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Abstract:  27 

CO2 capture and storage (CCS) is taken as an immediate solution to mitigate the 28 

impactof increasing atmospheric CO2 on global climate change, and CO2 separation 29 

using high-performance membranes is considered a green and energy-efficient 30 

technology in CCS. In this study, we developed a novel non-solvent induced 31 

microstructure re-arrangement method to improve CO2 separation properties of block 32 
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copolymer-based membranes, e.g., Pebax 2533. Experiments demonstrate that 33 

microstructure re-arrangement in deionized (DI) water significantly enhances gas 34 

separation performances of Pebax 2533 and reveal that the CO2/N2 selectivity of the 35 

treated membranes remains stable with the CO2 permeability increased by three folds 36 

to 782.3 Barrers. These findings suggest that microstructure re-arrangement can be a 37 

practical method to improve CO2 separation performance of block copolymer-based 38 

membrane materials, enabling a broad application in developing gas separation 39 

membranes. 40 

 41 

Highlights: 42 

* Non-solvent induced microstructure re-arrangement of block copolymers is studied; 43 

* Microstructure re-arranged Pebax 2533 membranes show greatly improved CO2 44 

separation performance; 45 

* Simple treatment of Pebax 2533 membrane by DI water enables an increase of CO2 46 

permeability by three folds; 47 

* The effects of re-arrangement conditions were studied to optimize the membrane 48 

microstructure.   49 

* The rearranged membrane demonstrated good long-term stability after 300 days 50 

storage 51 

. 52 

 53 

Graphic abstract: 54 
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1. Introduction 57 

It is well-known that carbon dioxide (CO2) emissions are the main cause of global 58 

climate anomalies [1]. Therefore, to alleviate the global climate change caused by 59 

excessive CO2 emissions, the development of advanced CO2 capture technology has 60 

become the focus of scientists [2, 3]. CO2 capture and storage (CCS) is widely accepted 61 

as an effective, immediate solution to mitigate CO2 emission while keeping the usage 62 

of fossil fuels [4]. Among the various CO2 capture technologies (e.g., absorption, 63 

adsorption, membrane separation, and chemical looping), membrane separation is 64 

considered an emerging technology with enormous potential to improve its process 65 

efficiencies [5], with the advantages of small footprint, energy saving, and linear scaling 66 

up [6]. Up to now, numerous types of membrane materials have been developed for 67 

CO2 capture, including polymeric membranes [7], mixed matrix membranes(MMMs) 68 

[8], and inorganic membranes (e.g., carbon molecule sieve (CMS) membranes [9], 69 

metal organic framework (MOF) membranes [10] and 2D materials based membranes 70 

[11]). The polymeric membrane is currently the most intensively studied and used CO2 71 

separation membrane materials due to its excellent processability, relatively low price, 72 

and moderate CO2 separation performances [12]. However, most polymeric membranes 73 

suffer from the permeability-selectivity trade-off and the CO2 separation performances 74 

below the famous Robeson upper bound [13]. There is an urgent need to develop 75 

membrane materials with high CO2 separation performance and good long-term 76 

stability to further enhance the competitiveness of membrane-based CO2 separation 77 

processes.  78 

Block copolymer is a special type of polymer consisting of a series of alternating 79 

flexible and crystalline hard segments that integrate the excellent properties of different 80 

segments [14]. In the case of block copolymer based membranes, the soft chain segment 81 

is the permeable phase of gas, while the hard chains provide mechanical stability to the 82 

material [15]. The combination of the two chain segments can effectively balance the 83 
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gas separation performance and mechanical properties and has a wide range of 84 

applications in the field of gas separation and water separation [16, 17]. On the other 85 

hand, due to the incompatibility of each chain segment, the block copolymer will 86 

undergo microphase separation during membrane preparation, forming different 87 

microscopic configurations, which, in turn, produce different transport characteristics 88 

[18].  89 

In our previous work, attempts have been made to add ionic liquid (IL) 1-butyl-3-90 

methylimidazolium tetrafluoroborate ([Bmim][BF4]) into the sulfonated pentablock 91 

copolymer Nexar (commercialized as Nexar®) to prepare a series of hybrid membranes 92 

for CO2/N2 separation [19]. Small-angle X-ray scattering (SAXS) results clearly show 93 

that the microstructure of the hybrid membranes has changed with the presence of IL, 94 

and the CO2 separation performances thus changed accordingly. In another study, ILs 95 

and polyethylene glycols (PEGs) were added into Nafion® as additives to make hybrid 96 

membranes [20], where the ILs and PEGs not only worked as plasticizers of the 97 

polymeric chains but also tuned the microstructure of the Nafion® matrix, with 98 

significant changes of the morphology (observed by transmission electron microscope 99 

(TEM) and SAXS). In addition, the CO2 permeation performances were enhanced for 100 

over 2 orders of magnitudes. 101 

On the other hand, as typical block copolymers, poly (ethylene oxide) (PEO)-based 102 

membranes have been widely used in CO2 separations [21, 22]. Among these polymers, 103 

Pebax is a representative commercial polyether-polyamide block copolymer 104 

thermoplastic elastomer, with flexible PEO segment and rigid polyamide (PA) blocks 105 

[23]. Due to its good mechanical properties, processing possibilities, and moderate CO2 106 

separation performances, Pebax has been intensively studied for different CO2 107 

separation applications. Researchers found that using different solvents to prepare 108 

Pebax membranes will lead to significantly different CO2 separation performances [24, 109 

