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A B S T R A C T

The present review aims to underline the inherent gas separation potential of pristine Pebax-1657, without any 
chemical modification, nor addition of filler material, by referring to a number of selected outstanding literature 
results. These results underscore the adequacy of pristine Pebax-1657 membranes in achieving excellent CO2 gas 
separation performances, within or close to the target area of commercial applicability in terms of tech
noeconomic competitiveness when compared to alternative CO2 separation/capture technologies. These 
achievements are facilitated by the utilization and combination of cutting-edge membrane preparation tech
niques. Additionally, the current review provides detailed information regarding material and gas separation 
properties based on experimental data, which are handpicked from literature and statistically presented to 
highlight significant differences in reported values. Basic empirical correlations emerging from these data are 
formulated, in order to provide a guideline for future membrane design, along with clarifications on important 
claims and points that are often encountered in relevant literature.

1. Introduction

Multiblock poly(ether-b-amide) (PEBA) copolymers are represented 
as a family of thermoplastic elastomers, known under the tradenames 
PEBAX® (Arkema) and VESTAMID® E (Evonik Industries), that have 
been proven to be among the most promising candidate materials for use 
in the gas separation layer of CO2-selective membranes. As presented in 
the study of Embaye et al. with Robeson plots comparing different PEBA 
grades [1], current research efforts have primarily focused on Pebax- 
1657 grade, i.e., characterized by a polyethyleneoxide-block-poly
amide6 (PEO-b-PA6) structure with PEO:PA6 weight ratio 60:40. This 
can be attributed to the additional benefit of its solubility in the low- 
cost, eco-friendly and non-hazardous, green, ethanol/water 70:30 wt% 
solvent mixture, a feature not commonly shared by almost all other 
grades (Table S1 in Supplementary). Recent research publications 
focusing on membranes of this grade are placing significant emphasis on 
either chemical modification, or mixed-matrix concepts, where co- 

polymerization [2], or blending with nanoparticles and/or chemical 
compounds [3–5], are explored in respect to the influence on the final 
membrane’s gas separation properties. The claims of selectivity and/or 
permeability enhancement are most commonly attributed to mecha
nisms linked to the chemical modification, or filler material, rather than 
solely observed under the scope of produced films’ quality examination, 
polymer chain arrangement and polymer’s inherent properties. In this 
regard, the current review attempts to shed light in the direction of 
giving emphasis on outstanding performances reported for the pristine, 
neat, polymer material.

In particular, most promising published attempts for preparing high 
performance PEBA membranes have been achieved so far by forming 
defect-free ultrathin (sub-micrometer [6]) separation layers on mem
brane supports, with or without a gutter layer, and specifically on flat 
sheet geometry supports. In the diagram of Fig. 1a, first published by 
Jiang et al. [7] in 2021, typical reported CO2/N2 gas separation per
formances of such polymeric Pebax and non-Pebax -based membranes 
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are compared, while in Fig. 1b a more expanded overview is given, yet 
with CO2 permeability instead of the more practically significant per
meance x-scale.

Notably, among top-performing membranes entering the target area 
of industrial application for CO2-capture from flue gas, Polaris™, 
developed by Membrane Technology and Research Inc. (MTR) USA, is a 
Pebax-based membrane with thin-film composite (TFC) structure 
(Fig. 2) [9,10] and spiral-wound geometry [11]. It is the only Pebax- 
based membrane that has been demonstrated on the pilot-scale so far 
(Polyactive™ is not Pebax-based, but a blend of PEG:PBT 77:23 wt%). 
According to Merkel et al. [12], a PEBA-based membrane with per
meance of 1000 GPU and CO2/N2 selectivity 50 (target area in Fig. 1a) 
can reach >90 % CO2 capture efficiency from flue gas of coal-fired plant 
with specific cost less than 30 $/ton CO2, as was set as target by US 
Department of Energy for the year 2030 [13]. Taking into consideration 
that, depending on CO2 source and capture technology, today’s typical 
CO2 capture cost ranges are 27–48 $/ton CO2 for concentrated CO2 
streams and 50–150 $/ton CO2 for diluted streams [14], a membrane 
system with a specific cost of 30 $/ton CO2 is highly competitive in 
respect with mature absorption and adsorbent -based technologies, be
sides its inherent advantages of much lower space requirement and 
easier maintenance, given its modularity. However, important recent 
advances regarding pristine Pebax-1657 membranes, falling within, or 

close to, the depicted target area of industrial applicability, are not 
present in the diagram of Fig. 1a and will be mentioned and discussed 
throughout our review in detail.

