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Abstract 1 

High-efficient CO2 capture using membrane separation technology is a promising approach 2 

towards environmental redemption in recent years. Thin-film composite (TFC) membrane with 3 

selective layer made of CO2-philic materials is the preferred membrane type for industrial-scale 4 

application, owing to its high permselectivity and good processability. Herein, we propose a 5 

facile direct spray-coating method to fabricate Pebax® 1657 thin-film on a porous polysulfone 6 

(PSF) substrate. Unlike most conventional multilayer TFC membranes, the unnecessary need 7 

for gutter layer in this work greatly simplifies the membrane fabrication process. Pebax® 1657 8 

thin films were deposited through direct spraying of the polymer solution containing Pebax® 9 

1657 on PSF substrate under ambient temperature. The as-prepared Pebax®1657 TFC 10 

membranes showed decent separation performances with CO2 permeance of >200 GPU and 11 

CO2/N2 selectivity of >50 for mixed gas (vol. (CO2)/vol. (N2) =20/80) tests. The facile TFC 12 

membrane fabrication and good CO2 separation performances make the direct spray coated 13 

Pebax®1657 membranes a promising strategy for large-scale CO2 capture applications. 14 

Key words: Membrane separation, CO2 capture, thin-film composite, Pebax® 1657, 15 

spray-coating  16 
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1. Introduction 17 

The ever-increasing CO2 level in the atmosphere has brought unprecedented impacts and 18 

challenges to global environment protection and sustainability in recent decades [1, 2]. There 19 

is now a great demand for clean energy and environmental redemption technology given that 20 

fossil fuel is still expected to last over 20 years as main energy resource. Developing high-21 

efficient carbon capture and storage (CCS) technologies is a consensual solution to reduce CO2 22 

emissions and mitigate the negative effects causing climate change [3, 4].   23 

As a clean and low carbon footprint technology, membrane-based CO2 separation has 24 

attracted a lot of attention and showed great potential for large-scale CO2 capture [5-7]. The 25 

development of high-performance CO2 separation membranes can be divided into two parts: 26 

seeking suitable membrane materials and developing membrane fabrication process that is 27 

facile for scaling-up. According to the solution-diffusion theory, the CO2 transport efficiency 28 

can be increased by leveraging the high CO2 solubility of rubbery polymers [8]. On this note, 29 

ideal materials for CO2 separation membranes should be CO2-philic, which include Poly 30 

(ethylene oxide) (PEO)-containing materials, reactive carriers in facilitated transport 31 

membranes (FTMs) [9, 10], and functional porous materials with molecular sieve capacity (e.g., 32 

metal-organic frameworks, covalent-organic frameworks, and graphene oxides, etc.) [11-15] 33 

Although the performance upper limit of FTMs is higher, there are multiple drawbacks 34 

associated with FTMs, including carrier leakages [10], carrier oxidation [16], humidity-35 

dependence performances [17], and membrane stability that remains to date controversial. 36 

Similarly, molecular sieve membranes show high-efficient gas transport due to the fast 37 

pressure-driven gas diffusion in narrow channels, but they are still challenged by several key 38 

issues regarding large-scale fabrication, technical viability as well as high cost of production at 39 

the current stage [18-20]. On the other hand, PEO-based membranes are attractive, owing to 40 

the very high CO2 solubility and theoretical CO2/gas selectivity as a result of “dipole-41 

quadrupole” interactions between ethylene oxide (EO) units and CO2 molecules [21]. However, 42 

pure PEO-containing materials are unfavorable due to their semi-crystalline nature and poor 43 
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mechanical properties [22]. Crosslinking [21], blending [23], grafting [24], and compositing 44 

[25] are frequently-used strategies to synthesize highly-permeable amorphous PEO-based 45 

membranes [26]. In recent decades, PEO-containing block copolymers are preferred, owing to 46 

their excellent mechanical stability and processability. Several commercial PEO-containing 47 

copolymers include Pebax® [27, 28], PolarisTM [29, 30], and PolyActiveTM [31] have been 48 

developed and showed high capacity for CO2 separation membrane fabrication both in lab-scale 49 

and industrial-scale. 50 

Apart from selecting the right materials, engineering the thickness of the membrane is also 51 

essential [32]. The membrane must be sufficiently thin to reduce mass transfer resistance so as 52 

to increase the CO2 permeance [33, 34]. Currently, a multilayer thin-film composite (TFC) 53 

membrane, comprising a porous substrate layer, a dense and highly permeable gutter layer, and 54 

an ultrathin selective layer (≤1 μm), is the most compelling design for high-performance gas 55 

separation membranes [35-37]. Most TFC membranes are fabricated using top-down 56 

approaches, including dip coating, spin coating, and doctor-blade casting, through which the 57 

polymer cast solution is uniformly coated on the substrate to form an ultrathin top layer [38]. 58 

