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ABSTRACT: Commercial polyamide membranes for seawater desalination and water purification have low 10 

water permeability due to their relatively thick rejection layers. We report a novel interfacial polymerization 11 

method to synthesize ultrathin polyamide layers of precisely controllable thickness. Monomer solutions of 12 

m-phenylenediamine and trimesoyl chloride were electrosprayed into fine micro-droplets. The polymerization 13 

reaction between micro-droplets of different monomers leads to a fine and controllable amount of deposition. 14 

We fabricated smooth polyamide layers of 4 to several tens of nm in thickness, with growth rate of 15 

approximately 1 nm/min. Our study provides a new dimension for the rational design and preparation of 16 

ultrathin polyamide membranes with tunable separation properties. 17 

 18 
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INTRODUCTION 19 

Membrane separation, widely used in seawater desalination and water purification 1, plays a critical role 20 

to relieve global water crisis 2. Among the membranes used for desalination, polyamide membranes are the 21 

most commonly used type, thanks to their high permeability, high salt rejection, excellent thermal and 22 

mechanical properties 3-4. Polyamide membranes are typically fabricated by interfacial polymerization of an 23 

amine monomer (e.g., m-phenylenediamine, MPD) and an acyl chloride monomer (e.g., trimesoyl chloride, 24 

TMC) at the interface of an aqueous solution and an organic solution (Figure 1a). Their separation 25 

performance can be further enhanced by a variety of nanomaterials (e.g., silica 5-6, zeolite 7, graphene oxide 26 

8-11), water channel proteins 12-13, or metal-organic frameworks 14-16.  27 

In the quest to synthesize membranes with unprecedented permeability, Livingston and coworkers 17 28 

prepared a sub-10 nm polyamide film on a sacrificial layer of cadmium hydroxide nanorods. After removal of 29 

the sacrificial layer, this ultrathin polyamide rejection layer showed a greatly improved permeance in 30 

comparison with conventional polyamide membranes of typically a few hundred nanometers in thickness 18. 31 

Alternatively, ultrathin polyamide membranes can be prepared via molecular layer-by-layer deposition 19-20. 32 

However, these existing methods involve complex and/or time consuming fabrication steps, which prevent 33 

their commercial scaling up.  34 

Here we report fabrication of ultrathin polyamide membranes of a few nanometers to a few tens of 35 

nanometers in thickness using a novel interfacial polymerization by electrospray. Electrospray allows us to 36 

deliver MPD and TMC solutions in fine micro-droplets of < 1 µL 21 (Figure S1) with desirable amounts to 37 

precisely control the thickness of the polyamide rejection layer. A multi-nozzle sprayer with repeated scan 38 

enables uniform deposition. 39 
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 40 

Figure 1. Schematic diagrams of polyamide membrane fabrication process. (a) Schematic of conventional interfacial 41 

polymerization reaction. Polymerization reaction takes place at the interface of two immiscible solutions 22. (b) Schematic of 42 

electrospray process. Liquid solution containing functional monomers is introduced into metallic capillary continuously. A 43 

very high voltage (e.g., 10-25 kV) is applied to the metallic capillary to charge the solution. The highly charged solution 44 

repel with each other due to the same charge. When the solution reaching the capillary tip, it forms a cone shape (known as 45 

Taylor cone), which emits a liquid jet through its tip before the droplets burst away from each other into a fine spray. As 46 

solvent within these droplets gradually evaporates, forcing the charges within these droplets closer together until the 47 

