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Spray coating polymer substrates from a green solvent to enhance 

desalination performances of thin film composites 

Shiliang Lina, Shanshan Heb, Sulaiman Sarwara, Roxana A. Milescuc, Con R. McElroyc, Simone 
Dimartinoa, Shao Lub, Cher Hon Lau* a 

Abstract: Toxic solvents like n,n-dimethylformamide (DMF), n,n-dimethylethanamide (DMAc), and 1-methyl-2-pyrrolidone 

(NMP) are commonly used to fabricate polymer support membranes. Replacing these toxic solvents with green solvents 

such as Cyrene™ can imbue sustainability into membrane fabrication, but at the expense of poor membrane separation 

performances. Here we overcome this limitation by spray coating Cyrene™-based polymer dope solutions to form highly 

porous asymmetric membranes. The pure water permeance of spray coated polyethersulfone (PES) membranes reached 

68.9 L m-2 h-1 bar-1, 7-folds higher than knife cast membranes. This significant increase in permenace was ascribed to a porous, 

thin skin layer and macrovoids interconnected with finger-like pores in spray coated PES films. However, this did not impact 

on the ability to yield thin film composites (TFCs) with high separation performances. Through interfacial polymerisation, 

we deposited a polyamide selective layer on to the surface of spray coated PES films to yield TFCs for desalination of a 2000 

ppm NaCl solution. The salt rejection rate and permeance of such TFCs reached 93 % and 1.76 L m-2 h-1 bar-1, respectively. 

This desalination performance was similar to knife cast membranes produced from DMF-, NMP- and DMAc-based polymer 

dope solutions, but fabricated here in a more sustainable manner. This indicated that spray coating can overcome the trade-

off between poor membrane separation performance and sustainability. 

Introduction 

Ascribing to high separation efficiency1, low carbon emission, 

low energy consumption2 and simple operation3, polymer 

membrane separations are widely used in industry for water 

treatment. These include applications in microfiltration (MF), 

ultrafiltration (UF), nanofiltration (NF), wastewater recycle and 

desalination4-6. Each of these applications require different 

membranes fabricated from a range of polymers. For example, 

polyethersulfone (PES) membranes are commonly deployed in 

applications that require excellent chemical, mechanical and 

thermal stability7-9. 

 

Polymer membranes, including those from PES, are typically 

fabricated using phase inversion processes such as non-solvent 

induced phase separation (NIPS)10, vapor induced phase 

separation (VIPS)11 and thermal induced phase separation 

(TIPS)12. Amongst these techniques, NIPS is widely used as it is 

easy to achieve with minimal equipment requirements. NIPS 

requires a polymer dope solution deposited evenly across a 

surface, followed by immersion in a non-solvent coagulation 

bath. This triggers a phase separation process as the working 

solvent and non-solvent come into contact and are exchanged. 

This leads to demixing and the formation of a sandwich film 

structure. The top (skin) layer of this film is formed immediately 

during solvent exchange at the interface between the dope 

solution and the non-solvent in the coagulation bath. The 

middle layer of this film comprises finger-like structures and/or 

macro voids and the bottom layer is highly porous10, 13.  

 

The thickness and porosity of the skin layer are critical features 

that impact membrane permeability14. Instantaneous demixing 

leads to a thin and porous skin layer while delayed demixing 

creates a thick and dense skin layer14, 15. Porosity in the skin 

layer enhances membrane permeability and can be generated 

by controlling the demixing rate and adding pore forming 

agents into the dope solution. For example, PES membranes 

cast from water-miscible solvents such as NMP usually possess 

thinner skin layers14, while highly viscous dope solutions 

suppressed the formation of pores and macrovoids16, 17.  

 

Other methods to control demixing include varying coagulation 

bath composition18, 19 and temperature20, controlling the 

casting speed14, and adding porogens into the dope solution. 