Particularly, dip coating is the most favorable method for industrial-scale TFC membranes 59 

manufactured at the current stage, which have realized the roll-to-roll fabrication of flat sheet 60 

membranes and small-scale production of hollow fiber modules [39-42]. To use these 61 

approaches, a gutter layer is almost always required to prevent polymer intrusion into the pores 62 

of the substrate [43, 44]. Polymeric TFC membranes fabricated without gutter layers usually 63 

show very low gas permeance of several or dozens of GPU due to the serious polymer intrusion 64 

[45-48]. This gutter layer is made of highly permeable but less selective materials. For example, 65 

polydimethylsiloxane (PDMS) is a frequently used material for the gutter layer due to its high 66 

intrinsic permeability. However, the inert and low surface energy of PDMS can reduce adhesion 67 

strength with the top selective layer, rendering defect-free selective layer formation a challenge 68 

and scaling-up TFC membranes become difficult[34].  69 

Apart from the above-mentioned methods, spray coating is an alternative and attractive 70 
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technique for thin film deposition, which has been adopted to fabricate polymer selective layers 71 

[49-51], assembled multilayer polyelectrolyte membranes [52-54], and deposited thin layer of 72 

nanomaterials on membrane substrates for liquid filtration and gas separation [55-58]. 73 

Compared to dip coating or blade casting, the atomized solvent of the sprayed liquid evaporates 74 

more quickly, which allows a fast curing of the coating layer, and thus a reduction in the 75 

intrusion of sprayed liquid into the substrate when directly sprayed on a porous substrate. This 76 

makes gutter-free fabrication of high permeable TFC membrane possible. Moreover, spray 77 

coating has the same advantage of depositing thin film on a large area as dip coating due to its 78 

simple operation. Therefore, to enhance TFC membrane scalability, in current work, we 79 

developed a straightforward strategy to fabricate Pebax® thin-film on a porous substrate via a 80 

direct spray-coating method. Diluted Pebax® solution was directly sprayed on the surface of a 81 

bare polysulfone (PSF) ultrafiltration membrane using an air brush. As compared to 82 

conventional methods, this direct spray strategy is much more facile as it eliminates the need 83 

for a gutter layer, which greatly simplifies the entire TFC membrane formation process. The 84 

CO2 permeance and CO2/N2 selectivity of the as-prepared Pebax® TFC membranes can reach 85 

over 200 GPU and 50 with good long-term stability for mixed gas tests, respectively. The CO2 86 

permeance of our directly sprayed TFC membrane is significantly higher than other gutter-free 87 

Pebax® TFC membranes due to less polymer intrusion as a result of the quick vaporization of 88 

the highly atomized solvent during the spraying process.  Furthermore, the sprayed Pebax® 89 

TFC membrane can be easily scaled-up to A4-size in laboratory conditions, demonstrating the 90 

great potential of our direct spray-coating method for manufacturing of industrial-scale CO2 91 

separation membranes.  92 

2. Experimental 93 

2.1 Materials 94 

Pebax®1657 in pellet form was purchased from Arkema Pte. Ltd. Polysulfone (PSF, Solvay 95 

P-3500) was obtained from Solvay. PET nonwoven fabrics (E055094-74) was provided by 96 
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MIKI & CO., Ltd, Japan. Ethanol (EtOH, 97%), methanol (99%), n-hexane (99%), and 97 

dimethyl formamide (DMF, EMSURE®) were supplied by Sigma-Aldrich and used as-98 

received. Sylgard®-184 (elastomeric polydimethylsiloxane (PDMS) kit) consisting of a 99 

silicone elastomer (part A) and a cure agent (part B) was purchased form Dow Corning Pte. 100 

Ltd. High purity (99.999%) helium and mixed gas CO2/N2 (v/v=20/80) was obtained from Air 101 

Liquide Pte. Ltd. 102 

2.2 Preparation of porous PSF substrate 103 

Flat sheet PSF ultrafiltration substrate was fabricated using a classic nonsolvent-induced 104 

phase inversion method. The details can be found elsewhere[59]. Typically, PSF pellets were 105 

dried in vacuum over night at 80 ℃ before use. Then a 17 wt.% PSF casting solution were 106 

prepared by dissolving a certain amount of PSF in DMF at 70 ℃ under vigorous stirring for 24 107 

hours. The obtained homogeneous casting solution was cooled to room temperature and 108 

degassed by vacuum pump for 24 hours to eliminate air bubbles.  109 

The membrane formation was performed on an automatic casting machine at a casting 110 

speed of 4 m/min. During the casting, the polymer solution was continuously poured into the 111 

gap (200 μm) between the settled casting knife and nonwoven fabric. The casted membrane 112 

was transferred into a water coagulating bath (25 ℃) to induce the phase inversion. The as-113 

prepared PSF substrate was then cut into A4 size and soaked in fresh deionized (DI) water 114 