2. Pebax materials and microstructure

2.1. Pebax grades and microstructure

Pebax block-copolymer grades comprise the different polyether (PE) 
and polyamide (PA) building blocks depicted in Fig. 3 in various anal
ogies usually expressed as weight percentages, as shown in Table 1. In 
particular, the Pebax-1657 grade consists of Poly(ethylene oxide) (PEO) 
(Fig. 3 (a) with n = 35 repeating units) and poly(ε-caprolactam), 
commonly known as Nylon 6 or PA6 (Fig. 3 (c) with n = 9 repeating 
units), building blocks in weight ratio of 60:40, respectively. Its overall 
molecular structure is represented in Fig. 3 (e).

Depending on the preparation and operational conditions, polymeric 
membranes derived from the pristine polymer, usually are semi
crystalline materials consisting of both the amorphous and crystalline 
phases of each building block. A simplified schematic representation of 
the membrane’s microstructure is provided in Fig. 4. The stiff/rigid PA6 
building blocks appear as red rods, capable of existing in either an 
amorphous phase or self-arrange in parallel or folded configurations to 

Fig. 1. (a) CO2/N2 separation performance of Pebax -based and -related polymeric membranes. Reproduced and modified with permission from Jiang et al. [7]. (b) 
Typical CO2/N2 gas separation performance of known polymeric membrane categories. Reproduced with permission from Tong and Sekizkardes [8].
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form rigid/sturdy PA6 crystals. Meanwhile, the soft PEO blocks can also 
exist in both phase types with crystallization predominantly occurring 
through polymer chain folding. In the Pebax-1657 structure PA6 crystals 
possess a high melting temperature of Tm = 479 K (histogram of Fig. 10
(b)) and, unlike PEO crystals (Tm = 289 K from histogram of Fig. 10(a)), 
do not melt under the typical operating conditions of the membrane for 
CO2/N2 gas separation, as applied for post-combustion capture at the 
stack (1 bar pressure and temperature < 150 ◦C). As explained in 
following sections, these PEO and PA6 crystal melting temperatures 
inside the co-polymer do not coincide with those of the respective 
pristine polymers.

2.2. PEO and PA6 crystal structures and size

Structurally, crystals form from hydrogen bonding between polymer 
chain-segments of same lengths, as they are arranged in parallel. PA 
segments form H-bonds between hydrogen and oxygen of amide groups, 

whereas PE segments between ether‑oxygen and hydrogen of methylene 
or terminating hydroxyl groups. At temperatures below the crystalliza
tion temperature Tc, flexible, linear polymers, such as the Pebax-1657 
blocks PEO and PA6, commonly undergo chain folding, resulting in 
the formation of chain-folded sheets that stack together into chain- 
folded lamellae crystallites with thin-platelet geometry (Fig. 5). These 
lamellar crystals can further self-arrange in various multi-crystal struc
tures, depending mainly on crystallization rate. For instance, under 
rapid crystallization rate spherulites may form, characterized by radi
ating lamellae originating from a central point, whereas slow crystalli
zation rates can lead to the formation of parallel-stack lamellae 
structures [20]. In particular, PEO crystals exhibit a lamellar structure 
composed of parallel polymer chains, which can either be distinct 
chains, or segments of the same chain folded one or more times. As 
shown in Fig. 6, the monoclinic crystal’s elementary cell (EC) comprises 
four parallel chain segments that extend as four interconnected spirals. 
In this so-called 7/2 helical structure with a trans–gauche–trans 
conformation, two periods of the helix have seven EO (ethylene oxide) 
monomer units. Since the projection of each helix onto the monoclinic 
EC’s c-axis for these two periods has a length of 1.948 nm, the projection 
length of one EO monomeric unit onto the c-axis is, L1 = 1.948/7 =
0.2783 nm. Therefore, the total lamellar crystal thickness in the direc
tion of c-axis is given by: 

Lc =
NL1

1 + n
(1) 

Fig. 2. Thin film composite membrane structure of Polaris™. Reproduced with permission from Lin et al. [11].