For example, adding water into the dope solution led to the 

formation of larger pores and more porous membranes with 

water permeances that were 150 % higher than those of 

membranes prepared from dehydrated dope solutions21. Other 

pore forming agents include polymers such as 

a. School of Engineering University of Edinburgh Robert Stevenson Road, EH9 

3FK, United Kingdom E-mail: cherhon.lau@ed.ac.uk  
b. MIIT Key Laboratory of Critical Materials Technology for New Energy 

Conversion and Storage, State Key Laboratory of Urban Water Resource and 

Environment, School of Chemistry and Chemical Engineering, Harbin Institute 

of Technology, Harbin 150001, PR China 
c. Department of Chemistry, Green Chemistry Centre of Excellence, University 

of York, Heslington, York YO10 5DD, United Kingdom 
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polyvinylpyrrolidone (PVP) and polyethylene glycol (PEG). Low 

molecular weight porogens can also increase overall membrane 

porosity to enhance pure water fluxes,22, 23 while high molecular 

weight polymeric pore forming agents13,24 and higher agent 

loading25 increased dope solution viscosity, reducing demixing 

rates during coagulation. This thickens the skin layer that 

reduces membrane permeability.  

 

As industry seeks to become sustainable, the need to develop 

high performance membranes is as important as producing 

such membranes sustainably. Currently, dipolar aprotic 

solvents – DMF, NMP and DMAc are used to fabricate PES 

membranes. However, these solvents are categorized as “very 
high concern” by the European Chemicals Agency26 and 

“undesired” by Pfizer’s assessment27. The most straight-

forward approach to fabricate polymer membranes sustainably 

is to replace DMF, NMP and DMAc with green solvents that 

provide similar properties and solubilities. This has been 

achieved using benign, bio-based solvents with strong polarity 

such as γ-valerolactone (GVL), dimethyl isosorbide (DMI) and 

dihydrolevoglucosenone (CyreneTM)28. PES dope solutions 

prepared with γ-valerolactone yielded sponge-like membranes 

with no macrovoids after NIPS29, while replacing NMP with 

CyreneTM typically yield membranes with dense structures and 

hence lower water fluxes after NIPS30, 31. Alternatively, PES dope 

solutions prepared with dimethyl isosorbide can produce 

membranes with pure water permeance of 6300 L·m-2·h-1·bar-1 
32. However, this approach requires a complex coagulation 

process that combines VIPS and TIPS.

 

Scheme 1 Comparison of sandwich structure of PES membranes fabricated via the traditional method of knife casting (black box) and our proposed approach of automated spray 

coating (green box). 

Here we hypothesize that the poor permeance of polymer 

membranes fabricated from benign solvents can be overcome 

with spray coating method. Spray coating can reduce the 

thickness of polymeric selective layers in thin film composite 

membranes by 170-folds, from 53 μm to 0.3 μm, underpinning 

a 5-folds increase in pure water permeances33. This approach is 

also effective for depositing thin and smooth PDMS selective 

layers on PVDF membranes for biobutanol recovery.34 The 

technique of spray coating has also been deployed to deposit 

active layers on porous membranes, such as a rough and porous 

cross-linked copolymer for oil/water separation35, and catalysts 

on inorganic support layers for a membrane electrode 

assembly36. These works focus mainly on depositing a selective 

or active layer on pre-formed porous membranes.   

 

To validate our hypothesis, here we exploited spray coating to 

fabricate the porous support layers of TFC membranes by spray 

coating to overcome the trade-off between the sustainability 

that CyreneTM can offer in polymer membrane fabrication and 

poor separation performances. This was achieved by creating 

and encapsulating air bubbles within a wet polymer film to 

enhance demixing during NIPS, forming an atypical, sandwiched 

structure comprising a highly porous, ultra-thin skin layer and a 

sub-layer with finger-like pores interconnected with 

macrovoids located in the bottom layer (Scheme 1). This highly 

porous structure underpinned a pure water permeance of 68.9 

L m-2 h-1 bar-1, 7-folds higher than knife cast membranes from 

PES-CyreneTM dope solutions. The deposition of a polyamide 

selective layer on spray coated PES membranes yielded TFCs 

with water permeance of 1.76 L m-2 h-1 bar-1. This was 480 % and 

110 % higher than TFC membranes comprising knife cast PES 

support layers fabricated with CyreneTM and NMP dope 

solutions, respectively. The increase in water permeance did 

not reduce NaCl rejection rate, indicating the feasibility of using 
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spray coating to overcome the poor permeance of knife cast 

membranes produced using CyreneTM. 

