 291 

292 

Figure 5.  (a) NaCl and Na2SO4 salt rejection and pure water flux for A-uPA membranes with 293 

the sublayers fabricated by different PIP:TMC (2, 5, or 10). (b) NaCl and Na2SO4 salt rejection 294 

and corresponding water flux for A-uPA membrane with varied sublayer recipe (0/0; 0.02/0.004; 295 

0.05/0.01; 0.1/0.02; 0.5/0.1; 1/0.2). The top layers for these membranes were fabricated with 296 

MPD/TMC = 0.05/0.01. The dotted lines serve as a guide to eye. 297 

298 

To further explore the impact of the sublayer recipe on the A-uPA performance, the PIP:TMC 299 

ratio was first tuned while the top layer MPD/TMC recipe was kept constant. As shown in 300 

Figure 5, at examined PIP concentrations (0.05 % and 0.1 %), the flux of A-uPA membranes 301 

steadily increased as the TMC concentration increased (i.e., decrease of PIP:TMC ratio). In 302 

theory, due to the lower diffusion rate of amine molecules in the organic phase, the amine 303 
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concentration in aqueous phase should be significantly greater than the TMC concentration 304 

organic solution to provide for an optimized reaction stoichiometry [51, 52]. Therefore, as the 305 

PIP:TMC ratio decreases, there lacks a proper amount of PIP to produce an as dense PPA 306 

network. This theory explains very well the increase in the A-uPA membrane’s permeability 307 

while TMC concentration increased. Interestingly, the A-uPA membrane series fabricated with 308 

high PIP concentration (e.g., 0.1%) generally had higher flux than the corresponding membrane 309 

fabricated with low PIP concentration (e.g., 0.05 %). As the higher PIP/TMC concentration 310 

tends to form a thicker PPA sublayer [19, 47], one would expect the thicker PPA sublayer 311 

resulting in greater resistance. Interestingly, the permeability of the resultant A-uPA membrane 312 

increased instead. This phenomenon inspired us to further tune the recipe of the PPA sublayer 313 

by adjusting the concentration of the PIP/TMC. The PIP:TMC ratio of 5:1 was chosen in 314 

subsequent experiments, as this ratio was able to achieve good NaCl rejection both at 0.05% 315 

and 0.1% PIP concentrations. 316 

317 

A series of PIP concentrations in the range of 0.02% to 1% (PIP:TMC = 5) were applied to 318 

fabricate the A-uPA membrane. As shown in Figure 5b, the flux of the A-uPA membrane kept 319 

increasing to 117.55 L m-2 h-1 when the PIP concentration was 0.5 %, and then subsequently 320 

decreased as the PIP concentration further increased. This is likely caused by the overgrowth 321 

of the PPA sublayer at elevated PIP/TMC concentration, therefore the increased hydraulic 322 

resistance overrules the incurred benefit from the asymmetrical structure. Meanwhile, the 323 

Na2SO4 rejection kept increasing to 99.47% at 1% PIP concentration, which can be explained 324 
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by the enhanced rejection of divalent ions by the PPA sublayer. Interestingly, the maximum 325 

NaCl rejection rate appears at a much lower PIP concentration of 0.05 %. At the higher PIP 326 

concentrations, the NaCl rejection decreased steadily. The opposite trend of Na2SO4 and NaCl 327 

rejection suggests that while the thicker PPA sublayer fabricated at high PIP/TMC 328 

concentration (beyond PIP/TMC=0.05/0.01) promotes the resultant A-uPA’s rejection to 329 

Na2SO4, it instead lowers the A-uPA’s rejection to NaCl. This phenomenon indicates a less 330 

intact PA top layer is formed at a higher PIP/TMC concentration. Possible explanations for this 331 

can be (a) highly rough surface (as observed in Figure S2, larger globules appeared at higher 332 