(refreshed every 12 hours) for 48 hours to ensure complete removal of the residual DMF. 115 

Before drying, a solvent exchange process was carried out to prevent collapse of the porous 116 

structure of PSF membranes. The PSF substrates were taken out from DI water and immediately 117 

immersed in fresh methanol for 30 min, and then transferred to fresh n-hexane for another 30 118 

min. After solvent-exchange, PSF substrates were dried in air overnight, followed by vacuum 119 

drying at 60 ℃ for 24 hours. 120 

2.3. Preparation of Pebax® 1657 dense membrane 121 
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Dense Pebax® membrane was prepared by solvent evaporation method. Typically, 0.5 g 122 

Pebax®1657 was dissolved in 100 mL EtOH/Water (v/v=7/3) mixed solvent at 70 ℃ for 6 123 

hours to obtain a homogeneous polymer casting solution. After filtering by a stainless-steel 124 

mesh (7 μm) and degassed by ultrasonication for 10 min, the casting solution was carefully 125 

poured into a glass petri dish. The petri dish was covered by an aluminum foil with reserved 126 

pinholes to allow slow evaporation of the solvent at ambient temperature for 24 hours. 127 

Thereafter, the solidified Pebax® dense membrane was carefully peeled off, followed by 128 

vacuum drying at 80 ℃ for 24 hours. 129 

2.4 Spray coating of thin-film composite membranes 130 

Pebax®1657 pellets were firstly dissolved in EtOH/Water (v/v=7/3) mixed solvent at 70 ℃ 131 

under stirring to prepare a polymer solution at a concentration of 5 mg/mL. Before spraying, 132 

the polymer solution was diluted to a certain concentration as needed, followed by 133 

ultrasonication for 10 minutes to remove air bubbles. The spray coating was carried out by a 134 

handheld air brush (Holder HD-130) with a 0.2 mm spray nozzle. The compressed air  is 135 

supplied by a mini air compressor (HS-AS08S) with an air flow of 10.5 L/min and a operation 136 

presssure range of 2-14.7 psi . As shown in Scheme 1, the PSF substrate was cut into a 4×4 cm 137 

piece and fixed onto a tilted (45°) Teflon plate with masking tapes. The distance between spray 138 

nozzle and PSF substrate was kept at 10 cm. The spray was manually performed at a pressure 139 

of 14.7 psi and a liquid flux of 0.25 mL/min. To ensure a uniform coating, the spray was carried 140 

out in a continuous left-to-right-to-left motion, inching slowly across the entire length of the 141 

substrate. Meanwhile, the tilted substrate was clockwise roated 90 ° along the x-y plane at 142 

intervals to ensure the spray uniformity in every direction of the substrate. After spraying, the 143 

membrane was dried in air for 12 hours and then dried in vacuum oven for another 24 hours at 144 

80 ℃ before tests. The as-prepared membranes were denoted as SC-PEBAab, where the 145 

numeric a represents the concentration of Pebax® solution, b represents the spray volume. For 146 

example, SC-PEBA10.5 means that the membrane was fabricated by spraying 0.5 mL of 147 

1mg/mL Pebax® solution on a 16 cm2 PSF substrate. 148 
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For some Pebax® TFC membranes, a further PDMS spray coating was carried out after 149 

sufficient drying of the Pebax® layer. For this spray, 0.1 wt.% PDMS solution was prepared 150 

by dissolving certain amount of Sylgard® 184 part A and part B mixture (10/1 by mass) in n-151 

hexane. The prepared PDMS solution was pre-crosslinked at 60 ℃ for 3 hours before spray. 152 

The spray process followed the above-mentioned procedure for Pebax® spray-coating. Spray 153 

volume was fixed at 1 mL for each membrane. The obtained membranes were denoted as SC-154 

PEBAab-PDMS, which were further dried at 60 ℃ for 24 hours to ensure the total crosslinking 155 

of the PDMS.  156 

 157 

Scheme 1. Schematic of spray coating of Pebax® on PSF substrate via air brush. 158 

2.5 Characterization 159 

The chemical structures of PSF substrate and the as-prepared thin films were characterized 160 

by attenuated total reflection infrared (ATR-IR) spectra using a Shimazu IRPrestige-21 161 

spectrometer. Membrane surface and cross-sectional morphologies were observed through a 162 

scanning electron microscope (JEOL JSM-7200F). Water contact angle of different surfaces 163 

were measure by a goniometer (Dataphysics OCA 15). 164 

2.6 Gas permeation tests 165 

Mixed gas (CO2/N2) separation performance tests of the as-prepared membranes were 166 
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conducted on a lab-scale Wicke−Kallenbach permeation setup (GTR-11A, Japan) (Fig. S1). 167 