Experimental  

Materials and equipment 

Polyethersulfone (E3020) and CyreneTM were purchased from 

Sigma Aldrich. Polyvinylpyrrolidne (PVP, K-30), m-

phenylenediamine (MPD), 1-methyl-2-pyrrolidone (NMP), and 

1,3,5-benzenetricarbonyl chloride (TMC, 98+ %) were 

purchased from Alfa Aesar. N-hexane was purchased from 

Acros Chemicals. 

 

A Harder & Steenbeck Evolution CRplus Action Airbrush with a 

0.6mm nozzle set was purchased from Everything Airbrush, UK. 

A Creator Pro 3D printer was purchased from Flashforge, China. 

Servo motors, an Arduino Uno R3 board and connecting cables 

were purchased from RS Components Ltd, UK. 

  

Modification of 3D printer into an automated spray coater  

Manual spray coating of polymer solutions is difficult to 

replicate as parameters such as spraying speed, distance and 

angle must be consistent in between sprays. We overcome this 

limitation by automating spray coating with a 3D printer. This 

was achieved by modifying an off-the-shelf 3D printer 

(Flashforge Creator Pro) into an automated spray coater. A 

spray gun holder was designed using Autodesk Fusion 360 and 

fabricated via fused deposition modelling. The original dual 

printhead of the CreatorPro 3D printer was removed from the 

x-y axis moving tray, followed by the installation of the bespoke 

spray gun holder on the moving tray (Fig.S1). Stepper motors 

driving the x-y axis tray were disconnected from the CreatorPro 

and reconnected to a control circuit (A4988 chip) which was 

controlled by an Adruino Uno R3 board. The Adruino was coded 

to enable and control movement in both stepper motors. 

Details of this modification and script can be found in the 

Supporting Information.  

 

Conventional knife-casting of PES porous support layers 

PES dope solutions were prepared by dissolving 15 wt. % PES 

and 0 – 5 wt.% PVP i.e., porogen in CyreneTM or NMP at 80˚C. 

(See Table 1 for more details) These solutions were stirred 

magnetically until complete PES dissolution, forming viscous 

solutions that were degassed overnight. The PES dope solution 

was first cast on a glass plate using a casting knife (Elcometer 

3700) set at a thickness of 200 µm and immersed immediately 

into a coagulation bath, forming a polymer membrane upon 

NIPS. Knife casting and NIPS were performed at room 

temperature. The PES membrane was left in the coagulation 

bath with the glass plate until it was detached completely from 

the glass. This free-standing PES membrane was then 

transferred into a water bath until further characterisation. 

Knife-cast PES films were used here as control samples for 

benchmarking the performances of spray coated membranes. 

 

 

 

Spray coating of PES porous support layers 

Due to the toxicity of NMP, spray coating was only performed 

with PES dope solutions comprising Cyrene. PES dope solutions 

used in spray coating here were prepared using the same 

protocol mentioned above, except that the formulated dope 

solutions were used as is and not degassed. Upon dissolution of 

PES in Cyrene, this dope solution was loaded into the spray 

gun’s solution reservoir. Spraying distance was set to 20 cm 
above a glass plate placed on the build plate of the 3D printer. 

The build plate was not heated prior and throughout spray 

coating. 4 bar of nitrogen was supplied to the spray gun and 

spray gun movement was controlled by the control circuit and 

stepper motors. The spray gun moved across the glass plate to 

ensure full coverage of the printing area. This process was 

repeated for 6 times at room temperature to produce a PES film 

with similar thickness (200 μm) to knife-cast films. Further 

details of this layer-by-layer polymer deposition are in the 

Supporting Information (Fig. S2). These spray-coated PES films 

were then subjected to the same NIPS protocol listed above.  

 

Compared to knife-casting, a key benefit of our spray coating 

approach lies in reducing membrane fabrication time. With a 

casting speed of 3 cm·s-1, knife-casting a 10 cm x 20 cm 

membrane is typically achieved within 10 s. Meanwhile, we 

took around 10 mins to fabricate a PES film of similar size. The 

key difference lies in how the dope solutions were prepared. 

Dope solutions for knife-casting must be degassed for at least 2 

hours to remove air bubbles that will otherwise create defective 

membranes. For spray coating, the dope solution was used as is, 

as air bubbles would inevitable be introduced into the solution 

during spray coating. This difference in dope solution 

preparation time underpins the reduction in time consumption 

associated with spray coating membranes. 