25], but the detailed characterization and in-depth analysis of the microstructure are 110 

missing. In addition, reports about employing proper solvents-non solvents 111 
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combination to optimize the microstructure and improve the membranes separation 112 

performances were intensively studied for liquid separation [26-28], but it can be rarely 113 

seen in gas separation applications.  114 

Therefore, in this paper, we propose a facile environmentally friendly method to realize 115 

the microstructure re-arrangement of Pebax 2533 membranes. By using a proper 116 

combination of solvents and non-solvents, the microstructure of the block copolymer-117 

based membranes can be fine-tuned, and random microstructure is re-constructed to be 118 

more organized, which promotes the formation of high-speed CO2 transmission 119 

channels and thus improves the membranes' CO2 separation efficiency. The effects of 120 

different microstructure re-arrangement conditions, e.g., non-solvent type, soaking 121 

duration, and temperature, on the morphology and separation performance of Pebax 122 

membranes were systematically investigated. The gas permeation properties of the 123 

obtained membranes were also tested under different conditions.  124 

2. Experimental  125 

2.1 Materials 126 

Commercial Pebax 2533 and Pebax 1657 were ordered from Arkema (France). 127 

Alcohol-based Nafion D520 solution was obtained from Ion Power (Munich, Germany). 128 

Reagent-grade ethanol was purchased from Jinshan Chemical Test Co., Ltd. (Chengdu, 129 

China) and used without further purification. DI water was prepared using a laboratory 130 

water purification system (TE-S20). The CO2 and N2 gases used in the experiment were 131 

purchased from Chengdu Xuyuan Chemical Co., Ltd (Chengdu, China), and were used 132 

directly upon receipt. The purity of the single-component gas was 99.999%.  133 
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  134 

Scheme. 1. Molecular structure of Pebax 2533 (A), Pebax 1657 (B), and Nafion D520 (C). 135 

2.2 Membrane fabrication 136 

The membranes were prepared by solution casting, as shown in Scheme 2. A certain 137 

amount of Pebax 2533 polymer was weighed into a single-mouth flask, and ethanol was 138 

added to obtain an 8 wt.% polymer membrane solution by reflux stirring at 80 °C for 8 139 

h. The solution was then poured into a Teflon petri dish, and the solvent was volatilized 140 

for 24 h at room temperature (RT). The membrane was then removed from the casting 141 

petri dish and placed in a vacuum oven, where it was dried at 50 °C for 24 h to remove 142 

residual solvents and adsorbed impurity gas on the membrane.  143 

An appropriate amount of Pebax 1657 was added to 70/30 w/w% ethanol/water solution 144 

and stirred at 80 oC for 30 min to ensure the Pebax was completely dissolved, and 1.5 145 

wt.% Pebax solution was obtained. The solution was then poured into a Teflon petri 146 

dish, and the solvent was volatilized for 24 h at RT. The membrane was then removed 147 

from the casting petri dish and placed in a vacuum oven, where it was dried at 50 °C 148 

for 24 h to remove residual solvents and adsorbed impurity gas on the membrane. 149 

Nafion dispersion was stirred magnetically in a round-bottomed flask for at least 30 150 

minutes. It is then poured into a glass petri dish. To keep the membranes uniform and 151 

uncracked, it needs to be heated at 80 oC for 100-120 minutes, while another petri dish 152 

is covered with the first one to reduce the evaporation rate of the solvent. After the 153 

solution was evaporated, the resulting membrane was dried at 60 oC under vacuum for 154 

6 hours before it was used for subsequent tests. 155 

For non-solvent induced microstructure re-arrangement, the membranes were 156 

(A) (B)

(C)
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immersed in corresponding non-solvent for 24 h and then dried under vacuum at 35 oC 157 

for 24 h before being used for subsequent analysis. The membrane thicknesses were 158 

measured using a Digimatic micrometer (SanLiang, China), and the average of at least 159 

10 measurements over the entire permeating area was recorded. 160 

  161 

Scheme. 2. Microstructure re-arrangement membranes fabrication. 162 

2.3 Membrane characterization 163 

Thermogravimetric analysis (TGA) was characterized using a synchronous thermal 164 

analyzer (NETZSCH, STA 449, Germany) with a temperature range of 30-800 oC and 165 

a heating rate of 10 oC min-1. To prevent premature degradation, high purity N2 gas 166 

(99.999%) was used as scanning and protective gas at a flow rate of 60 mL min-1. The 167 

differential scanning calorimeter (DSC) (NETZSCH, 204 F1, Germany) was utilized to 168 

determine the basic thermal properties and analyze the glass transition temperature (Tg) 169 

of different microstructure re-arrangement membranes. The testing procedure consisted 170 

of three steps: first, the membrane was brought up to 150 oC in a high purity N2 171 

atmosphere (99.999%) to remove moisture and other impurities, then the sample was 172 

cooled to -150 oC and then again raised to 150 oC at a heating/cooling rate of 10 oC min-173 

1. The second heating ramp was used to analyze the glass transition temperature of the 174 

membrane. Fourier-transform infrared (FTIR) spectroscopy (PerkinElmer, Frontier, 175 

USA) was used to qualitatively analyze the chemical bonds of the membranes, with a 176 

wavelength range of 4000-650 cm-1. TEM (FEI, Tecnai G2 F20, USA) was used to 177 

examine the morphology of the membrane. Membrane samples were stained with a 178 

saturated lead acetate aqueous solution and then embedded in epoxy resin for slicing. 179 