PIP/TMC conc.) is not beneficial to the formation of an integral ultrathin top layer; or (b) a 333 

thicker PPA layer cause more resistance for MPD diffusion into the organic phase, hence 334 

insufficient MPD resulted in less intact PA top layer. Hence, we infer that only a moderately 335 

thick sublayer could be beneficial to achieve enhanced permeability while maintaining high 336 

NaCl rejection. Besides, to design a proper asymmetrical PA membrane, the sublayer roughness 337 

and thickness should be carefully managed to prevent defect formation in the top layer.  338 

3.2.3. The impact of the top layer recipe on the A-uPA membrane performance 339 

340 
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Figure 6. NaCl and Na2SO4 salt rejection and corresponding water flux for A-uPA fabricated 341 

with different MPD/TMC concentration in top layer (0.01/0.002, 0.02/0.004, 0.05/0.01, 342 

0.1/0.02, 0.2/0.04). The PPA sublayer was PIP/TMC = 0.05/0.01. 343 

 344 

The permeability and selectivity of the A-uPA membrane could be further tuned by altering the 345 

recipe of the top layer. As shown in Figure 6, the NaCl rejection of the A-uPA membrane could 346 

be further improved to 97.30 % by increasing the MPD concentration to 0.1 %. At the same 347 

time, the permeability showed a decreasing trend, demonstrating a typical trade-off relationship 348 

with the NaCl rejection [4, 27]. Note that this trend corresponds to the increase of the 349 

asymmetrical A-uPA layer thickness (Figure 3). In other words, the increment in the top layer 350 

thickness increases the NaCl selectivity although it does not benefit the permeability.  351 

 352 

3.3 The structure of the selective layers of A-uPA membrane 353 

3.3.1 The QCMD study of the evolution of A-uPA asymmetrical structure 354 

 355 

Figure 7. QCMD characterization of the evolution process of the selective layers in (a) uPA 356 

layer formed with 0.1/0.02 MPD/TMC chemistry; and (b) A-uPA layer formed with a 0.05/0.01 357 
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PIP/TMC sublayer and a 0.1/0.02 MPD/TMC top layer. 358 

359 

The QCMD study was performed to study the formation process of the PA layer in the uPA 360 

membrane and A-uPA membrane respectively. As shown in Figure 7a, the PA layer in the uPA 361 

membrane grew instantaneously upon TMC addition and the thickness gradually increased to 362 

10 nm over the time frame of ca. 120 seconds. The rapidity of the reaction between MPD and 363 

TMC has been reported in our previous study [19]. In this work, the final nanofilm formed was 364 

ca. 10 nm, which agrees very well with the measurement from the AFM characterization. On 365 

the other hand, as shown in Figure 7b, the formation of the A-uPA membrane can be clearly 366 

divided into two stages. In stage I, when TMC was added, the sublayer deposited at least an 367 

order of magnitude slower than the PA top layer formation (between MPD and TMC), which 368 

is probably resulted from the much lower reactivity between PIP/TMC [10]. In stage II, the 369 

formation of the top layer went through a similar process with the uPA membrane, 370 

demonstrating the successful formation of the top layer. The QCMD characterization provides 371 

clear evidence that the A-uPA is composed of a two-layered structure: a sublayer formed by the 372 

PIP-TMC chemistry and a top layer formed by the MPD-TMC chemistry. Furthermore, the 373 

QCMD result shows that the deposited mass in the top layer is much bigger than the sublayer, 374 

which can be explained by the much slower reaction rate between PIP and TMC [30]. Therefore, 375 

assuming the density of the MPD/TMC and PIP/TMC are similar (i.e., ca. 1 g/cm3), the 376 

MPD/TMC top layer formed should be significantly thicker than the PIP/TMC sublayer. 377 

378 
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3.3.2 The DBES study of the A-uPA selective layer 379 

380 

Figure 8. (a) the S parameter as a function of positron energy for uPA and A-uPA membranes 381 