 
Table 1. Composition of all dope solutions for fabricating PES membrane. K infers to knife 

cast PES and S refers to spray coated PES. 

 

All the resultant membranes and their corresponding dope 

compositions are listed in Table 1. The nomenclature for these 

membranes comprised information on the solvent type used in 

dope formulation, fabrication method and the amount of PVP 

porogens. For example, N-PES-K-0 referred to a PES membrane 

Fabricate 

method 

Sample 

code 

PES 

(wt%) 

PVP 

(wt%) 
Solvent (wt.%) 

Knife-

casting 

N-PES-K-0 15 0 

NMP 

85 

N-PES-K-1 15 1 84 

N-PES-K-3 15 3 82 

N-PES-K-5 15 5 80 

C-PES-K-0 15 0 

CyreneTM   

85 

C-PES-K-1 15 1 84 

C-PES-K-3 15 3 82 

C-PES-K-5 15 5 80 

Spray 

coating 

C-PES-S-0 15 0 

CyreneTM   

85 

C-PES-S-1 15 1 84 

C-PES-S-3 15 3 82 

C-PES-S-5 15 5 80 
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fabricated with NMP (N) as solvent and knife-casting (K), with 0 

wt.% PVP. Likewise, C-PES-S-5 referred to a sample prepared 

using CyreneTM (C) as solvent and spray coating (S), with 5 wt.% 

PVP. 

 

Fabrication of PA-PES TFC membranes  

PES membranes fabricated from knife casting or spray coating 

were used as porous support layers for TFCs. A PES membrane 

was taped to a glass plate, with the top surface facing upwards 

and placed in an aqueous solution comprising 2 wt. % MPD for 

5 minutes. The amine-loaded PES support was removed from 

the solution and pressed with a roller to remove excess amine 

solution, prior immersion in a n-hexane solution comprising 0.2 

wt. % TMC for 2 mins. The resultant TFC was placed in an oven 

at 50 °C for 5 mins and washed with n-hexane and water to 

remove unreacted and residue MPD and TMC.  

 

Scanning electron microscopy (SEM) 

The skin layer and cross-section morphologies of membrane 

samples studied here were observed with a Carl Zeiss SIGMA HD 

VP Field Emission SEM. All samples were dried for 12 h in a 

vacuum oven before SEM analysis. For cross-section SEM 

characterization, membrane samples were first freeze-

fractured in liquid nitrogen. A 10 nm-thin layer of gold was 

sputter-coated on to the samples before imaging. An 

accelerating voltage of 5 kV was used to obtain SEM 

micrographs.  

Fourier transform infrared spectroscopy (FTIR) 

FTIR was performed in attenuated total reflectance (ATR) mode 

on a Nicolet™ iS™ 20 FTIR Spectrometer (Thermo Scientific™) 

with a Smart iTX™ diamond accessory to characterise functional 

groups over a range of 500 – 4000 cm-1. All samples were dried 

for 12 h in a vacuum oven before analysis. ATR-FTIR analyses 

(Fig. S3) revealed that the use of Cyrene or spray coating did not 

alter the chemical structure of PES. The FTIR spectra of the top 

surface of C-PES-S-1 showed the characteristic bands of PES 

centred at 1104 cm-1 (C-O-C), 1148 cm-1 (S=O), 1240 cm-1 (C-O), 

1320 cm-1 (C-SO2-C) , 1485 cm-1 and 1577 cm-1 (benzene ring) 37-

39. After the deposition of the PA selective layer via interfacial 

polymerisation, three new peaks centred at 1538, 1609 and 

1656 cm-1 were observed. These three peaks corresponded to 

C=O stretching (amide II bond), aromatic amide ring and N-H 

bending of amide I in -CO-NH- group, respectively40.  

 

Water contact angle measurements 

Water contact angles of membranes developed here were 

determined using an Ossila Contact Angle Goniometer using the 

sessile drop method. For each sample, three measurements 

were performed, and averages and standard deviations were 

calculated.  