Rayleigh limit is reached and the droplet undergoes Coulomb fission into smaller droplets. The monomers are sprayed onto 48 

a substrate that is fixed on a rotating collector. The reaction between the micro-droplets containing MPD and TMC results in 49 

the deposition of polyamide material on the collector. 50 

 51 

    The critical feature to realize interfacial polymerization with electrospray is that two immiscible 52 

monomer solutions in micro-droplets encounter on a collector under a strong electrical field (Figure 1b). The 53 
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reaction among the micro-droplets leads to a fine and controllable amount of deposition each time. We 54 

conducted electrospray using traditional monomers, MPD and TMC, which are highly reactive and commonly 55 

used in conventional interfacial polymerization. Interfacial polymerization takes place among the 56 

micro-droplets containing MPD and TMC monomers to form a polyamide film. The morphologies and 57 

properties of the formed polyamide membranes were investigated by scanning electron microscopy (SEM), 58 

transmission electron microscopy (TEM), atomic force microscopy (AFM), and filtration tests. Our study 59 

provides a new dimension for the preparation ultrathin polyamide membranes with tunable separation 60 

properties. 61 

MATERIALS AND METHODS 62 

General Chemicals. A commercial polyether sulfone (PES) ultrafiltration membrane with molecular 63 

weight cut-off of 20,000 was purchased from Synder® Filtration and used as substrate. The PES membrane 64 

was soaked in de-ionized water overnight before use. TMC (98%), MPD (99%, flakes), hexane, sodium 65 

chloride, sodium sulfate and methyl blue were purchased from Sigma-Aldrich and used without further 66 

purification. 67 

Fabrication of polyamide membranes. MPD flakes were dissolved in Milli-Q water (Millipore, 68 

Billerica, MA) to prepare 2.0 wt.% aqueous solution. TMC was dissolved in hexane to prepare 0.2 wt.% 69 

organic solution. To conduct the electrospray experiments, we modified a conventional electrospinning setup 70 

(SS-3556H, Ucalery, China) into a multi-nozzle system (Figure 1b). This multi-nozzle system had 6 glass 71 

syringes (3 syringes for each monomer solution) that were arranged in an alternative manner at an 72 

inter-syringe spacing of 3.2 cm (Figure S2). A stepping motor was used to control their translational 73 

movement (100 mm/min over a width of 150 mm) to ensure uniform spray of the monomer solutions onto the 74 
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receiving substrate. PES membrane was mounted on a rotating drum (diameter of 10.0 cm) to collect the 75 

electrosprayed micro-droplets. Excess amount of water on the PES surface was wiped away with dust-free 76 

paper while the interior of the membrane was kept wet. During electrospray, the rotating speed of the drum 77 

was 100 rpm. The injection rate of the solution was 1.2 mL/h for each syringe. The distance between the 78 

syringe needle tip and the collector was 6.0 cm. The voltage was 13.0 kV, + 10.0 kV for the syringe and - 3.0 79 

kV for the collector. The obtained polyamide membranes with different electrospray time were stored in 80 

deionized water overnight before further test.  81 

For comparison, a polyamide thin film composite (TFC) membrane was fabricated by conventional 82 

interfacial polymerization method. A 2.0 wt.% MPD aqueous solution was poured onto the PES substrate. 83 

After soaking for 2 min, the excess MPD solution was carefully removed by a rubber roller. A 0.2 wt.% TMC 84 

hexane solution was then gently poured onto the MPD-soaked PES substrate and the reaction was continued 85 

for 2 min. After the reaction, the membrane was cleaned with hexane and soaked in warm deionized water at 86 

50 °C for 10 min. Finally, the polyamide TFC membrane was stored in deionized water at room temperature 87 

before further use. 88 

Characterization of polyamide membranes. SEM (Hitachi S4800 FEG SEM) was used to investigate 89 

the morphology of the polyamide membranes. Samples were sputtered with gold of approximately 7 nm 90 

before characterization. AFM (Veeco NanoScope AFM) was used to measure the surface roughness at a scan 91 

rate of 0.6 Hz (5.0 µm ×5.0 µm). The AFM images were analyzed using Gwyddion software. TEM (Philips 92 