Fig. 3. (a) Poly(ethylene oxide) (PEO), also named as polyethylene glycol 
(PEG), or polyoxyethylene (POE); (b) poly(tetramethylene oxide) (PTMO), also 
named as polytetrahydrofuran (PTHF), or poly(tetramethylene ether) glycol 
(PTMEG); (c) Nylon 6 (PA6), also named as poly(ε-caprolactam) and (d) Nylon 
12 (PA12) building blocks of different Pebax grades (Reproduced and modified 
with permission from Nematollahi et al. [15]); (e) Molecular structure of Pebax- 
1657. A: Amide repeating unit, EO: Ethylene oxide repeating unit, PA6: Poly
amide nylon 6, PEO: Polyethylene oxide. Terminal groups can be amino and 
carboxyl groups due to the presence of polyamide blocks and hydroxyl groups 
(polar groups) in PEO.

Table 1 
Pebax grades’ structural building blocks and analogies. Reproduced and modi
fied with permission from Embaye et al. [1].

Grade PE type PA type PE/PA (wt%)

1041 PTMO PA12 75:25
1074 PEO PA12 55:45
Renew®30R51† PEO PA11 81:19
2080* PTMO PA12 50:50
1657 PEO PA6 60:40
4011# PEO PA6 57:43
5513* PTMO PA6 60:40
2533 PTMO PA12 80:20
3533 PTMO PA12 70:30
4033 PTMO PA12 53:47
5533 PTMO PA12 38:62
6333 PTMO PA12 24:76
7033 PTMO PA12 25:75
7233 PTMO PA12 20:80

† from [16], * from [17], # from [18]
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Fig. 4. Schematic representation of Pebax-1657 microstructure, at a temperature below the Tm of PEO. Reproduced with permission from Didden et al. [19].

Fig. 5. (a) Schematic representation of chain-folded PEO lamellar crystallite’s lateral surface (EC stands for “elementary cell” of the crystal, EO for “ethylene oxide” 
repeating unit of the polymer) reproduced from Braun and Meyer [22]; (b) same crystal in 3D (γe or σe is specific free surface energy at the end surface of the lamellar 
crystal, γ or σ is specific free surface energy at the lateral surface of the lamellar crystal), reproduced and modified with permission from Bai et al. [23]. The 
corresponding crystal growth model with primary and second stage nucleation at the lateral surface of the primary crystal is described in Hoffman et al. [24].

Fig. 6. Schematic description of lamellar monoclinic PEO crystal’s elementary unit. (a) Top (A) and side (B) views reproduced and modified with permission from 
Kwon et al. [29]; (b) 3D view (unit cell inclination angle between α-axis and c-axis is β = 54.6◦) reproduced with modifications from Braun and Meyer [22].
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where N represents the polymerization index (or degree of polymeri
zation) and n indicates the number of polymer chain folds within the 
crystal. For fully extended chains n = 0 and the lamellar thickness cor
responds to the full length of the chain projected onto the c-axis [21]. 
Number of EC units per chain fold, and therefore also crystal thickness, 
has a statistical distribution in each crystal. For example, in Fig. 5(a) one 
crystal with thickness ranging from 4 ECs (Lc = 4 × 1.948 = 7.8 nm) to 6 
ECs (Lc = 6 × 1.948 = 11.7 nm) is shown.

However, the following crystal length restriction sets in: typically, 
Pebax-1657 used in membrane preparation has a PEO-block size of 
around 1500 g/mol (given by Arkema), which corresponds to approxi
mately 35 EO monomer units and a PA6-block size of around 1000 g/ 
mol, i.e., 9 PA monomer units [25]. Based on the 0.2783 nm c-axis 
projection length of one EO monomer unit in 7/2 helical lamella crystals 
with trans–gauche–trans chain conformation, the longest possible PEO 
crystals correspond to the case where the whole lengths of two fully 
extended 35 monomer-unit PEO chains are arranged in parallel forming 
a bundle with entire crystal length, Lc = 35 × (1.95/7) = 9.75 nm (Eq. 
1), corresponding to the length of 5 monoclinic EC units. Regarding 
lowest possible crystal length along the c-axis, obviously no monoclinic 
crystal can be shorter than the 1.95 nm of one monoclinic EC. Finally, 
XRD patterns of pure PEO crystals typically exhibit two characteristic 
peaks at 2θ = 19.3◦ and 23.6◦ (Cu target source with Kα radiation 
wavelength 0.154 nm), corresponding to reflections from the (120) and 
(010) planes, respectively [26–28].