 

Pure water permeance and salt rejection rate measurements 

The pure water permeances of the PES and TFC membranes 

were measured using triplicate samples and a Sterlitech 

stainless steel HP4750 stirred dead-end cell. The feed solution 

comprised deionised water obtained from a lab-based water 

purification system and pressurised with nitrogen gas at 1 bar 

at room temperature to reach steady flow rate, then measured 

at 3 bars. During filtration, the feed solution was stirred at 400 

rpm. Permeate samples were collected in capped flasks as a 

function of time, weighed, and analysed. The permeance was 

calculated using the following equation: 𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 = VAt∆P   

where permeance (L m-2 h-1 bar-1) is expressed in terms of V, the 

volume of the solvent passing through the membrane (L), A – 

effective membrane area (m2), t –operation time (h), and ∆P – 

the applied pressure (bar). 

 

The salt rejection rates of TFC membranes were determined 

using a 2000 ppm NaCl water solution as feed solution and 

stirred at 400 rpm to avoid concentration polarization. The feed 

solution was pressurized at 3 bar to reach a steady flow rate and 

measured at 3 bar. The feed and permeate salt concentrations 

were measured by determine water conductivities with a SQ-

7031 SciQuip salinity meter. Rejection rates of the TFC 

membranes were calculated using the following equation: 𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = (1 − 𝐶𝑃𝐶𝐹) ∗ 100 

where Cp and Cf are the solute concentrations in the permeate 

and feed solution, respectively.  

 

Zeta-potential measurement 

The surface potential of membranes studied here was 

characterized by streaming potential method using an AgCl 

electrode analyser (SurPASSTM3, AntonParr, Austria). 1 cm x 2 

cm membranes were fixed on a double stack mould, so that the 

surface charge of the barrier layer could be analysed. A solution 

of 0.001M KCl (aq) was utilized to provide the background ionic 

strength, and automatic titration was performed using 0.1M HCl 

(aq.) and 0.1M NaOH (aq.) to investigate the effect of pH (3 to 

10) on zeta-potential.  

 

Atomic Force Microscopy 

AFM topography images of the PES supports were obtained 

using a Nanoscope IIIa Multimode scanning probe microscope 

(Bruker AXS Inc) with an E-scanner in tapping mode using silicon 

cantilevers. No other image processing except flattening was 

performed here using Gwyddion. 

Results and discussion 

Film morphology and structure 

The top surfaces of spray coated PES membranes fabricated 

from Cyrene-based dope solutions were more porous than 

those from knife casting as PVP content increased from 0 to 5 

wt. % (Fig. 1). Regardless of fabrication method, without pore 

forming agents, in this case, PVP, the top surfaces of PES 

membranes were non-porous (Fig. 1a, 1e). PES films fabricated 

from Cyrene-based dope solutions containing 1 wt.% PVP 
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yielded the most porous top surface. On average, the sizes of 

these pores were less than 100 nm. Spray coating generated 

more pores in PES membranes with smaller pores (Fig. 1b, 1f). 

As PVP loading increased to 3 and 5 wt. %, the top surfaces of 

PES membranes were smoothened, and top surface pores 

closed. The effect of PVP content on PES surface porosity was 

also observed in knife cast membranes using NMP-based dope 

solutions (Fig. S6 and S7). AFM analyses showed that the top 

surface morphologies of PES membranes fabricated from NMP-

based dope solutions were smoother than those from Cyrene 

(Fig. 2). The surface roughness (Rq) value of N-PES-K-1 

membrane was 11.3±3.21 nm, attributing to a ridge-and-valley 

structure. By replacing NMP with Cyrene, the Rq of C-PES-K-1 

increased by 166 %, reaching 30.1±5.11 nm. Spray coating did 

not significantly alter the Rq value of C-PES-S-1, reaching a value 

of 31.95 ±4.76 nm. The surface pores of C-PES-S-1 could be 

clearly observed, but not for C-PES-K-1 and N-PES-K-1. This may  

be due to the different immiscibility of Cyrene/water and 

NMP/water. Cyrene is more miscible with water than NMP. This 

leads to slower and non-uniform precipitation across the dope 

solution film30. This could increase surface porosity and surface 

roughness surface, which was also in line with trends in surface 

morphologies in Fig. 1. 