Non-solvent

Polymer solution Membrane casting Microstructure re-arrangement

SolventBlock copolymer

Vacuum oven
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The chemical composition of the membranes was analyzed by X-ray photoelectron 180 

spectroscopy (XPS) (KRATOS, XSAM 800, UK). The nanostructures of Pebax 181 

membranes were also characterized by SAXS (Nanostar U SAXS, Bruker, Germany). 182 

The sample was exposed to a 14 keV beam (wavelength, λ=0.154 nm), and the distance 183 

between the sample and detector was 2 m with a spot size of 0.5 x 0.5 mm. Azimuth 184 

integration of the obtained two-dimensional scattering diagram provided a one-185 

dimensional intensity distribution of the scattering vector q= (4π/λ) sinθ, where λ is the 186 

X-ray wavelength and θ is the half angle of scattering. The microstructure of the 187 

samples was detected using the X-ray diffractometer (XRD) (Rigaku Ultima IV) with 188 

Cu target wide-angle diffraction. The scanning range was 5~75 o, the scanning rate was 189 

10 o min-1, and the step size was 0.02 o.  190 

The liquid water uptake test was performed at RT and atmospheric pressure. The 191 

samples were immersed in DI water for 24 hours. The liquid water uptake was 192 

calculated as follows 193 

𝛺𝐻2𝑂 =
𝑊∞−𝑊𝐷

𝑊𝐷
× 100                     (1) 194 

where W∞ and WD represent the weight of dry and water-saturated membranes, 195 

respectively. According to the average value of the two samples, the experimental error 196 

is less than 5%. 197 

Single gas permeability was tested by constant-volume variable-pressure method [29].  198 

The gas permeability (P) is calculated based on equation (2): 199 

𝑃 =
𝑉𝑑

𝑅𝑇𝐴
×

𝑙

(𝑝𝑢−𝑝𝑑)
× [(

dp

dt
)
t→∞

− (
dp

dt
)
leak

]            (2) 200 

where Vd is the permeation volume, R is the universal gas constant, T is the test 201 

temperature, A refers to the effective permeation area, l is the thickness of the 202 

membrane, and pu-pd is the pressure difference across the membrane, (
dp

dt
)
t→∞

is the 203 

pressure gradient on the downstream side at a steady state, while (
dp

dt
)
leak

 is the leakage 204 

rate of the permeation rig.  205 

The corresponding gas ideal selectivity (α) is expressed by the ratio of permeability of 206 
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different gas components: 207 

𝛼𝑖𝑗 =
𝑃𝑖

𝑃𝑗
                       (3) 208 

where Pi and Pj correspond to the permeability of two different gaseous species i and j. 209 

and the gas permeability unit used here is the Barrer. 1 Barrer=10-10(cm3(STP) cm/(cm2 210 

s cmHg). For each membrane, the final result is reported as the average of the three 211 

measurements.  212 

3. Results and discussion  213 

3.1 Miscibility and compatibility study 214 

To determine the optimal solvent and non-solvent for Pebax 2533, we used the Hansen 215 

solubility parameter (HSP) to screen common solvents [30]. The HSP method utilizes 216 

the difference in solubility parameters between the material and the solvent to 217 

determine the solubility of the solvent to the material, and it is often used for the 218 

preliminary screening of polymer solvents. Hansen extended the solubility theory to 219 

three dimensions, and HSPs are composed of dispersion force (δD), polarity force (δP), 220 

and hydrogen bonding force (δH).  221 

To calculate whether a polymer is compatible with the solvent, we can determine the 222 

solubility parameter difference between the polymer and the solvent using Equation 4: 223 

𝛥𝛿 = √（𝛿𝐷,𝑖 − 𝛿𝐷,𝑝）
2
+（𝛿𝑃,𝑖 − 𝛿𝑃,𝑝）

2
+（𝛿𝐻,𝑖 − 𝛿𝐻,𝑝）

2
              (4) 224 

In the formula: 225 

Δδ—Solubility parameter difference, MPa0.5; 226 

δD—Dispersion action solubility parameter, MPa0.5; 227 

δP—The solubility parameter of polar action, MPa0.5; 228 

δH—Hydrogen bonding solubility parameter, MPa0.5; 229 

Subscripts i and p denote solvent and polymer, respectively. 230 

The three-dimensional solubility parameters of materials can be simulated by Hspip 231 
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software [31]. HSP solubility parameters of Pebax 2533 and commonly used solvents 232 

for Pebax 2533 are shown in Table 1.  233 

Table. 1. Solubility Parameters of solvents/non-solvents for Pebax 2533 234 

 Solubility parameter (MPa0.5) 

Material δD
 a δP

 a δH
 a δt 

b Δδ 

Pebax 2533 17.6 c 7.6 c 6.8 c 20.3 — 

Pebax 1657 18.8 5.4 11.2 22.5 — 

Ethanol/water mixture 15.7 11.0 26.3 32.5 — 

Ethanol 15.8 8.8 19.4 26.5 12.8 

Water 15.5 16 42.3 47.8 36.5 

Dimethyl sulfoxide 18.4 16.4 10.2 26.7 9.5 

Methanol 15.1 12.3 22.3 29.6 16.4 

N, N-Dimethylformamide 17.4 13.7 11.3 24.9 7.6 

Tetrahydrofuran 16.8 5.7 8.0 19.4 2.4 

N-Methylpyrrolidone 18.0 12.3 7.2 23.0 4.7 

Acetic acid 14.5 8.0 13.5 21.4 7.4 

Acetaldehyde 14.7 12.5 7.9 20.9 5.8 

Acetone 15.5 10.4 7.0 19.9 3.5 

Cyclohexane 16.8 0 0.2 16.8 10.1 

a as calculated by HSPiP software. 235 

b δt, total cohesion (solubility) parameter: δt
2=δD

2+δP
2+δH

2. 236 

c The solubility parameters of Pebax 2533 were calculated from the group constants of 237 

the polymer structural units [32] 238 

 239 
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 240 

Figure. 1. Plot of solubility parameter for various solvents/non-solvents of Pebax 2533  241 