The effective test area of the permeation cell is 1.766 cm2. Generally, CO2/N2 (20/80) mixed 168 

gas was fed to the membrane surface, while pure Helium (He) was used as a sweep gas at the 169 

permeate side to carry the permeate gas to a gas chromatography (Shimadzu GC-2014) with 170 

thermal conductivity detector (TCD) for composition analysis. The flow rates were set by two 171 

mass flow controllers on the feed and permeate sides. The flow rate of feed gas (200 ml/min) 172 

was set higher than the permeate/sweep gas (50 mL/min) and the gas permeation rate to prevent 173 

back permeation and concentration polarization [60, 61]. The total flux of the permeate gas was 174 

measured by a bubble flow meter. All tests were carried at 25 ℃. Feed gas pressure was 175 

adjusted from 1–10 bar. 176 

3. Results and Discussion  177 

3.1 Membrane morphology analysis 178 

The surface of PSF UF substrate used in this work is highly porous with uniformly 179 

distributed ~20 nm-width pores (Fig. S2a). The surface porosity as calculated from the SEM 180 

images is ~26.4%. The cross-section reveals a dominant sponge-like structure of the PSF 181 

substrate with a thickness of 50 μm (Fig. S2b).  182 

The top surface SEM images of Pebax® spray coated TFC membranes are depicted in Fig. 183 

1. After Pebax® coating, the surface pores of the PSF substrates are almost blocked. At low 184 

spray volume and low Pebax® concentration, the membrane surface may not be sufficiently 185 

covered since pinholes and defects remain visible on SC-PEBA10.25 (Fig. 1a). Unlike dip 186 

coating or doctor-blade casting, spray coating is a more dynamic process, during which fast 187 

evaporation of the solvent is occurring while the membrane surface undergoes continuous 188 

spraying. This results in rough and undulating surfaces for all sprayed membranes.  189 
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 190 

Fig.1. Surface SEM images of sprayed membranes at different spray volumes and Pebax® 191 

concentrations. (a) SC-PEBA10.25 (pinholes are highlighted by red arrows), (b) SC-PEBA10.5, 192 

(c) SC-PEBA11.0, (d) SC-PEBA20.25, (e) SC-PEBA20.5, (f) SC-PEBA21.0, (g) SC-PEBA40.25, 193 

(h) SC-PEBA40.5, (i) SC-PEBA41.0.  194 

Fig. 2 shows the cross-sectional SEM images of the sprayed membranes. Since no gutter 195 

layer was used between the sprayed Pebax® layer and PSF substrate in this work, the intrusion 196 

of Pebax® solution into the pores of PSF substrate is inevitable. As a result, the top layer cannot 197 

be clearly distinguished from the PSF substrate at low Pebax® concentration of 1 mg/mL due 198 

to spray solution intrusion. In association with the surface SEM image (Fig. 1a), it indicates 199 

that the TFC membrane sprayed with low concentration solution might be defective. At higher 200 

Pebax® concentrations of 2 mg/mL and 4 mg/mL, a dense top layer of different thickness can 201 

be observed. Meanwhile, comparing the two membranes sprayed by the same net amount of 202 

Pebax®, for example SC-PEBA21.0 and SC-PEBA40.5 both containing 2 mg Pebax®, the top 203 

layer thickness of SC-PEBA40.5 (418 nm) is significantly higher than that of SC-PEBA21.0 (231 204 

nm), which indicates that higher Pebax® concentration facilitates a reduction in solution 205 

intrusion due to the higher viscosity. The apparent top layer thicknesses of TFC membranes 206 
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sprayed with 2 mg/mL and 4 mg/mL Pebax® solution, as summarized in Fig. 3, are measured 207 

from SEM images for relative comparison. Notably, the apparent thickness is not the actual 208 

value because of the uncertainty associated with the intrusion depth of the Pebax® solution. 209 

Besides, the manual spraying operation does not guarantee uniformity of the coating layer. 210 

Consequently, the apparent top layer thickness of the TFC membrane increases with the 211 

concentration and spray volume of the Pebax® solution, albeit the relations are not strictly 212 

linear. 213 

 214 

Fig.2. Cross-sectional SEM images of sprayed membranes at different spray volumes and 215 

Pebax® concentrations. (a) SC-PEBA10.25, (b) SC-PEBA10.5, (c) SC-PEBA11.0, (d) SC-216 