Regarding PA6 crystals, according to literature [30–33], it also forms 
monoclinic crystals, but of two distinct main polymorph structures: of a 

metastable γ-phase exhibiting a twisted chain conformation, and/or of a 
thermodynamically stable α-phase displaying a planar zigzag chain 
conformation. The metastable γ-crystals can transform into α-crystals 
with a solid-crystal-crystal γ–α phase transition, initiated if temperature 
rises above 100 ◦C [34], while above 160 ◦C an α–α’ phase transition 
takes place resulting in the formation of pseudohexagonal phase α’ (Brill 
transition [35]). β-crystals can also form, but at usual cooling rates their 
formation is not favored. TTT diagrams can be found in the work of 
Seguela [36], showing that by increasing cooling rate polymorphs are 
favored in the order: α-, γ-, β-, amorphous. In particular, as shown in 
Fig. 7(a) & 7(b), both main crystal forms have inter-chain N–H⋯O––C 
hydrogen bonding between neighboring PA segments in one crystal axis 
direction (a-axis direction for α-PA6 & c-axis direction for γ-PA6) and 
van der Waals bonding in one other axis direction (c-axis direction for 
α-PA6 & a-axis direction for γ-PA6). As presented in Fig. 7(c), in the case 

Fig. 7. Polymorph structures of PA6 crystals: (a) Main stable α-form and (b) metastable γ-form; (c) inter-chain hydrogen bonding in α- and γ- forms; (d) corre
sponding XRD peaks; (e) TTT (Time-Temperature-Transformation) diagrams of PA6 for different cooling rates (1 to 4) and heating rates (5 to 7). (a) & (b) reproduced 
and modified with permission from Millot [47]; (c) reproduced and modified from Parodi et al. [46]; (d) reproduced and modified with permission from Correale and 
Murthy [48]; (e) reproduced with permission from Seguela [36].

Table 2 
Monoclinic elementary cell dimensions of a-PA6 crystal and XRD peak angles 
and d-spacings of its diffraction planes.

Miller indices d-spacing 2θ

h k l (nm) (degrees)

2 0 2 0.359 25
0 2 0 0.862 10.3
0 0 2 0.370 24
2 0 0 0.442 20
EC a (nm) b (nm) c (nm) β (degrees)
monoclinic 0.956 1.724 0.801 67.5
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of α-form the hydrogen bonds connect two chains, which are arranged in 
anti-parallel directions (N → C & C → N) along b-axis, while in the case 
of γ-form the two chains are in parallel directions (both N → C) along b- 
axis. Typical monoclinic unit cell dimensions and XRD peak positions 
with corresponding crystal planes are given in Table 2 for α-crystals [37] 
and in Table 3 for γ-crystals [38,39], while further crystal polymorphs 
and variations of unit cells are given by Miller [40] and by Li & Goddard 
[41]. In Tables 3 & 4 the d-spacings were calculated from Eq. 2 [42,43] 
based on crystal dimensions given by Holmes et al. [44]. 

1
d2 =

1
sin2β

(
h2

a2 +
k2⋅sin2β

b2 +
l2

c2 −
2hl⋅cosβ

ac

)

(2) 

Respective XRD spectra are illustrated in Fig. 7(d), based on Cu- 
target source with Kα radiation wavelength 0.154 nm. The γ-PA6 XRD 
peak at 21.7◦ might broaden due to the superposition with a reflection 
from the metastable β-phase if it is present [36,45]. Moreover, for the 
α-crystal polymorph an increase in index of crystalline perfection (ICP) 
corresponds to a decrease in the unit cell dimensions, i.e., mainly the 
spacing between the planes of hydrogen bonded chains. Finally, it 
should be noted that, in presence of humidity both α-PA6 and γ-PA6 
crystals absorb water molecules, thereby weakening inter-chain bonds 
inside the crystals, which results in a drop of glass transition tempera
ture Tg. According to Parodi et al. [46], in an environment of 80 % 
relative humidity at 23 ◦C the absorbed water fraction in the crystal is 
approx. 5 wt%. and the Tg drops to the level of 10 ◦C vs. 70 ◦C for dry 
conditions. This can have a significant impact on CO2 permeability of 
Pebax membranes, as discussed in section 3.2 “Humidity influence on 
gas separation performance of Pebax-1657”.