According to the definition of HSPs, a solvent with Δδ less than 10 is considered a 242 

suitable solvent for a polymer compared to a polymer [24, 33]. Figure 1 plots the 243 

solubility parameters of each solvent in Table 1, with the sphere representing the HSPs 244 

sphere of Pebax 2533 with a radius of 10. The solvent capable of dissolving Pebax 2533 245 

could be located within the sphere area, such as N, N-Dimethylformamide(DMF), 246 

Tetrahydrofuran (THF), and N-Methylpyrrolidone (NMP), which have been applied as 247 

the solvent for Pebax 2533 to prepare membranes for gas separation [34, 35]. 248 

Surprisingly, even though ethanol/water are not considered a ‘good’ solvent as 249 

indicated in the HSPs systems, they have been widely used as solvents for Pebax to 250 

prepare gas separation membranes [36-38] due to their low toxicity and good 251 

environmental friendly. A large number of literature have shown that membrane 252 

materials prepared with ethanol and ethanol/water as solvents have higher separation 253 

performance [39-41], possibly due to unexpected micro-structures. Furthermore,  the 254 

solubility parameter method can also help us to quickly determine the non-solvent that 255 

can be used for microstructure re-arrangement. In the current study, ethanol/water was 256 

Water
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Ethanol

DMF

DMSO

Acetic acid

Acetaldehyde
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used as solvents for Pebax 1657, while the mixture of alcohols was used as solvents for 257 

the Nafion. 258 

3.2 Effect of non-solvents 259 

To investigate the effect of non-solvent induced microstructure re-arrangement, 260 

methanol, dimethyl sulfoxide (DMSO), and water was employed as non-solvent, and 261 

the gas permeability of the re-arranged membranes was tested and presented in Figure 262 

2. Compared to the neat Pebax 2533 membrane, treating the membrane with non-263 

solvent at RT for 24 hours leads to rather different gas separation performances: the 264 

CO2 permeability was greatly improved with only a slight reduction in CO2/N2 265 

selectivity (Figure 2B). In addition, among these 3 non-solvents, the water-treated 266 

membrane resulted in the highest CO2 permeability (782.3 Barrer), which is 3 times the 267 

value of the neat membrane (258.5 Barrer), while the CO2/N2 selectivity was only 268 

slightly reduced from 27.9 to 25.9. Therefore, water was employed as the non-solvent 269 

to induce potential micro-phase separation in Pebax 1657 and Nafion D520 membranes. 270 

The water-induced micro-phase separation resulted in quite different results for Pebax 271 

1657 and Nafion D520 (As shown in Figure 2C and Figure 2D). It is found that water 272 

has significantly enhanced CO2 permeability for Pebax 2533 membrane, while it is 273 

more effective in promoting CO2/N2 selectivity for the Nafion D520 membrane. On the 274 

other hand, for Pebax 1657, the water-induced micro-phase separation only leads to 275 

slightly improved CO2 permeability and CO2/N2 selectivity. In addition, data for Pebax 276 

2533 and Pebax 1657 were obtained using single-gas permeation tests under dry 277 

conditions, while data for Nafion D520 were obtained using mixed-gas tests at 100% 278 

RH.  279 
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 280 

Figure. 2. Effect of non-solvent induced micro-phase separation on gas permeation. CO2 permeability 281 

(A) and CO2/N2 selectivity (B) of Pebax 2533 membranes with different non-solvents; CO2 282 

permeability (C) and CO2/N2 selectivity (D) of Pebax 2533, Pebax 1657, and Nafion D520. Gas 283 

permeation was tested with a feed pressure of 2 bar at 25 oC. 284 

3.3 Effect of microstructure re-arrange time 285 

The Pebax 2533 was further studied by changing the water treatment duration length. 286 

The obtained membranes were thoroughly characterized using various technics, and the 287 

results are presented in Figure 3. 288 

(A) (B)

(C) (D)
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  289 

Figure. 3. Chemical-physical characterization of Pebax 2533 before and after water induced micro-290 

phase separation. TEM image of neat Pebax 2533 and Pebax 2533 soaked in water for 24 hours (A); 291 

SAXS (B) and XRD results (C) of Pebax 2533 treated with water for different duration time; XPS 292 

spectra of neat Pebax 2533 and Pebax 2533 soaked in water for 24 hours (D) (a: complete survey 293 

spectrum, b, c: C 1s spectrum). 294 

The mechanism of gas transport within Pebax 2533 is largely determined by the micro-295 

structures before and after re-arrangement. In this study, TEM was used to acquire real-296 

space images of the Pebax 2533 membranes before and after re-arrangement in DI water. 297 

Prior to observation, selective staining was performed with saturated lead acetate, so 298 

that the PEO region appears electron-opaque (dark), the results of this analysis are 299 

presented for comparison in Figure 3A. As previously expected in TEM studies of 300 