PEBA20.25, (e) SC-PEBA20.5, (f) SC-PEBA21.0, (g) SC-PEBA40.25, (h) SC-PEBA40.5, (i) SC-217 

PEBA41.0.   218 
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 219 

Fig. 3. Apparent thicknesses of sprayed membranes measured from SEM images.  220 

 221 

3.2 Configurations of the sprayed TFC membranes. 222 

The chemical composition of the bare PSF substrate and sprayed membranes were 223 

investigated by ATR-FTIR (Fig. 4a). For the bare PSF substrate, a sharp band at 1241 cm-1 is 224 

caused by the stretching vibration of Ph-O-Ph, while the bands located at 1485 cm-1 and 1578 225 

cm-1 are attributed to the stretching vibration of benzene rings [62]. Additionally, the S=O 226 

symmetric stretching is observed at 1150 cm-1 [63]. The spectra of spray-coated membrane 227 

show several differences as compared to the bare PSF. Accordingly, after Pebax® coating, the 228 

new characteristic bands at 1102 cm-1, 1635 cm-1, 1730 cm-1, and 3300 cm-1 indicate the 229 

presence of C-O-C, HN-C=O, O-C=O, and -N-H- functional groups [27, 64], respectively, 230 

confirming the successful coating of Pebax®1657. With further PDMS coating, the vibration 231 

bands of Si-O-Si (1100-1000 cm-1), Si-CH3 (1255 cm-1), and -CH3 (2963 cm-1) are observed 232 

correspondingly[65].The successful spray-coating of Pebax® and PDMS were also verified by 233 

the changes in water contact angles (Fig. 4b). With Pebax® coating, the water contact angle 234 

decreased from 92.5±2.4° of bare PSF to 45.0±1.6° due to the intrinsic hydrophilicity of PEO-235 

based Pebax® 1657. Followed by PDMS coating, the water contact angle drastically increased 236 

to 115.1±2.5° because of the hydrophobic nature of PDMS. 237 
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 238 

Fig.4. (a) ATR-FTIR spectra of bare PSF and Pebax spray-coated membrane. (b) Water 239 

contact angle of PSF substates and spray coated TFC membranes (the inserts represent the 240 

water contact angle snapshots of different surfaces). 241 

3.3 Gas permeation properties of Pebax® dense membrane and PSF substrate. 242 

The CO2/N2 mixed gas separation performance at 25 ℃ and 1 bar feed pressure of bare 243 

PSF substrate and dense Pebax® membrane was first investigated. As a porous substrate layer, 244 

the PSF UF membrane is expected to be extremely permeable and non-selective towards gases 245 

so as to ensure negligible mass transfer resistance. As evidenced by our performance data, the 246 

PSF substrate indeed exhibits ultrahigh CO2 and N2 permeance as well as an extremely low 247 

CO2/N2 selectivity (Table 1), showing a typical Knudsen diffusion gas transport behavior [66]. 248 

On the other hand, the CO2 and N2 permeability as well as CO2/N2 selectivity of Pebax® 1657 249 

dense membrane in this work well-correspond to reported data in the literatures[27, 67, 68]. 250 

Table 1. Summary of CO2/N2 separation performance of PSF substrate and Pebax® 1657 dense 251 
membranes in this work and reported literatures. 252 

Membrane type Thickness 

(μm) 

Permeability (barrer) Selectivity Ref.  

  
CO2 N2 CO2/N2   

PSF substrate 50 61078 51681 0.85 
This 

work 

 

 

Pebax®1657 

dense 

membrane 

40 88.1±0.5 1.56±0.1 56.9±3.9 
This 

work 

 

60 78.4 1.7 46.2 [27]  

- 82 1.5 54 [67]  

64 92 2.2 42 [68]  
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3.4 Effect of spray volume and Pebax® concentration on membrane CO2/N2 separation 253 

performance. 254 

Next, the CO2/N2 mixed gas separation performance of all Pebax® sprayed membranes 255 

were studied at 25 ℃ and 1 bar feed pressure. According to Fig. 5, a “trade-off” between gas 256 

permeance and selectivity is observed and found to be strongly dependent on the spray volume 257 

and Pebax® solution concentration. Specifically, the permeances of both CO2 and N2 258 

dramatically decrease with increasing spray volume, while the CO2/N2 selectivity improves 259 

significantly. Meanwhile, under the same spray volume, gas permeance increases while 260 

selectivity decreases with incremental concentration of Pebax® solution. 261 

Pebax® concentration and spray volume are closely relate to the membrane apparent 262 

thickness as well as the separation performance of the obtained TFC membranes. Generally, 263 

thinner top layer suggests higher permeance but less selective (more defective) and vice versa. 264 

TFC membrane (SC-PEBA10.25) sprayed by 0.25 mL of 1 mg/mL Pebax® solution has an 265 

ultrathin top layer that cannot fully cover the porous substrate, resulting in non-selectivity 266 