(positron energy 0.1 ~ 1.4 keV); (b) the S parameter as a function of positron energy (positron 382 

energy 0.15 ~ 5 keV); the W-S plot in the (c) uPA and (d) A-uPA membranes. In this figure, the 383 

uPA membrane was 0.05/001. The A-uPA membrane was 0.05/0.01@0.05/0.01. 384 

385 

To study the free volume in the A-uPA membrane, the DBES experiment was further conducted. 386 

The DBES of A-uPA and uPA membranes are compared in Figure 8. The value of S parameters 387 

is generally related to the free volume in the PA layer [53]. Specifically, The larger S value 388 

reflects the lager free volume in polyamide layers [14, 54]. The kinetic energy corresponding 389 

to the PA nanofilm can be calculated by equation 1 to be around 0.5 KeV, considering the PA 390 
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nanofilms of both membranes are ~ 11 nm. As shown in Figures 8a and 8b, the S parameter 391 

range of the PA nanofilm region (within the region marked in blue) of uPA and A-uPA 392 

membrane was ~ 0.500-0.504 and ~ 0.495-0.500, respectively. Hence, within the region of the 393 

PA nanofilm, the S parameter of the A-uPA membrane was constantly lower than the uPA 394 

membrane, which suggests the former has a denser polyamide layer than the latter. This 395 

phenomenon can be explained by the formation of a denser top layer in the A-uPA membrane 396 

considering the hydrophilic sublayer enhances the absorption of MPD molecules, resulting in 397 

a more concentrated MPD solution at the interface [16, 30]. Generally, PA membranes with a 398 

looser polyamide structure can favor the increase of water flux at the expense of salt rejection. 399 

Interestingly, both of the salt rejection and the pure water flux of A-uPA membranes is higher 400 

than uPA membranes as a sub-layer was introduced. In fact, the concurrently increased water 401 

flux and salt rejection confirm a key idea in this research that the water permeability of the PA 402 

nanofilms can be optimized by designing an asymmetrical polyamide structure without 403 

deteriorating the selectivity of the polyamide nanofilm. 404 

405 

On the other hand, the W parameter indicates the types of chemical elements or free volume 406 

[31, 55, 56]. What’s more, the slope of the W-S relationship curve has been generally adopted 407 

as a fingerprint of a specific free volume type [31, 57]. Figures 8c and 8d show the W-S plot 408 

for the uPA membrane and the A-uPA membrane surface respectively. Within the S parameter 409 

range according to the polyamide nanofilm region, the W-S plot of the uPA membrane (Figure 410 

8c) shows only one fitted line, which suggests only one type of free volume exists in the PA 411 



and with PPA sublayer respectively (as shown in Figure 4). A-uPA (PA conc.) refer to the A-

uPA membranes fabricated using varied PA top layer concentration (Figure 6). A-uPA(PPA 
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nanofilm of the uPA membrane. By contrast, the W-S plot of the A-uPA membrane shows two 412 

fitted lines with different slopes which suggests two types of free volume exist in the polyamide 413 

layer of the A-uPA membrane (Figure 8d). The analysis indicates that the A-uPA nanofilms are 414 

composed of two distinctive free volumes. Therefore, the DBES analysis is in good agreement 415 

with the QCMD study that the asymmetrical structure of the PA nanofilm of the A-uPA 416 

membrane comprises of the top and bottom sublayers.  417 

418 

3.3.3 Discussions on the mechanism for permeance enhancement in the A-uPA membranes 419 

420 

Figure 9. The permeance-selectivity trade-off relationship for the developed uPA, A-uPA, and 421 

the BW30 membrane (reference). uPA and A-uPA refer to the membranes fabricated without 422 

423 

424 

conc.) and A-uPA(PPA ratio) refer to the A-uPA membranes fabricated using PPA interlayer 425 

varied by the PIP:TMC ratio (Figure 5a) or concentration (Figure 5b), respectively. 426 
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427 

Table 4. The performance comparison between a typical A-uPA membrane and the BW30 428 

membrane. 429 

430 

Membrane types A 

(L·m-2·h-1·bar-1) 