Pebax 2533 [42], the nanostructure is generally irregular, apparently composed of co-301 

continuous hydrophilic (PEO, dark) and hydrophobic (PA, light) features. In contrast, 302 

after the microstructure re-arrangement in DI water, Pebax 2533 membrane swelled to 303 

form a nanoscale hydrophilic region, resulting in a more homogeneous and connected 304 

structure of the hydrophilic network in the membrane, which may lead to rather 305 

different CO2 transport properties. it may also be the result of non-solvent water-306 

induced enhancement of molecular mobility, which contributes to improved spatial 307 
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separation of highly incompatible hydrophilic and hydrophobic regions. 308 

 The rate of CO2 transport in Pebax 2533 membranes depends on the size, shape, and 309 

connectivity of the hydrophilic region. TEM provides valuable spatial information 310 

about these morphological features, while SAXS provides a more sensitive way to 311 

distinguish the morphology of the membranes prepared in this study. Figure 3B 312 

displays the SAXS profiles collected from membranes derived from Pebax 2533 before 313 

and after re-arrangement (consistent with TEM images provided in Figure 3A). The 314 

profile for Pebax 2533 displays a weak peak near the q = 0.4 nm-1, which corresponds 315 

to a characteristic spacing (d) of ~15.7 nm according to Bragg's law (d = 2/q*, where 316 

q* represents the scattering vector of interest). This characteristic interval is attributed 317 

to the hydrophilic region, consistent with the results of Wilkes et al. [43]. After the 318 

introduction of DI water, with the extension of water treatment time, the peak 319 

broadened significantly and shifted to a lower q, so the corresponding spacing increases 320 

slightly to 17.0 nm, which may contribute positively to the gas permeability. 321 

In prior studies [44, 45], TEM combined with SAXS was also used to analyze the 322 

microstructures of polymers before and after re-arrangement. For sulfonated block 323 

copolymer (Nexar), the introduction of ionic liquids (non-solvent) resulted in profound 324 

morphological restructuring, changing from sheet to layered structure. Further 325 

introduction of water vapor leads to swelling of the nanostructures, and this 326 

microstructure transformation significantly improved CO2 permeability . For Nafion, 327 

another random polymer, the introduction of ionic liquids and water vapor also caused 328 

nanostructures change and consequently improvement in CO2 separation 329 

performances . XRD is another powerful tool widely used to characterize the Pebax 330 

2533 membranes [36, 47]. In our study, a strong crystallization peak at 20.4° was found 331 

for the neat Pebax 2533 membranes and the membrane after water treatment, which is 332 

attributed to the crystalline region of PA and is consistent with previous reports in the 333 

literature [48] (Figure 3C). As expected, soaking the membrane in DI water reduced 334 

the peak intensity in the crystalline region of the Pebax 2533 matrix. Thus, crystallinity 335 
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decreased with increasing water treatment duration time. This phenomenon is mainly 336 

due to the breaking of hydrogen bonds between the PA segments of Pebax 2533, leading 337 

to a decrease in the binding energy within the microstructure re-arrangement membrane 338 

[49]. As a lower membrane crystallinity degree normally leads to higher CO2 339 

permeability, it is expected that the water-treated Pebax membranes will result in high 340 

gas permeability. 341 

To further explicate the elemental compositions of the original and rearrangement 342 

membranes, XPS analysis was performed and the results are shown in Figure 3D (a). 343 

As can be seen in Figure 3D a, both membranes presented three peaks at 533.2 (O 1s), 344 

400.6 (N 1s), and 286.2 eV (C 1s), the position of the spectral peak remains unchanged 345 

after rearrangement. It can be concluded that the rearrangement by water at 25 oC does 346 

not affect the chemical structure of the Pebax membranes. Figure. 3D (b) and (c) show 347 

the C 1s XPS spectra of the original and rearranged membranes. The typical peaks of 348 

C-C/C-H (284.5 eV), C-C(=O)-O (285.4 eV), -C-N- (286.0 eV), and -C-O- (286.5 eV) 349 

were observed for both membranes. It is noted that the content of each bond is almost 350 

unchanged after re-arrangement, suggesting the re-arrangement is mainly a physical 351 

procedure. 352 
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 353 

Figure. 4. Thermal stability (A), DSC (B), water uptake (C), and FTIR spectrum (D) of Pebax 2533 354 

membranes treated with water for different duration times. 355 

Other than the morphology of the membranes, their thermal properties were also 356 

thoroughly investigated. As expected, the water treatment is mainly a physical 357 

procedure that does not lead to any chemical change in the membrane materials. Thus, 358 

the thermal stability of the Pebax 2533 before and after water treatment was almost the 359 

same (Figure 4A); increasing water soaking time leads to no change in the thermal 360 

stability of Pebax 2533 membranes. In addition, the thermal decomposition temperature 361 

of all membrane materials is above 350 °C, indicating that they can meet the separation 362 

requirements under high-temperature conditions [50]. 363 

On the other hand, DSC test was also carried out for the Pebax 2533 membranes. The 364 

second heating cycle results were analyzed to eliminate surface and internal moisture 365 

and impurities. It is well-known that Pebax 2533 is a partially crystalline block 366 

copolymer consisting of an amorphous PEO phase and a crystalline PA phase [51]. 367 