CM100 TEM) was used to characterize the cross-section of the polyamide membranes. A membrane coupon 93 

was embedded in LR white resin 23 and sectioned by an ultramicrotome equipped with a diamond knife. The 94 

samples were mounted onto carbon-coated TEM grids for imaging. FTIR was tested by horizontal attenuated 95 
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total reflectance (HATR, Nicolet 5700, hermo Electron Corp., USA) in the wavenumber range of 4000-400 96 

cm−1. Each spectrum was the average of thirty-two scans at a resolution of 4 cm−1. Zeta potential was 97 

measured by Electrokinetic Analyzer (Anton Paar® GmbH) using 1.0 mmol/L KCl solution. Contact angle was 98 

measured using Attension Theta Goniometer (Biolin Scientific) to determine the surface wetting properties of 99 

the polyamide membranes.  100 

Performance of polyamide membranes. The flux and rejection of the polyamide membranes were 101 

measured using a cross-flow filtration system. The feed water contained 100 mg/L methyl blue, 1000 mg/L 102 

Na2SO4 or 1000 mg/L NaCl. The operating pressure was 6.0 bar 24 for dye rejection and 10.0 bar for salt 103 

rejection. During the experiment, the feed solution temperature was controlled at 24 ± 0.1 °C by a circulating 104 

chiller. Samples were taken after water flux reached a steady state (approximately 2 hours). The permeation 105 

flux was calculated as follows: 106 
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where Jw represents water flux (L/m2·h), V represents the volume of the permeate water (L), Am is the 108 

effective area of membrane (42.0 cm2), and t is the duration of permeation (h).  109 

    The rejection was calculated by:  110 
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where Cp and Cf are the permeate concentration and the feed concentration, respectively. Methyl blue 112 

concentration was determined by a UV-Vis spectrophotometer (UH-5300, Hitachi Global) at a wavelength of 113 



8 

595 nm. Salt rejection was calculated on the basis of electrical conductivity (Myron L Company, Carlsbad, 114 

CA) of the permeate water and the feed water. 115 
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(3) 116 

where A is the water permeability coefficient, ΔP is the applied pressure and Δπ is the osmotic pressure. 117 
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where B is the solute permeability coefficient. 119 

RESULTS AND DISCUSSION 120 

Membrane Characterization. Polyamide membranes were successfully obtained using 2.0 wt.% MPD 121 

aqueous solution and 0.2 wt.% TMC organic solution. These membranes had a smooth surface with a very 122 

low average roughness (Ra) of 1.2±0.2 nm (Figure 2a,b). For comparison, the TFC membrane fabricated by 123 

the conventional interfacial polymerization method using the same monomer concentrations had a 124 

ridge-and-valley surface structure with an Ra of 58±2 nm (Figure 2c,d). Such roughness structure is typical 125 

for conventional polyamide membranes 25 as a result of the rapid and uncontrolled reaction at the interface of 126 

two bulk solutions 26-27. In contrast, liquid solutions were dispersed into micro-droplets (Figure S1) under the 127 

electrical field during electrospray 21. The polymerization reaction between MPD and TMC is confined to the 128 

interface of the micro-droplets. Compared to conventional bulk interfacial polymerization, the electrospray 129 

system provides a more stable interface for the reaction thanks to the greater interfacial tension of the 130 

micro-droplets 28. The drop-wise deposition forms a smooth polyamide film, which is essential for further 131 
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controlling the film thickness. In addition, smoother membrane surface is known to have better antifouling 132 

performance 29. 133 

 134 

Figure 2. Morphologies and thickness of polyamide membranes. SEM (a) and AFM (b) images of polyamide membrane 135 

fabricated by electrospray of 20 min. SEM (c) and AFM (d) images of TFC polyamide membrane fabricated by conventional 136 

interfacial polymerization. The thickness of polyamide film grew linearly as electrospray time increased (e). TEM 137 

cross-sectional images of polyamide membranes fabricated at 5 min (f), 30 min (g) and 60 min (h). All these polyamide 138 

membranes were fabricated by using 2.0 wt.% MPD aqueous solution and 0.2 wt.% TMC hexane organic solution. The 139 

error bars in part (e) were the standard deviation based on at least three replicate samples. 140 