 
Other than surface roughness and porosity, using Cyrene in PES 

membrane fabrication also altered skin thickness and sub-layer 

structure (Fig. 3, Fig. S8 and Fig. S9). The structures of all PES 

membranes studied here, regardless of solvents (Cyrene or 

NMP) used in dope solution or fabrication approach (spray 

coating or knife casting), were asymmetric, consisting of a skin 

layer on top and a porous sub-layer with finger-like pores and 

macro voids. Meanwhile, an additional bottom porous layer 

was observed across all knife-cast membranes. The asymmetric 

structures of knife-cast membranes (N-PES-K and C-PES-K) 

comprised of macro voids that began to merge into larger voids 

when PVP was added into the dope solution. We also observed 

that there were less sponge-like structures as the macro voids 

merged. As PVP loading increased from 0 to 5 wt.%, the finger-

like pores became more dominant in all samples. This indicated 

that PVP was an excellent pore-forming additive. There were 

more interconnected pores within the finger-like channel walls 

in membranes prepared from CyreneTM. This was also 

observed in the work of McElroy and co-workers31. 

Figure 2. AFM images and corresponding surface roughness of PES membranes 

fabricated by knife-casting a) an NMP- and b) Cyrene-based dope solution and c) spray 

coating a Cyrene-based dope solution. These dope solutions contain 1 wt.% PVP.  

Figure 1. SEM micrographs of a – d) knife-cast and e – h) spray coated PES membranes from Cyrene dope solutions with PVP loading from 0, 1, 3 and 5 wt.%. showed that spray 

coating generated more surface porosity.  
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Compared to PES membranes fabricated with NMP (Fig. S7), the 

finger-like channels in membranes produced using CyreneTM 

were more vertical and well-structured. The cross-sections of C-

PES-K-0 and C-PES-S-0 were similar where finger-like pores and 

macro voids were observed below the skin layer. The macro 

voids in C-PES-S-0 were interconnected with pores. These 

interconnected pores could reduce the hydraulic resistance and 

enhance membrane permeability41. We did not observe large 

macro voids in the sub-layer of knife-cast membranes 

fabricated with Cyrene, even with the ideal PVP loading of 1 

wt.%. Macro voids below the finger-like pores were only 

observed in spray coated membranes fabricated with Cyrene-

based dope solutions comprising 1 wt.% and 3 wt.% PVP (C-PES-

S-1 and C-PES-S-3). The finger-like pores and macro voids 

merged into an ultra-porous sub-layer. Hence, the asymmetric 

structures of spray coated membranes comprised of only two 

layers – an ultra-thin and porous skin layer and an ultra-porous 

sub-layer made up of interconnected finger-like macro voids. 

This dual layer asymmetric structure was unique to spray-

coated membranes as a distinctive third bottom layer was 

observed across all knife-cast membranes studied here. We also 

observed that there were less polymer structures within the 

macro voids of C-PES-K-1 and C-PES-S-1 samples. This lack of 

polymer structures could be beneficial for enhancing 

permeability. However, with 5 wt.% PVP, the macro voids of C-

PES-S-5 became less obvious as they merged with finger-like 

pores. 

 

Apart from sub-layer structural changes, we also observed that 

the skin layer thicknesses varied as a function of solvent type 

and fabrication approach (Fig. S8 and S9). As PVP content 

increased from 0 to 5 wt.%, the thicknesses of skin layers of 

knife-cast PES membranes produced with Cyrene (C-PES-K) and 

NMP (N-PES-K) increased from 348 nm to 1352 nm and 464.2 

nm to 1312 nm, respectively. Thick skin layers are known to 

reduce permeabilities of PES membranes 31, 42. The formation of 

thick skin layers in knife cast membranes could be explained 

from the perspective of mass transfer43, 44 . 

 

Membrane formation from knife-cast dope solutions typically 

occur over two phases43, 44: 1) solvent exchange during initial 

contact between the working solvent in the cast polymer dope 

film (NMP) and the non-solvent in the coagulation bath (water) 

while there was no movement between PES and PVP, and 2) 

after the initial contact phase, water molecules penetrated 

further into the cast solution. This enabled PES-PVP diffusion 

and demixing as PVP is a water-soluble pore forming polymeric 

additive, while PES is immiscible with water. The duration of 

solvent exchange was mainly governed by the additive’s 
hydrophilicity and the thermodynamic stability of the PES-NMP-

PVP system. Given the short time scale of the initial phase, 

varying additive content would not affect this duration 

significantly. However, higher additive content enhanced 

hydrophilicity of PES-PVP mixtures and hence increasing initial 

solvent exchange rate where rapid leaching of PES-PVP mixtures 

led to the formation of dense and thick skin layers. Calculations 

from Boom et al. showed that the non-solvent fluxes through 

the interface increased nearly 3-times as the membrane 

forming porogen/polymer ratio increased from 0 to 0.2543. Here, 

our PVP/PES ratio reached 0.067. Fang et al. also reported 

similar skin layer thickening effects when varying the loading of 

pore forming agents in PES membrane fabrication25.  