Prior to was induced microstructure re-arrangement, Pebax 2533 exhibited two melting 368 
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point peaks (Tm) at 11.36 oC (PEO segment) and 100.76 oC (PA segment), respectively, 369 

indicating the presence of phase separation in the Pebax 2533 membrane, which is 370 

consistent with literature reports [52]. As shown in Figure 4B, the Tg of Pebax 2533 371 

prior to microstructure re-arrangement was -76.35 oC. After the water treatment, the Tg 372 

of the membrane was reduced to -78.65 oC (shown in Table 2), at the same time, Tm 373 

was also found to decrease slightly, denoting a lower crystallinity degree, these results 374 

are in good agreement with the XRD results. The reduced crystallinity degree will result 375 

in increased chain segment mobility, and is favorable for gas permeability of Pebax 376 

2533 membranes. 377 

Table. 2. Tg and Tm1 of PEO segments and Tm2 of PA of Pebax 2533 membrane before and after 378 

microstructure re-arrangement 379 

Membrane Tg (oC) Tm1 PEO (oC) Tm2 PA (oC) 

Pebax 2533 -76.35 11.36 100.76 

Pebax 2533-3 h-25 oC -78.65 10.56 100.56 

Pebax 2533-24 h-25 oC -78.45 10.46 100.86 

Pebax 2533-72 h-25 oC -78.26 10.06 100.56 

The chemical structure of the Pebax 2533 membranes was characterized using FTIR 380 

(Figure 4D). The detailed peak assignments of Pebax 2533 are also listed in Table 3, 381 

which is consistent with data previously reported in the literature [53-55]. From the 382 

FTIR results, there was no new peak or peak shift in the Pebax 2533 membrane before 383 

and after water treatment, indicating no chemical interaction between the non-solvent 384 

water used in this study and Pebax 2533. 385 

Table. 3. FTIR peak assignments of Pebax 2533 386 

Wavenumber (cm-1) Peak assignment Ref 

1106 stretching of -C-O-C- [53] 

1538 bending of N-H in PA [53] 

1638 stretching of -C=O in H-N-C=O  [54] 

1734 stretching of -C=O in PA  [55] 

2853 bending of -C-H  [55] 
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2923 bending of -C-H [55] 

3305 stretching of N-H in PA [53] 

Water uptake can also be an interesting parameter for Pebax 2533 membranes, as the 387 

presence of water vapor may have a significant impact on the CO2 separation properties 388 

of Pebax membranes [56]. In the current study, it is found that Pebax 2533 membranes 389 

exhibited a slightly higher water uptake after the water treatment (from ~1.1% to ~1.4%, 390 

as shown in Figure 4C), but the overall water uptake remains in the low region. 391 

The CO2/N2 separation performances of the Pebax 2533 treated with water for different 392 

duration time were also investigated, and results are presented in Figure 5. As indicated 393 

in the figure, the Pebax 2533 treated with water will always lead to a higher CO2 394 

permeability. As the water treatment duration time increased to 24 hours, a CO2 395 

permeability of 782.3 Barrer was documented, which is 3 times higher than the neat 396 

Pebax 2533 membrane (258.5 Barrer). In addition, the water-treated membrane 397 

presents a CO2/N2 selectivity (25.9) comparable to the neat Pebax 2533 membranes 398 

(27.9). The underlying reason for this phenomenon can be that water treatment has 399 

resulted in an apparent loosening of chain segments previously partially ‘locked’ by 400 

dipole-dipole interactions, leading to the microstructure change and reduced 401 

crystallinity degree, and consequently a higher CO2 permeability but little change in 402 

CO2/N2 selectivity. Further increasing the water treatment time gains only slight 403 

improvement in CO2 permeability; thus, 24 hours was selected as the water treatment 404 

duration in the further study. 405 
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 406 

Figure. 5. Gas separation performance of Pebax 2533 membranes with different water treatment 407 

duration time, gas permeation test carried out with a feed pressure of 2 bar at 25 oC. 408 

3.4 Effect of microstructure re-arrangement temperature 409 

It is well-known that membrane casting temperature also plays an important role in the 410 

membrane morphology and consequent gas separation properties [57, 58]. Therefore, 411 

in the current study, the water bath temperature was also changed to investigate its 412 

effect on the membrane's chemical-physical properties.  413 

The Pebax membrane was treated with water at different temperatures (5 oC, 25 oC, 45 414 

oC, 65 oC, and 85 oC) for 24 hours, and the results are presented in Figure 6.  415 

 416 
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 417 

Figure. 6. Chemical-physical characterization of Pebax 2533 before and after water-induced micro-418 

phase separation. SAXS (A), XRD (B), water uptake (C), TGA (D), DSC (E), and FTIR (F) results of 419 

Pebax 2533 treated with water at different temperatures for 24 hours.  420 

The SXAS data for the Pebax 2533 membrane obtained with different re-arrangement 421 

temperatures are similar to the results obtained from different duration times (Figure 422 

6A). As the water treatment temperature increases, the wide first-order interference 423 

peak is observed at around q=0.4 nm-1, and it becomes more obverse as the water 424 

treatment temperature increases. In addition to the changes associated with peak-425 

recognition ion clusters during treatment, another feature of Figure 6A is that the shape 426 

of the Pebax 2533 pre-peak scattering profile is quite different from that of the re-427 

arrangement membranes. Although the exact physical significance of these scattered 428 

shapes is not fully known at present, it might be related to the differences in the spatial 429 

depiction of TEM images discussed in Figure 3A. 430 

On the other hand, treating the Pebax 2533 membrane with high temperature also led 431 

to a lower crystallinity degree, as indicated by the XRD results shown in Figure 6B. In 432 

terms of the water uptake, the membrane treated with water at different temperatures 433 

presented similar trends compared to the different duration results, with only one 434 

exception (5 oC, shown in Figure 6C). 435 

Considering the thermal properties, the membrane treated at different temperature 436 
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conditions also exhibited superior thermal stability precisely the same as the neat Pebax 437 