The thickness of the polyamide thin-film layer was only 4 nm at 5 min and grew linearly at 141 
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approximately 1 nm/min as electrospray time increased (Figure 2e-h). This result demonstrates that the 142 

thickness of the polyamide rejection layer can be finely controlled. In addition, the rate of polyamide film 143 

growth can be potentially controlled by adjusting the monomer dosage (i.e., the number of nozzles  144 

volumetric rate of spray per nozzle  monomer concentration). TEM (Figure 2f-h) and SEM (Figure S3) 145 

shows that the rejection layer was uniform with a smooth surface. 146 

Water contact angle of electrospray fabricated polyamide membrane was 72.0±2.1 ° (Figure 2a), while 147 

that of the conventional TFC membrane was 53.3±2.9 ° (Figure 2c). This difference in apparent contact 148 

angles (measured values) can be attributed to the change in surface roughness. After correction for roughness 149 

effect using Wenzel equation 30, the conventional TFC membrane had an intrinsic contact angle of 71.3 °, 150 

nearly identical to the electrosprayed polyamide membrane. 151 

    FTIR measurements show identical characteristic peaks of both polyamide membranes (Figure S5a). 152 

Peaks at 1630 cm−1 and 1520 cm−1 correspond to N−C=O and C−N−H vibrations, respectively 31-32, both of 153 

which can be assigned to the amide linkages in the polyamide layer. However, the electrosprayed polyamide 154 

membrane had much weaker peak intensities due to its much thinner layer. The two membranes had nearly 155 

identical zeta potential values over pH 3-9, and both membranes had isoelectric point at pH 3.7 (Figure S5b).  156 

 157 
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 158 

Figure 3. Separation performances of polyamide membranes fabricated at different electrospray time. All these polyamide 159 

membranes were fabricated by using 2.0 wt.% MPD aqueous solution and 0.2 wt.% TMC hexane organic solution. For the 160 

salt rejection was tested by using a 1000 ppm NaCl or Na2SO4 feed solution at 10.0 bar. 161 

 162 

Separation performance. We evaluated separation performances of the electrosprayed polyamide 163 

membranes via cross-flow filtration. Figure 3 presents water flux and rejection of these membranes as a 164 

function of the electrospray time. At 5 min, the flux could reach 440 L/m2·h with NaCl rejection of 4.6% and 165 

Na2SO4 rejection of 14.4%. As electrospray time increased to 30 min, the flux decreased to 17.0 L/m2·h 166 

accompanied with significant increase in salt rejection (NaCl of 84.7% and Na2SO4 of 94.0%). The NaCl 167 

rejection further reached 93.8% at 120 min. These results show the feasibility of fine-tuning separation 168 

properties by adjusting the electrospray time. We further evaluated the rejection performance of these 169 

membranes using 100 ppm dye solution (methyl blue, Mw = 799.8). Dye rejection of 91.0% was achieved at 170 

10 min, and complete dye rejection occurred at electrospray time of ≥ 20 min. The finely tunable separation 171 

properties allow these polyamide membranes to be used in different membrane processes ranging from loose 172 

nanofiltration to reverse osmosis. 173 
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    Figure 4 plots the water-salt permselectivity (A/BNaCl) vs. water permeability (A) of the electrosprayed 174 

membranes and the TFC polyamide membrane prepared by conventional interfacial polymerization using 175 

identical monomer solutions. For comparison, the water permeability and NaCl rejection of commercial 176 

polyamide membranes (BW30 and SW30) are also shown. Electrosprayed membranes (e.g., at 60 min) had 177 

better water permeability and selectivity compared with the conventional TFC membrane. Nevertheless, its 178 

performance was not as good as the commercial BW30 and SW30. It is worthwhile to note that the 179 

commercial recipes of polyamide membranes have been highly optimized in terms of monomer concentrations 180 

and additives used for interfacial polymerization. A critical aspect to be further addressed is to enhance salt 181 

rejection by improving the uniformity of the rejection layers and hence minimizing defects in electrosprayed 182 

membranes. In the current study, we show the feasibility of further increasing salt rejection by using greater 183 

monomer concentrations (Figure S7,8), increased spray rate (Figure S9) and the addition of a surfactant 184 

sodium dodecyl sulfate to the MPD aqueous solution (Figure S4). Alternatively, the properties of the 185 

fabricated polyamide membrane can be further tuned through controlling the surface pore size of the substrate 186 