(CO2/N2≈0.93) but high CO2 (2033 GPU) and N2 (2237 GPU) permeance. Increasing the spray 267 

volume to 0.5 mL and 1.0 mL, the CO2 permeance of SC-PEBA10.5 and SC-PEBA11.0 markedly 268 

decreases to 334 GPU and 236 GPU, while the CO2/N2 selectivity jumps to 3.3 and 43.8, 269 

respectively. Likewise, increasing the concentration of Pebax® solution has similar effects. As 270 

shown in Fig. S3, at the same spray volume, the CO2 permeance decreased while the CO2/N2 271 

selectivity increased with an incremental increase in the Pebax® concentration.  272 

Unlike conventional dip coating or doctor-blade casting, the fast and turbulent evaporation 273 

of solvent during spray coating could result in entrained air that increases the risk of defect 274 

formation. In this case, a sufficient thickness of the selective layer is necessary to reduce defects 275 

and deliver a decent CO2/N2 selectivity. According to Fig. 3 and Fig. 5, the CO2/N2 selectivity 276 

of sprayed TFC membranes reached over 40 when a dense selective layer (≥100 nm) was 277 

observed (except for SC-PEBA11.0). Specifically, SC-PEBA11.0, SC-PEBA20.25, SC-PEBA20.5, 278 
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SC-PEBA21.0, SC-PEBA40.25, SC-PEBA40.5, and SC-PEBA41.0 all exhibited sufficient CO2/N2 279 

selectivity (≥40). In other words, when the net amount of sprayed Pebax® is over 1 mg, a dense 280 

and defect-free selective layer can be applied on a 16 cm2 substrate to ensure a high CO2/N2 281 

selectivity. Further increasing the spray volume or Pebax concentration will increase the 282 

membrane selectivity slowly, while compromising the permeance as shown in Figs. 5b and 5c.  283 

For example, the CO2/N2 of SC-PEBA40.5 and SC-PEBA41.0 reached 52 and 55 with a selective 284 

layer thickness of 418 nm and 554 nm, respectively. Such CO2/N2 selectivity is almost similar 285 

to that of Pebax® dense membrane (see Table 1), suggesting that the selective layers are totally 286 

defect-free. However, the CO2 permeance of SC-PEBA40.5 and SC-PEBA41.0 are only 119.5 287 

GPU and 63.2 GPU, respectively. The high CO2/N2 selectivity obtained by sacrificing CO2 288 

permeance is not desirable. The low selectivity is most probably caused by defects in the 289 

selective layer, which means both high CO2 permeance and high CO2/N2 selectivity might be 290 

achievable with thinner (≤100 nm) selective layer if defects can be properly patched.  291 

 292 

Fig.5. CO2/N2 mixed gas permeation performance of Pebax® sprayed membranes with 293 

different Pebax® concentration. (a) 1 mg/mL, (b) 2 mg/mL, (c) 4 mg/mL. 294 
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3.5 Effect of Post-synthesis PDMS sealing on the CO2/N2 separation performance of the 295 

sprayed membranes. 296 

To further improve the performance of our spray coated Pebax® TFC membranes, we 297 

applied an additional PDMS coating on the as-prepared Pebax® TFC membranes, particularly 298 

for those with high permeance but low selectivity, aiming at patching the defects and recovering 299 

the CO2/N2 selectivity.  300 

CO2/N2 permeation data of the membranes before and after PDMS spray are summarized 301 

in Table 2. Unsurprisingly, the CO2/N2 selectivity of PDMS coated membranes is remarkably 302 

improved, especially for those with very low pristine CO2/N2 selectivity before.  For example, 303 

the CO2/N2 selectivity of SC-PEBA10.5 and SC-PEBA20.5 increased from 3.3 and 2.4 to 50.8 304 

and 43.4 after PDMS coating, respectively. For those with decent pristine CO2/N2 selectivity, 305 

the PDMS coating can further improve the selectivity to more than 50, approaching the intrinsic 306 

CO2/N2 selectivity of Pebax® 1657. However, the increase in CO2/N2 selectivity still comes at 307 

the cost of compromising the CO2 permeance. Membranes with higher pristine CO2 permeance 308 

suffer more serious permeance loss after PDMS coating. The CO2 permeance of SC-PEBA10.25 309 

decreases by 41.9% from 380.4 GPU to 220.8 GPU while the CO2/N2 selectivity greatly 310 

increases by 1708%. By comparison, SC-PEBA20.5 only loses 8.4% of its pristine CO2 311 

permeance (decreases from 201.7 to 184.7) to achieve an improvement of 24.1% on its CO2/N2 312 

selectivity (increases from 41.0 to 50.9).   313 

Table 2. Comparisons of the membrane gas permeance and CO2/N2 selectivity before and after 314 
spray coating of PDMS protective layer.  315 