 

The formation of thick skin layers in PES membranes was 

overcome here with spray coating. The skin layers of spray 

coated membranes were less than 100 nm thin, 6x thinner than 

those from knife-casting (Fig. S9). Using a gas pressure to enable 

spray coating, polymer droplets separated by air bubbles were 

deposited non-uniformly on to substrates, forming a rough 

surface comprising loosely connected island-like structure (Fig. 

S4). As more polymer droplets were deposited on top of the 

initial layer in subsequent spray runs, these air bubbles were 

encapsulated and remained intact (Fig. S5). Subsequent 

deposition of more polymer droplets formed a smooth-looking 

structure. These encapsulated air bubbles were key to forming 

porous films whilst enabling instantaneous demixing – the pre-

requisite for the formation of ultra-thin skin layers. The average 

diameters of these air bubbles were less than 0.1 to 0.15 μm 

Figure 3. SEM micrographs of cross-sections of a – d) knife-cast and e – h) spray coated PES membranes from Cyrene dope solutions with PVP loading from 0, 1, 3 and 5 wt.%. showed 

that spray coating creates more porous PES membranes than knife casting.  
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(Fig. S5b), matching the macro-voids shows in (Fig 3f). As 

observed in all spray coated samples, after a skin layer was 

formed, the number of macro voids with thick walls decreased 

with the addition of PVP and were replaced with interconnected 

vertical finger-like pores with thinner wall. This was due to the 

faster non-solvent penetration from the skin layer to sub-layer, 

which was in line with the abovementioned skin layer 

thickening effect: higher PVP content enhanced solvent and 

non-solvent exchange rates that consequently thickened the 

skin layer, but at the same time, non-solvent (water) also 

reached the sub-layer faster, which then suppressed macro void 

formation25, 44. 

 

Water contact angle, zeta-potential, and permeances of all 

prepared PES membrane 

 

The addition of PVP into PES dope solutions altered the 

hydrophilicity of resultant membranes (Fig. 4a). Lower values of 

water contact angle indicated more hydrophilic surfaces45. Here 

we observed that regardless of solvents used in the dope 

solution and film formation method, the increase in PVP 

content from 0 to 5 wt. % reduced the water contact angles of 

PES membranes studied here in the following order: N-PES-K > 

C-PES-K > C-PES-S. Membranes prepared using Cyrene typically 

show lower water contact angles i.e., more hydrophilic46, 47. This 

trend was identical to the surface porosity of these membranes 

and inverse of surface roughness. Membranes with porous 

surface reduced the water contact angle as water droplets 

spread out faster48. 

 

The surfaces of spray coated PES membranes were the roughest 

amongst all membranes studied here, hence their surfaces were 

the most negatively charged across a pH range of 3 to 9 (Fig. 4b). 

Increased surface roughness enhances surface charge density 

i.e. rough surfaces tend to more negatively charged46. Surface 

charges of membranes are a critical parameter for separations, 

especially for salt rejection. All PES membranes studied here 

were negatively charged at pH around 446, 49, 50. Among all the 

PES membrane samples, C-PES-S demonstrated the most 

negative zeta potential value. This was in line with their surface 

morphologies shown in SEM micrographs and their surface 

roughness values in AFM analyses. The hydrophilicity, surface 

porosity and surface roughness51, 52 were key reasons why spray 

coated membranes were more permeable than knife cast 

membranes.  

 

PES membranes fabricated from spray coating were more 

permeable than knife-cast membranes (Fig 4c). The pure water 

permeances of PES membranes increased as PVP content 

increased from 0 to 1 wt.% and decreased with 3 and 5 wt.% 

PVP content. This was attributed to the contrasting effects of 

hydrophilicity, porosity improvements and skin layer thickening. 