33, changing monomer chemistry and incorporating functional nanomaterials 34. Future studies shall further 187 

investigate additional factors such as the size of the micro-droplets and the rate of evaporation of solvents.  188 
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 189 

Figure 4. Water-salt permselectivity (A/BNaCl) vs. water permeability (A) of electrosprayed membranes, a conventional TFC 190 

membrane, and commercial polyamide membranes BW30 and SW30. A is the water permeability coefficient and BNaCl is 191 

the NaCl permeability coefficient. The electrosprayed membranes and the conventional TFC membrane were prepared 192 

using identical monomer solutions (2.0 wt.% MPD aqueous solution and 0.2 wt.% TMC hexane organic solution). 193 

 194 

In the current study, we show for the first time to fabricate polyamide membranes via 195 

electrospray-assisted interfacial polymerization, which enables monomers to react at the interface of fine 196 

micro-droplets. In contrast, conventional interfacial polymerization taken place at the interface between two 197 

bulk liquids is more susceptible to disturbance (e.g., heat released from the interfacial polymerization 17) and 198 

is known to form a rough membrane surface. In our work, the improved dispersion of the monomers and the 199 

more stable reaction interface during electrospray-assisted interfacial polymerization enable the creation of 200 

ultrathin polyamide rejection layer with minimal surface roughness. The fine addition of polyamide by 201 

electrospray resulted in rejection layers ranging from sub-10 nm to a few tens of nm, which can be controlled 202 

by the electrospray time. The method allows monomers to be used more effectively with less wastage, which 203 

allows a greener production. The reduced wastage can also provide a critical advantage in cases where 204 
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expensive chemicals are to be used. The method can be potentially scaled up by the inclusion of well-designed 205 

arrays of hundreds of nozzles to reduce the spray time and to improve membrane uniformity, much like the 206 

commercial production of electrospun nanofibrous membranes 35. The versatility of this electrospray approach 207 

potentially offers a new pathway to the design of a wide variety of membranes and films applicable to surface 208 

coatings, gas separation membranes, microfluidics, sensors, and bio-devices. 209 

 210 
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S1. Characterization of electrosprayed micro-droplets 25 

Due to the small size of the electrosprayed micro-droplets and their highspeed movement in the electrical 26 

field, it is difficult to directly measure their exact dimension. In this study, we used an indirect method to 27 

characterize the size of the micro-droplets. Specifically, a dyed solution (100 mg/L methyl blue) was 28 

electrosprayed onto a microscope slide and the trace of the dye was imaged by an optical microscope (EVOS® 29 

FL Auto Imaging System). The electrospray time was 30 seconds. The results are shown in Figure S1. Based 30 

on this method, we can infer that the size of the micro-droplets was on the order of 100 µm. It is worthwhile to 31 

note that the height of the collected micro-droplets is expected to be significantly smaller than the lateral 32 

dimension due to the flattened shape.  33 

 34 

 35 

Figure S1. Optical micrograph of micro-droplets of dyed water (methyl blue) collected on a microscope slide. The 36 

electrospray time was 30 seconds. 37 
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S2. Schematic diagram of syringe array used for electrospray 38 

A schematic diagram of the array of syringes is shown in Figure S2. The array consisted 6 syringes that were 39 

arranged at an inter-syringe spacing of 3.2 cm.  40 

 41 

 42 

Figure S2. A schematic diagram of the arrangement of 6 syringes and the inter-syringe spacing. 43 
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S3. Effect of surfactant addition on membrane surface morphology and separation performance 44 

Figure S3A shows the SEM micrograph of membranes prepared using 2.0 wt.% MPD aqueous solution 45 

and 0.2 wt.% TMC hexane organic solution at electrospray time of 5. SEM images show some localized 46 

defects at the low electrospray time of 5 min. Longer electrospray time (e.g., 15 min) and/or the including of a 47 

surfactant (4.0 mM sodium dodecyl sulfate, SDS) appeared to be effective in minimizing defects formation 48 