NaCl Rejection

（%） 

A/B 

(bar-1 ) 

A-uPAa 2.86 ± 0.10 97.30 ± 0.18 1.94 

BW30b 3.02 ± 0.08 97.15 ± 0.45 1.84 

BW30c 2.5 ± 0.16 95.00 ± 0.50 1.97 

431 
a The recipe for the A-uPA membrane was 0.05/0.1@0.1/0.02. 432 
b The BW30 membrane was tested in this study with a hydraulic pressure of 2.0 MPa and a 433 

CFV of ~ 8 cm/s. 434 
c The BW30 membrane was tested in the previous study [19] with a hydraulic pressure of 1.0 435 

MPa and a CFV of ~ 20 cm/s. 436 

437 

The permeance (A) and selectivity (A/B) values of the uPA and A-uPA membranes developed 438 

in this study are plotted in Figure 9. It is clearly shown that the permeance-selectivity trade-off 439 

line has been upshifted toward the more favorable position after the incorporation of the PPA 440 

interlayer (the blue dotted line). Therefore, this supports the core concept of this work: adopting 441 

the asymmetrical structure can enhance the permeance of the A-uPA membrane without 442 

compromising selectivity. The optimized A-uPA membrane (0.05/0.01@0.1/0.02) achieved 443 

slightly better selectivity (A/B) and slightly lower permeance than the BW30 membrane (Table 444 

4). Unlike the rich nanostructures (i.e., nodules and leaves) required for the high permeance of 445 

the BW30 membrane [2, 10, 43], the asymmetrical structure of the PA nanofilm in A-uPA 446 

represents a new approach for fabrication of high permeance TFC membranes. 447 

448 

449 
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450 

Figure 10. (a) the illustration of A-uPA chemical structure based on membrane characterization. 451 

(b) the diagram of the water flow in uPA (left) and A-uPA (right). The plain blue arrows452 

represent the water flow through a loose region. The blue arrows with glowing red represent 453 

the water flow through a dense region with higher hydraulic resistance.  454 

455 

According to the previous characterization results, the A-uPA chemical structure can be 456 

illustrated in Figure 10a. The top layer consists of MPD/TMC and the sublayer consists of 457 

PIP/TMC network respectively. As the residual acyl functionalities from the sublayer can 458 

continue to react with the amine molecules in the second amine solution [2], this reaction 459 

provides for chemical linkages between these two sublayers. In this way, the top layer and 460 

sublayer are chemically linked and to form an integral A-uPA selective layer. As shown in 461 
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Figure S1, the performance of the membranes with only the PPA sublayers indicates the 462 

sublayers have very high permeability. For example, when the sublayer formed by the 463 

concentration pairs of PIP/TMC = 0.05/0.01, the pure water flux was 529.88 L m-2 h-1, which 464 

corresponds to an A value of ~ 26.5 L m-2 h-1 bar-1. Note this A value is ca. 8 folds of the A 465 

value of the A-uPA membrane, this suggest that the contribution of the PIP/TMC sublayer to 466 

the hydraulic resistance is minor (i.e., ~ 1/8), while the contribution of the MPD/TMC top layer 467 

to the hydraulic resistance is major. Simultaneously, the NaCl rejection of the PPA layer is 468 

significantly lower than the A-uPA membrane. Considering the much higher water permeance 469 

and much lower NaCl rejection of the PPA layer, it is properly addressed as the loose layer. 470 

471 

Although the attempt to isolate the PIP/TMC layer failed in this study (likely due to its ultrathin 472 

nature, the ultrathin layer disintegrated during the dissolution), the mass contribution 473 

(estimated from QCMD study) and resistance contribution (from flux measurement) of the PPA 474 

layer was ca. 20% and 13%, respectively. The low resistance of the PPA layer is in favor of the 475 

permeability increase, however, it hardly explains why the permeability would increase 2 folds. 476 