Sample Permeance (GPU) Mixed gas selectivity 
 

CO2 N2 CO2/N2 

SC-PEBA10.25 2033±181 2237±262 0.91±0.03 

SC-PEBA20.25 380.4±50.7 161.7±22.4 2.4±0.7 

SC-PEBA40.25 127.7±8.6 2.84±0.1 44.9±1.6 

SC-PEBA10.5 334.2±35.6 101.5±11.4 3.3±0.03 
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SC-PEBA20.5 201.7±7.1 5.5±0.3 41.0±3.1 

SC-PEBA40.5 119.5±13.8 2.3±0.3 51.5±1.7 

SC-PEBA10.25-PDMS 1354±450 117.3±41.1 7.8±0.2 

SC-PEBA20.25-PDMS 220.8±36.2 5.1±0.4 43.4±4.1 

SC-PEBA40.25-PDMS 110.3±14.5 2.16±0.4 51.2±1.7 

SC-PEBA10.5-PDMS 259.1±6.3 5.1±0.2 50.8±0.7 

SC-PEBA20.5-PDMS 184.7±4.6 3.6±0.04 50.9±1.3 

SC-PEBA40.5-PDMS 95.5±3.0 1.8±0.09 53.9±1.4 

 316 

The benefits brought by additional PDMS coating are not limited to selectivity recovery. 317 

We further investigated the CO2/N2 mixed gas separation performance under incremental feed 318 

pressure with results as shown in Fig. 6. Both CO2 permeance and CO2/N2 selectivity for each 319 

membrane gradually decreases with increasing feed pressure, while N2 permeance shows only 320 

a slight increase (Fig. 6a). We believe that the opposite trend demonstrated by the change in 321 

CO2 and N2 permeance is a result of CO2 plasticization effect and competitive gas adsorption 322 

effect counteracting one another, which is in good agreement to the literatures [69, 70]. In 323 

general, enhancing the feed pressure will significantly increase the solubility of CO2 in 324 

polymers, especially for those CO2-philic PEO-based polymers [71-74]. Large amount of CO2 325 

condensation will in turn plasticize the polymer, leading to expanded free volume and increased 326 

chain mobility. Normally, plasticization effect is more noticeable for thinner membranes and at 327 

lower applied pressures, which result in enhanced CO2 permeability under pure gas test 328 

condition [74-76]. However, when using mixed gas comprising 80% inert N2 and 20% CO2 as 329 

test feed, the transport of N2 can also be facilitated by plasticization effect since the larger gas 330 

molecules can also leverage the enhanced free volume and chain mobility to increase its 331 

diffusion [77]. Hence, CO2 plasticization is counterbalanced by the competitive adsorption of 332 

N2 molecules, which effect is stronger at higher feed pressure [70]. Consequently, CO2 333 

permeance decreases while N2 permeance is enhanced with increasing feed pressure. For PDMS 334 
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coated membranes, the drop in CO2 permeance and CO2/N2 selectivity as well as the increase 335 

in N2 permeance during higher feed pressure are observably suppressed (Fig. 6b). In other 336 

words, PDMS coating can strengthen CO2 plasticization resistance of the sprayed Pebax® TFC 337 

membranes, which is conductive to maintain the membrane performance under high pressure 338 

conditions. 339 

 340 

Fig. 6. Membrane CO2/N2 mixed gas separation performance under different feed pressure, 341 

(a) CO2 and N2 permeance, (b) CO2/N2 selectivity. 342 

3.6. Scaled-up demonstration of the direct-sprayed Pebax® TFC membrane 343 

The Pebax® TFC membrane was further fabricated on an A4-sized PSF substrate (Fig. 7) 344 

to demonstrate the scaled-up potential of the direct spray-coating strategy. The A4-sized 345 

membrane was fabricated by manually spraying 40 mL Pebax® solution (1 mg/mL) on the PSF 346 

substrate at a speed of 5 mL/min. After drying and the deposition of a PDMS protective layer, 347 

the CO2/N2 separation performance was evaluated by testing 10 randomly selected samples cut 348 

from the as-prepared A4-sized membrane on a laboratory-scale permeation cell. As 349 

summarized in Table 3, the A4-sized membrane exhibits an average CO2 permeance of 188.5 350 

GPU and an average CO2/N2 selectivity of 42.4, which are acceptable though slightly lower 351 

than the performance of coupon-sized membranes evaluated in Section 3.5. The relatively lower 352 

performance is ascribed to the nonuniformity spraying under manual operation and increased 353 

defects occurrence rate with a large-area spray, which can be addressed by machine spraying 354 

in future study. Overall, the successful fabrication of the A4-sized membrane demonstrates the 355 
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excellent reproducibility and great scaled-up potential of our direct spray-coating method. 356 

 357 

Fig. 7. Photograph of the Pebax®1657 spray-coated A4-sized membrane. 358 

Table 3. CO2/N2 mixed gas permeation results, average data, and standard deviations of the 359 
A4-sized TFC membrane 360 

 Sample No. Permeance (GPU) Mixed gas selectivity 

 
 