(Figure S3B,C,D). Figure S4 shows that SDS addition was effective in enhancing the salt rejection of 49 

electrosprayed polyamide membranes, which further confirms its ability to prevent defect deformation. 50 

 51 

Figure S3. SEM images of polyamide membrane fabricated by electrospray of (A) 5 min, (B) 15 min, (C) 5 min with 4.0 mM 52 

SDS surfactant, and (D) 15 min with 4.0 mM SDS surfactant. 53 
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  54 

Figure S4. Separation performance (flux and Na2SO4 rejection) of polyamide membrane with and without SDS (4 mM) 55 

fabricated by electrospray. 56 

  57 
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S4. FTIR and zeta potential characterization  58 

FTIR spectra (Figure S5a) of the polyamide membranes prepared by electrospray and conventional 59 

interfacial polymerization were obtained by horizontal attenuated total reflectance (HATR, Nicolet 5700, 60 

hermo Electron Corp., USA). The characteristic peaks of polyamide at 1630 cm−1 (N−C=O vibration) and 61 

1520 cm−1 (N−C=O vibration) were present for both membranes. The zeta potential curves of the two 62 

membranes were nearly identical (Figures S5b). 63 

 64 

 65 

Figure S5. FTIR (a) and zeta potential (b) measurements of polyamide membrane fabricated by conventional interfacial 66 

polymerization and electrospray (10 min).  67 

 68 
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S5. Separation performance of electrosprayed polyamide membrane over an 18-hour filtration test  69 

Figure S6 shows the flux and rejection of the membrane (electrospray time = 5 min) over an 18-hour 70 

cross-flow filtration test using a 1000 ppm NaSO4 feed solution. The membrane showed stable rejection during 71 

the test. The slight increase in rejection was due to membrane compaction.  72 

 73 

 74 

Figure S6. Separation performances (flux and Na2SO4 rejection) of polyamide membrane fabricated at 5 min vs. runtime 75 

under cross-flow conditions at 10 bar over 18 hours. The feed solution contained 1000 ppm Na2SO4. 76 

 77 
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S6. Effect of monomer concentration and spray rate on membrane separation performance  78 

We have performed additional tests of using higher monomer concentrations and spray rate. Under the 79 

same electrospray time, higher monomer concentration enhanced the membrane rejection, particularly at the 80 

shorter electrospray time of 5 min (Figure S7). We further conducted tests using membranes with identical 81 

loading of monomers (by using different combinations of monomer concentrations and electrospray time, see 82 

Figure S8). The membrane prepared by 2.0 wt. % MPD/0.2 wt. % TMC at 10 min and that prepared by 1.0 83 

wt. % MPD/0.1 wt.% TMC at 20 min showed nearly identical rejection, suggesting that the growth of 84 

rejection layer is likely controlled by the mass loading of the monomers. Nevertheless, membrane rejection 85 

start to be sacrificed when the electrospray time was further reduced to 5 min, which might be caused by a less 86 

uniform deposition.  87 

In addition, we fabricated electrosprayed polyamide membranes at different spray rate. The filtration test 88 

results were shown in Figure S9. By doubling the spray rate from 1.2 mL/h to 2.4 mL/h at an identical 89 

electrospray time of 5 min, Na2SO4 rejection was significantly increased at the expense of reduced water flux. 90 

 91 

Figure S7. Separation performances (pure water flux and Na2SO4 rejection) of polyamide membranes with different 92 

monomer concentrations at electrospray time of 5 min and 30 min. 93 



S10 

 94 

Figure S8. Separation performances (pure water flux and Na2SO4 rejection) of polyamide membranes with electrospray of 95 

identical monomer loading on the substrate. 96 

 97 

Figure S9. Separation performances (pure water flux and Na2SO4 rejection) of polyamide membranes with different spray 98 

rate at electrospray time of 5 min. 99 
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