Amongst all membranes studied here, spray coated membranes 

fabricated with Cyrene-based dope solutions containing 1 wt.% 

PVP, were the most permeable, with a pure water permeance 

of 68.867 L·m-2·h-1·bar-1. Meanwhile the pure water permeance 

of the most permeable knife-cast PES membrane was only 

11.033 L·m-2·h-1·bar-1, like those reported in literature31, 42. This  

 

Table 2. Comparison of fluxes and permeances of PES membranes 

fabricated by different types of solvent. 

Membrane 

flux  

(L.m-2.h-1) 

Pressure 

(bar) 

Permeance 

(L.m-2.h-

1.bar-1) 

Solvent 

type 
Ref 

8.2 6 1.367 DMAc 53 

9.3 4 2.325 DMAc 54 

14.69 3 4.897 DMAc 55 

133.29 3 44.43 DMAc 56 

31.8 5 6.36 NMP 57 

39.4 1 39.4 NMP 58 

< 80 2 <40 NMP 59 

49.4 1 49.4 NMP 60 

10.512 5 2.102 CyreneTM 31 

206.6 3 68.867 CyreneTM 
This 

work Figure 4. a) Water contact angle results; b) Zeta-potential of PES support membranes; 

c) Pure water permeance of PES membranes fabricated by knife-casting with NMP 

(black) and Cyrene (blue) dope solutions and spray coating using Cyrene (red). 
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was 6-folds lower than spray-coated membranes and those of 

PES membranes fabricated by NMP and DMAc (Table 2). The 

only difference between these two membrane types lies in the 

way they were fabricated - spray coating vs knife casting. This 

difference in membrane fabrication highlighted how spray 

coating could yield membranes with an ultra-thin, porous skin 

layer and sub-layer comprising finger-like pores interconnected 

with macro voids to overcome the limitations of using benign, 

biobased solvents for polymer membrane fabrication. 

Compared to a typical N-PES-K membrane, spray coating 

improved pure water permeance by 20 %.  

 

The effect on mechanical properties and water permeance 

stability were also evaluated (Fig S10 and Table S1). The tensile 

stress at break had an order of C-PES-K>N-PES-K>C-PES-S, 

ranging from 2.619 MPa to 2.096 MPa, which was the result of 

skin layer thickness and sub-layer macrovoids61, 62. This 

indicated that the spray coating method could reduce the skin 

layer thickness without drastically sacrificing mechanical 

properties. Further cyclic water filtration test also proved that 

membranes produced by spray coating were mechanically 

stable after 5 repeated 1-hour tests at 3 bar. Clearly, spray 

coating is feasible for fabricating PES membranes in a 

sustainable way by enabling the replacement of NMP with 

Cyrene whilst delivering more permeable membranes.  

 

Desalination performances of TFC membranes 

To further demonstrate the application of spray-coated PES 

films, we deployed these membranes as the porous supports of 

TFCs. We deposited thin PA selective layers on the top surfaces 

of spray-coated PES films (Fig. S11). This was achieved through 

interfacial polymerisation of MPD and TMC, following well-

established protocols63. This PA selective layer reduced the 

zeta-potential values of resultant membranes (Fig. 5a). These 

were more negative than pristine spray-coated PES membranes 

i.e., a higher surface charge density which could enhance salt 

rejection. As such, PA/C-PES-S-1 TFC presented the highest 

permeance of 1.76 L·m-2·h-1·bar-1 among all samples studied 

here for a 2000 ppm NaCl solution, with 92.4% salt rejection 

rates, (Fig. 5b, c), amongst all membranes studied here. The salt 

rejection rates of TFC membranes comprising spray-coated PES 

support layers were like those comprising conventional knife-

cast support layers63, 64. 

Conclusion 

In this study, we show that automated spray coating could be 

used to fabricate high performance PES membranes in a 

sustainable manner. The key benefit of using spray coating to 

fabricate membranes lies in producing membranes with a rough, 

ultra-thin, porous skin layer and ultra-porous sub-layer 

consisting of finger-like pores interconnected with macro voids 

i.e., an open-ended porous bottom layer. A comparison the 

between the water permeabilities of spray coated and knife-

cast PES membranes showed that spray coating can overcome 

the trade-off between lower separation performances and 

sustainability in membrane fabrication by replacing hazardous 

solvents like NMP with CyreneTM. This work has successfully 

resolved this conundrum and showed that automated spray 

coating could potentially pave the way towards scalable, 

sustainable membrane fabrication.  
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