N2 CO2 CO2/N2 

 
1 3.4 151.2 44.3 

 
2 3.6 155.5 43.5 

 
3 8.0 221.6 40.2 

 
4 5.9 261.3 44.4 

 
5 4.2 179.7 42.9 

 
6 4.0 177.3 43.8 

 
7 4.3 198.6 45.8 

 
8 4.8 196.3 45.8 

 
9 4.5 168.6 37.7 

 
10 4.9 175.2 35.6 

Average  4.8 188.5 42.4 

Standard 

deviation  1.3 31.3 3.3 

 361 
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3.7. Long-term stability and the performance comparison with reported TFC membranes  362 

The long-term CO2/N2 mixed gas permeation test was carried at 25 ℃ and 1 bar under a 363 

continuous transmembrane gas flow to investigate the performance stability of the sprayed 364 

membrane. The as-prepared SC-PEBA10.5-PDMS exhibited a relatively stable long-term 365 

performance for 100-hour consecutive test running at 1bar and 25 ℃ (Fig. 8), during which the 366 

CO2 permeance and CO2/N2 selectivity slightly fluctuated around 220 GPU and 45, respectively. 367 

 368 

Fig. 8. CO2/N2 mixed gas permeation long-term stability test results including CO2 369 

permeance, N2 permeance, and CO2/N2 selectivity of SC-PEBA10.5-PDMS at 1 bar and 25 ℃. 370 

The direct sprayed Pebax® membranes in this work show comparable CO2/N2 separation 371 

performance with the reported Pebax®-based TFC membranes as shown in Fig.9 and Table 372 

S1.  Clearly, the CO2 permeance of our direct sprayed TFC membrane is much higher than 373 

those PEO-based TFC membranes without gutter layers but has little advantages to TFC 374 

membranes with gutter layers. Although the CO2 permeance of this work is moderate, the direct 375 

spray coating method has its own advantages, including low cost, facile fabrication (without 376 

gutter layer), and easy scale-up, over other state-of-the-art membranes such as facilitated 377 

transport and nanocomposite membranes. Our A4-sized membrane demonstration has also 378 

provided evidence-based scalability potential, rendering our direct sprayed membranes 379 

attractive and relevant for industrial CO2 capture applications.  380 
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 381 

Fig. 9. The CO2/N2 separation performance of direct sprayed Pebax® membranes in this work 382 

in comparison with reported TFC membranes and commercial dense membrane (Solid 383 

symbols represent the TFC membranes with gutter layers, open symbols represent the TFC 384 

membranes without gutter layers). The target area is proposed by Merkel et al.[78]. The 385 

CO2/N2 separation performance of other reported membranes are extracted from 386 

literatures[46, 47, 64, 78-91]. 387 

 388 

4. Conclusion and perspective 389 

  A facile direct spray-coating method was successfully developed in this work to fabricate 390 

Pebax® 1657 TFC membrane for CO2 capture. The removal of the need for a gutter layer and 391 

the use of a commercially available polymer significantly simplify the membrane fabrication 392 

protocol, which could potentially help save costs. The separation performance of the direct 393 

sprayed TFC membranes is well-correlated to the concentration of the Pebax solution and the 394 

spray volume, given that CO2 permeance decreased while CO2/N2 selectivity increased with 395 

increasing Pebax concentration and spray volume.  By adjusting the separation parameters, 396 

TFC membranes with CO2 permeance in the range of 63.2 GPU to 235.6 GPU and CO2/N2 397 

selectivity of over 40 could be obtained. By applying an extra PDMS sealing coating, the 398 

optimized membrane, SC-PEBA10.5-PDMS, can reach a CO2 permeance of 259.1 GPU and a 399 

CO2/N2 selectivity of 50.8. Additionally, the membrane fabrication can be easily scaled-up to 400 

A4-size using laboratory-scale equipment. We believe that the large-scale replication of the 401 
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sprayed membrane is within reach if we transit to machine spray coating in the future study.”  402 

However, due to the relatively lower CO2 permeance, the direct spray coating method may 403 

not as attractive as other conventional methods at the current stage. Before the practical 404 

implementation of the spray coating method, several problems, including the low use ratio of 405 

spray solution, the spray uniformity, and the extent of intrusion of the spray solution, need to 406 

be further addressed. So far, a gutter layer seems unavoidable for achieving high permeance 407 

TFC membranes. Hence, as a future work, gutter layer can also be introduced by spray coating 408 

to further elevate the performance of spray coated TFC membranes. Overall, the spray coating 409 

method has shown great promise to be a versatile platform for designing state-of-the-art thin-410 

film composite membranes by enabling high-performance materials (polymers/additives) to be 411 

easily processable as the selective layer at a membrane area potentially close to the industrial-412 

scale. 413 
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