2533 (Figure 6D), while water treatment led to lower Tg, Tm, and consequently lower 438 

crystallinity (Figure 6E), as confirmed by the XRD results. FTIR results also indicated 439 

that there is no chemical reaction between water and Pebax 2533 (Figure 6F), as there 440 

are no new peaks, and peak position shifting was observed.  441 

The above characterization indicates that the chemical composition and thermal 442 

stability of the Pebax 2533 membrane remained consistent before and after the 443 

microstructure re-arrangement. The CO2 separation performances of the Pebax 2533 444 

membrane treated at different temperatures were tested and presented in Figure 7. It is 445 

clearly shown that the effect of re-arrangement temperature is minimal compared to the 446 

duration time, as almost all the re-arranged membranes exhibited a CO2 permeability 447 

close to 800 Barrer and CO2/N2 selectivity of ~25, regardless of the rearrangement 448 

temperature. Considering the energy cost and process convenience, the optimal 449 

rearrangement temperature is set as 25 oC. 450 

 451 

Figure 7. CO2/N2 separation performance of Pebax 2533 membranes with different water treatment 452 

temperatures, gas permeation test carried out with a feed pressure of 2 bar at 25 oC. Pebax 2533 453 

membrane was treated with water for 24 hours 454 
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3.5 Gas permeation test conditions and long-term stability 455 

Other than the membrane preparation parameters (e.g., water treatment temperature and 456 

soaking duration), it is well-accepted that operation parameters (e.g., testing 457 

temperature and feed pressure) also have an important influence on the membrane gas 458 

separation performances [59, 60]. Therefore, the effects of feed pressure and 459 

temperature were also explored. Figure 8A and Figure 8B show the CO2 separation 460 

performance of water-treated Pebax 2533 with a feed pressure of 2, 4, and 6 bar. As 461 

can be seen from the figure, with the pressure increasing from 2 bar to 6 bar, the CO2 462 

permeability of the membrane material showed a slowly rising trend, as reported in the 463 

literature [61-63], while the CO2/N2 selectivity remained stable, indicating the water-464 

treated  Pebax 2533 exhibited similar CO2 separation behavior compared to the neat 465 

Pebax 2533 membrane. 466 

467 

Figure. 8. Effect of feed pressure on Pebax 2533 membrane CO2 permeability (A) and selectivity 468 

(B); effect of feed temperature on Pebax 2533 membrane CO2 permeability and selectivity (C). 469 

Long-term stability of Pebax 2533 membrane tested at a feed pressure of 2 bar at 25 oC (D). The 470 

(A) (B)

(C) (D)
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Pebax membranes were treated in water at 25 oC for 24 hours. 471 

In addition, the effect of test temperature was also investigated in the range of 25 oC to 472 

45 oC. Generally, the increasing testing temperature will result in improved diffusivity 473 

and reduced solubility, but the permeability (the product of diffusivity and solubility) 474 

will typically increase.  475 

For Pebax 2533 membrane was treated in water at 25 oC for 24 hours, the relationship 476 

between temperature and CO2 gas permeability is shown in Figure 8C. As the operating 477 

temperature increases from 25 oC to 45 oC, the CO2 permeability of the membrane 478 

material gradually increases from 782.3 Barrer to 1010.2 Barrer. It is well-accepted that 479 

for a given polymer, the effect of temperature on gas permeability (P) in a temperature 480 

range where there is no obvious thermal conversion can be described by the Arrhenius 481 

equation [64]:  482 

𝑃 = 𝑃0. 𝑒𝑥𝑝⁡(−
𝐸𝑝

𝑅𝑇
)            (4) 483 

Among them, Ep and P0 are called activation energy and pre-exponential factor, 484 

respectively, which are two very important parameters in chemical kinetics. R is the 485 

molar gas constant; T is the thermodynamic temperature. In the current study, the Ep 486 

values of CO2 and N2 were 10.2 and 12.6, respectively, with a correlation coefficient 487 

(R2) always greater than 0.99 488 

Similar to many CO2-selective membrane materials, increasing testing temperature 489 

results in higher CO2 permeability but with lower CO2/N2 selectivity [65]. In the current 490 

study, increasing the testing temperature from 25 oC to 45 oC resulted in a negligible 491 

reduction of CO2/N2 selectivity, which is from 25.9 to 24.3, denoting its superior CO2 492 

separation performances. 493 

Good long-term stability of membrane material is of critical importance in practical 494 

applications. Therefore, the duration stability of the water-treated Pebax 2533 495 

membranes were also tested for 7 days with a feed pressure of 2 bar at 25 oC. As shown 496 

in Figure 8D, the CO2 permeability and CO2/N2 selectivity of the membrane isquite 497 

stable during the 7 days continuous measurement process. In addition, the rearranged 498 
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membranes were stored in ambient conditions for about 10 months and it is found the 499 

membrane exhibited almost unchanged CO2 separation performances, reflecting the 500 

excellent long-term stability of the re-arranged membranes, which shows great 501 

application potential in practical CO2 separation applications. 502 

3.6 Comparison of gas permeation results 503 

The gas separation performances of the microstructure re-arrangement membranes 504 

prepared in this study were compared with literature values, as shown in Table 6 and 505 