Regarding crystal length of PA6 in Pebax-1657, literature data are 
mainly based on DSC and rarely on XRD, because peak superposition 
reduces the accuracy of size derivation from Debye-Scherrer method. 
This becomes very clear in one particular case, the work of Ghadimi 
et al. [49], who used both methods on the same sample. In specific, they 
found a sharp XRD peak at 2θ = 30.44◦ for pristine Pebax-1657 films 
employing a Fe-target source with Kα radiation wavelength 0.194 nm. 
Converting this to the corresponding 2θ value for a Cu-target source with 
Kα radiation wavelength 0.154 nm, it yields 24.06◦ (derived from 
Bragg’s law), which is characteristic of PA6 crystal α-polymorph’s (002) 
plane reflection. Ghadimi et al. calculated an average crystal length of 
8.25 nm, applying the Debye-Scherrer method (FWHM = 1.31) for this 
peak of α-PA6 crystals. However, the 8.25 nm is almost half the value of 
the 15.5 nm obtained from calculations based on the Hoffman-Weeks 
Eq. 3 [50] (derived from Gibbs-Thomson Eq. 4, as described in the 
next section 2.2.1 “Crystal melting temperatures”), using experimental 
data from DSC diagrams, including Tm = 478 K and Tc = 422 K values, 
provided by the same authors, along with other equation parameters, 
namely Τb

m = 506 K and β = 1.5 from Tm vs. Tc slope (see Fig. 11). 

Tm =
Tc

2β
+ Τb

m

(

1 −
1
2β

)

(3) 

Tc is the crystallization temperature (a function of melt cooling rate), 
Lc the average lamella thickness at the crystal step (lateral surface of 

primary crystal) where secondary growth (thickening) occurs and β = Lc
L*

c 

is the crystal thickening factor [51], where L*
c (=

4γe
Δf , where Δf represents 

the free energy difference between the supercooled liquid phase and the 
bulk crystal phase) is the primary crystal’s thickness, i.e., the lamella 
thickness for which crystal growth in the other two crystal expansion 
directions a & b is favored the most and has the maximum rate and Τb

m is 
the melting temperature of the equilibrium bulk-crystal (of infinite size). 
The main assumptions for validity of equation (Eq. 3) are that no 
recrystallization and crystal rearrangement phenomena take place.

In the work of Ghadimi et al. the significantly lower crystal size value 
calculated from XRD is attributed to the fact that the (002) plane’s peak 
at 24◦ and the (202) plane’s peak at 25◦ merge into a single wide (002) 
+ (202) peak, as shown in the deconvoluted diagram of Fig. 7(d), 
resulting in a much higher FWHM value than what would be observed 
based on the single (002) peak. Note that the value of 15.5 nm from DSC 
corresponds to the c-axis direction (Fig. 7(a)), while polymer chains 
stretch in the b-axis direction, where the unfolded a-PA6 crystal can 
reach a maximum thickness of (9/2) × 1.724 = 7.76 nm, since one 
Pebax-1657 PA6-block contains 9 PA monomer units, as described in the 
beginning of this section.

2.2.1. Crystal melting temperatures
During crystal growth the total free energy drops, which implies that 

the crystal becomes more stable and its melting temperature Tm rises, 
tending toward the equilibrium bulk-crystal melting temperature Τb

m. Tm 
depends strongly on crystal size for most linear polymers and in the case 
of block co-polymers crystal size can be influenced by interaction be
tween different blocks. For example, as shown by Pfefferkorn et al., for 
PEO crystals in the diblock co-polymer PEO-b-PMA with 113 PEO EC 
units (max. Lc = 31.5 nm) [52], the reduction in PEO crystal size, in 
terms of lamellar crystal size Lc, can be effectively induced by increasing 
PMA content in the co-polymer. According to the authors, the more 
PMA, the less space for PEO lamella to fully extend, which results in 
crystal length reduction by shrinking through shorter chain-folding. The 
resultant shift in Tm toward lower temperatures was reported to be 
approximately 18 degrees when the PMA content increased from 0 to 
73.8 wt% and Lc of PEO crystals was calculated to be 5 nm for the 
diblock co-polymer with 73.8 wt% PMA. The basic theoretical correla
tion between polymer crystal melting temperature and crystal size is 
referred to as Gibbs-Thomson Eq. 4 and is given below [53,54]. 