Alternatively, this significant increase may be explained by the “gutter layer” effect that has 477 

been similarly employed to decrease interface resistance in gas separation membranes [28, 58]. 478 

As shown in Figure 6b, when the dense MPD/TMC layer is in direct contact with the PSF 479 

substrate, water molecules need to diffuse transversely to get to nano-sized pores on the 480 

substrate. The surface porosities of the traditional PSF membranes developed by phase 481 

inversion method are typically low (i.e., <10 %) [2]. In this case, the PSF substrate has a surface 482 
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pore density of 343 counts/μm2 and the most distributed pore sizes between 6 to 13 nm (Figure 483 

S3). This translates into a surface porosity between 1.2% and 5.7%. In such circumstance, the 484 

average length of a water molecule need to travel to exit from a pore on PSF substrate 485 

membrane is much more than the thickness of the PA layer due to the transverse movement 486 

(Figure 10b) [29], therefore creating extra resistance within the dense PA top layer. By contrast, 487 

when the bottom section of uPA layer is replaced by the PPA sublayer with higher permeability 488 

(and much looser structure than the PA layer), the whole hydraulic resistance of selective layer 489 

will be directly reduced, as the water molecules diffuse through the dense PA layer to the looser 490 

PPA layer which acts as a low-resistance gutter layer to favor molecular transport [28, 58-61]. 491 

On the other hand, the PPA gutter layer may prevent the infiltration or growth of dense PA layer 492 

into the pore channels of the PSF support during the second stage IP reaction, thus giving rise 493 

to the lower PA thickness [30, 47, 62]. 494 

495 

4. Conclusion496 

In this study, we have successfully designed and developed an ultrathin polyamide nanofilm 497 

with an asymmetrical structure in geometry (i.e., comprising of a dense top layer and loose 498 

sublayer) as the selective layer of a PA-based reverse osmosis membrane. Compared with the 499 

uPA membrane with a conventional symmetrical structure, the A-uPA allows the pure water 500 

flux to increase 2 ~ 2.5 folds while gaining higher salt rejection compared with the uPA 501 

membrane. Further, this approach allows for the optimization of the sublayer and top layer of 502 

the PA nanofilm separately to tune for better water flux and salt rejection. The asymmetrical 503 
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design of PA nanofilm helps to reduce the diffusion resistance induced by the transverse 504 

diffusion of water molecules to reach the low-density nanosized pores in PSF support. This is 505 

because the mean depth the water molecules need to penetrate within the dense part to reach a 506 

looser part in the PA nanofilm is shortened (i.e., the “gutter” layer effect). This study 507 

demonstrates for the first time the asymmetric geometry within the polyamide nanofilm can 508 

lead to concurrent enhancement of water flux and salt rejection. This provides for a new path 509 

for the improved design of conventional desalination membranes. Future work should reveal 510 

more specifically how the properties of the interalyer (such as hydrophilicity, porosity, 511 

thickness, surface roughness, residual TMC etc) affect the formation and performance of the 512 

top layer. 513 
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Supporting information 705 

 706 

Figure S1. The performance of the A-uPA membranes without the top section of the polyamide 707 

layers. 708 

 709 

  710 

  711 

Figure S2. The surface of sublayer membranes (PIP-TMC).  712 
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713 

Figure S3. Pore size and density analysis of PSF substrate membrane: (a) The SEM image of 714 

the PSF substrate surface. (b) The pore size distribution on the PSF substrate membrane. Pores 715 

are counted in the imageJ software. 716 

717 

Table S1 The result of ARXPS for the A-PA membrane 718 

719 

720 

The detective angle of ARXPS of 

    the top surface ( Relative Depth） 

Atom percentage (%) 

O 1s N 1s C 1s O/N 

60°（7.1 nm） 
18.25 11.95 69.80 1.53 

50°（8.9 nm） 
22.59 12.76 64.65 1.77 

30°（5 nm ） 
23.93 6.16 69.91 3.88 
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