Figure 9. Notably, for Pebax 2533 membranes, after microstructure re-arrangement in 506 

DI water, the CO2 permeability increased three-fold compared to the original membrane, 507 

while the CO2/N2 selectivity remained unchanged. In contrast, the microstructure re-508 

arrangement of Nafion membranes seems more effective in promoting CO2/N2 509 

permeability. The significantly improved performance in these membranes confirms 510 

that microstructure re-arrangement can be used as a technique to optimize CO2 511 

separation performance of block copolymer membranes, providing a new approach for 512 

the preparation of high-performance CO2 capture membranes. 513 

 514 

Figure. 9. Robeson plot for the CO2/N2 separation performance obtained from single-gas 515 

permeation tests of Pebax 2533 membranes before and after microstructure re-arrangement. 516 
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Circles are literature data from Table 4 517 

Table. 4. Separation performance of Pebax membranes 518 

Membrane 
PCO2 

(Barrer) 
αCO2/N2

(−) Ref. 

Pebax 2533+(20 wt.%) PEG 400 291.2 7.4 [55] (1) 

Pebax 2533+(40 wt.%) PEG 400 327.8 7.6 [55] (1) 

Pebax 2533+(0.02 wt.%) GO 371.4 24.0 [66] (2) 

Pebax 2533+(0.1 wt.%) GO 336.8 24.0 [66] (2) 

Pebax 2533+(20 wt.%)TPP 566.4 25.1 [67] (3) 

Pebax 2533+(21 wt.%)TBT 542.5 23.9 [67] (3) 

Pebax 2533+(22 wt.%)TCP 508.4 22.7 [67] (3) 

Pebax 2533+(20 wt.%) [TMGH][Im] 271.1 13.8 [68] (4) 

Pebax 2533+(15 wt.%) ZIF-8 508.4 22.7 [56] (5) 

Pebax 2533+(10 wt.%) PS 152.1 9.7 [69] (6) 

Pebax 2533+(10 wt.%) ZIF-Matrimid 160.3 16.9 [69] (6) 

Pebax 2533+(3.4 wt.%) ZIF-7 198 22.6 [70] (7) 

Pebax 2533+(3.4 wt.%) ZIF-7-NH2 206 27.3 [70] (7) 

Pebax 2533+(3.4 wt.%) ZIF-7-CH3OH 562.0 19.0 [70] (7) 

Pebax 2533+(0.5 wt.%) Apdems 183 25.3 [71] (8) 

Pebax 2533+(1.0 wt.%) Apdems 169 31 [71] (8) 

Pebax 2533+(2.0 wt.%) Apdems 160 41.3 [71] (8) 

Pebax 2533 258.5 27.9 This work (9) 

Pebax 2533-24 h-25 oC 782.3 30.8 This work (9) 

Pebax 1657 55.3 31.0 This work (9) 

Pebax 1657-24 h-25 oC 92.5 33.0 This work (9) 

Nafion D520 209.3 13.6 This work (10) 

Nafion D520-24 h-25 oC 472.0 60.6 This work (10) 

(1) Single-gas permeation test conducted at dry state, with a feed pressure of 4 bar and 25 °C. 519 

(2) Single-gas permeation test conducted at dry state, with a feed pressure of 1 bar and 35 °C. 520 

(3) Single-gas permeation test conducted at dry state, with a feed pressure of 5 bar and 35 °C. 521 

(4) Single-gas permeation test conducted at dry state, with a feed pressure of 4 bar and 25 °C. 522 

(5) Single-gas permeation test conducted at dry state, with a feed pressure of 6 bar and 25 °C. 523 

(6) Single-gas permeation test conducted at dry state, with a feed pressure of 1 bar and 35 °C. 524 

(7) Single-gas permeation test conducted at dry state, with a feed pressure of 4.5 bar and 25 °C. 525 
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(8) Single-gas permeation test conducted at dry state, with a feed pressure of 10 bar and ambient 526 

temperature. 527 

(9) Single-gas permeation test conducted at dry state, with a feed pressure of 2 bar and 25 °C. 528 

(10) Mixed-gas permeation test conducted at 100% RH, with a feed pressure of 2 bar and ambient 529 

temperature. 530 

4. Conclusions 531 

In the current work, a non-solvent induced microstructure re-arrangement process was 532 

applied to improve the CO2 separation performances of block copolymer-based 533 

membranes. Different non-solvents were employed to trigger the microstructure 534 

transition, among which the DI water performs the best in terms of CO2 separation 535 

performances. The obtained membranes were thoroughly characterized, confirming 536 

that the DI water treatment results in more tightly connected ionic microdomains and 537 

lower crystallinity degrees of the re-arranged membrane matrix, which are the 538 

underlying reasons for the improved CO2 separation performances. Experiments 539 

indicate that the DI water-induced microstructure arrangement is a physical process that 540 

does not influence the thermal stability and chemical stability of the Pebax 2533 541 

membranes. The gas permeation test results reveal that the CO2 permeability of the 542 

Pebax 2533 was greatly improved (from 258.5 Barrer to 782.3 Barrer), while the 543 

CO2/N2 selectivity is almost unchanged. Furthermore, the Pebax 2533 membranes also 544 

exhibited promising long-term stability after 300 days storage, denoting its great 545 

potential in CO2 separation applications.  546 

Future work can be carried out to explore the separation performance of the membranes 547 

under humid conditions. Developing thin-film-composite membranes using 548 

microstructure rearranged membranes can be another option worth trying. 549 
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