Tm

/

Tb
m = 1 −

2(γSV)cV
LcΔh

(4) 

Tm is the melting temperature of the crystal in the sample, i.e., in 
contact with the amorphous phase, Tb

m the theoretical melting temper
ature of the bulk (infinitely thick) crystal, (γSV)c the specific Gibbs free 
energy of the crystal(solid)-vapor phase boundary, i.e., the surface en
ergy of the crystal (the actual crystal, not the bulk crystal), Lc the 
thickness (average) of the lamella crystal, V the molar volume of the 
crystal and Δh the specific enthalpy of fusion of the crystal.

In accordance with Eq. 4, a larger crystal has a higher melting tem
perature. Conversely, a higher bulk crystal surface energy γSV indicates 
that more energy is needed for crystal growth, or equivalently, that the 
crystal can melt more easily, which corresponds to a lower Tm. For 
example, in the work of Pfefferkorn et al. [52], surface energy γSV of PEO 
crystals inside the co-polymer was also found (calculated from Eq. 4 
with Tm measured from DSC and Lc from SAXS according to Strobl & 
Schneider [55]) to increase slightly with PMA content, from 0.0235 N/m 
up to a maximum value of 0.0322 N/m, thereby intensifying the drop in 
Tm according to Eq. 4.

In order to calculate crystal size from DSC-derived Tm values, all Eq. 
4 parameter values must be known. For the case of Pebax-1657, all these 
values are either directly known, or derived through calculations as 
described in the following. In particular, values of (γSV)a of the 

Table 3 
Monoclinic elementary cell dimensions of a γ-PA6 crystal and XRD peak angles 
and d-spacings of its diffraction planes.

Miller indices d-spacing 2θ

h k l (nm) (degrees)

0 0 1 0.410 21.5
2 0 2 0.239 38.5
0 0 2 0.205 45
2 0 1 0.411 21.6
2 0 0 0.400 22
EC a (nm) b (nm) c (nm) β (degrees)
monoclinic 0.933 1.688 0.478 59
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amorphous polymer surface for PEO and PA6 are given by Souheng Wu 
[56]. The values are 38 and 42 mN/m, respectively. Then, (γSV)c of the 
polymer crystallite surface can be calculated based on (γSV)a of the 
respective amorphous polymer with the following Eq. 5, suggested by 
Schonhorn [57]: 

(γSV)c =

(
ρc

ρa

)4

(γSV)a (5) 

ρa and ρc are the densities of the amorphous and crystalline phases of 
the polymer, with values 1.13 and 1.229 g/cm3 for PEO and 1.09 and 
1.232 g/cm3 for PA6, respectively, according to R.L. Miller [58]. 
Consequently, as emerges from Eq. 5, (γSV)c is 53.17 mN/m for PEO and 
68.55 mN/m for α-PA6 crystallites. Furthermore, literature values for 
heats of fusion Δh are 245.29 J/g for crystallites of PA-12 (MW 197.32 
g/mol), 229.76 J/g for PA-6 (MW 113.16 g/mol) [59], 173.34, or 
202.31 [60], or 196.6 [61], or 167–267 J/g (7.33–11.7 kJ/mol) [58] for 
PEO (MW 44.05 g/mol) and 171.9–199.67 J/g (12.4–14.4 kJ/mol) for 
PTMO (MW 72.12 g/mol). Melting temperatures of bulk crystals Tb

m are 
in the ranges 335–349 K for PEO and 308–333 K for PA6, depending on 
the polymer’s average molecular weight, expressed as Mv (viscometric) 
or Mn (average number) or Mw (average weight), according to numerous 
experimental data from literature that are provided in Figs. 9 & 10 and 
Tables S1 & S2 (Supplementary), respectively. Specifically, in the case of 
PEO bulk crystal the Tb

m dependence on molecular weight is strong, 
particularly for lower molecular weights, and the experimental litera
ture data of Fig. 8 and Table S2 have been fitted by the following 
empirical Eq. 6, with all parameters of the equation provided in Table 4. 
On the contrary, based on the significantly scarcer data of corresponding 
data for PA6, as depicted in the diagram of Fig. 9, there is no significant 
influence of molecular weight on Tb

m for neither of α- and γ- forms. As 
shown in the corresponding Table S3, α- & γ- PA6 bulk crystal melting 
points Tb

m for PA6 have relatively constant values (493–503 K and 
485–491 K, respectively) within an average number molecular weight 
Mv range of 6000–35,000 g/mol. Finally, measured literature Tm values 
of PEO and PA6 crystals inside Pebax-1657 are listed in Tables S3 and 
S4, respectively. These values are also presented as histograms in Fig. 10
(a) & 10(b), in order to give an overview of statistical variance of these 
experimental data. 

Tb
m = A+B1 × e−

(Mv − Mv,0)
C1 +B2 × e−

(Mv − Mv,0)
C2 (6) 

Finally, the more convenient, in terms of calculating crystal size from 
DSC, Hoffman-Weeks equation (Eq. 3) is derived from the aforemen
tioned Gibbs-Thomson equation as described in the early publication of 
Hoffman & Weeks [50] and other more recent works [51,52]. It must be 
underlined, that the term “crystal thickness” (basic parameter in Eq. 3) 
refers to the average lamella thickness Lc, considering that the number of 
EC units per chain fold exhibits a statistical distribution within each 
crystal (see Fig. 5(a)). Consequently, the average crystal thickness of the 
primary crystal L*

c can be either larger or smaller than the Lc of the 
secondary crystal, which is formed after secondary growth at the lateral 
surfaces of the primary crystal through thickening, allowing β to assume 
any value between the theoretical minimum 0.5 for thickness 2γe

Δf and the 
experimental maximum of about 2 [62].

According to Eq. 3, the relationship Tm vs. Tc is linear as presented in 
Fig. 11, assuming that β remains constant. According to the work of 
Rahman et al. [63], the crystallization temperature Tc of PEO crystals 
within Pebax-1657 was estimated to be 254 K based on the peak 
observed in the cooling trace of DSC measurements. Similarly, in the 
same work, the crystallization temperature of PA6 crystals in Pebax- 
1657 was estimated to be 439 K.

2.2.2. Crystallinity
Crystallinity Xc is considered a fundamental material parameter 

which is often given considerable attention the relevant literature. 
Among the two methods that are usually implemented for crystallinity 
measurements, namely DSC and XRD, only the former is expected to 
provide precise data. In XRD diffraction patterns, the area under the 
broad peak, corresponding to the “amorphous” polymer phase, is in 
most cases very small, thus introducing a significant margin of error, 
while the superposition or overlap of multiple peaks of the crystalline 
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Fig. 9. Literature data (from Table S3) of pure PA6 bulk crystal melting point 
Tb

m vs. number average molecular weight Mn. Filled squares: α-phase values, 
open squares: γ-phase values.

Table 4 
Values of the parameters in Eq. 6.

Parameter Value

A 343.284
Mv,0 − 3696.11875
B1 − 398,728.10239
C1 466.46463
B2 − 17.16237
C2 15,416.19025
Adj. R-Square 0.97489

(g/mol)

Fig. 8. Literature data (from Table S2) of PEO bulk crystal melting point Tb
m vs. 

PEO viscometric average molecular weight Mv (g/mol). Red line: Fitting curve 
of Eq. 6 (R2 

= 97.5 %).
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phases presents an additional challenge. On the other hand, in the case 
of DSC, a careful consideration of the definition of Xc has to be taken into 
account when comparing data with existing literature. In particular, two 
distinct definitions of Xc from DSC are encountered:

Xc defined as PA-crystal percent of total Pebax mass, resulting in 
equation Xc = Δh

Δh∅, or 

1) Xc defined as PA-crystal percent of total PA-block mass (note that for 
Pebax-1657 40 % of total mass is PA6), resulting in equation Xc =

Δh
0.4⋅Δh∅,

where Δh and Δh∅ are the specific enthalpies of crystal melting from DSC 
PA-peak area (per gram of Pebax sample) and from theory (per gram of 
PA-crystal), respectively.

In this review, for comparison reasons, all PA-crystallinity values 
mentioned in literature have been converted, in order to adjust to the 
first definition of Xc, i.e., as a percentage of PA-crystals relative to the 
total Pebax mass. Furthermore, in order to determine the Tm values of 
both PEO and PA blocks, DSC measurements are usually performed by 
starting the scan from a significantly low temperature, far below 
ambient conditions. Therefore, it appears that the membrane also 

possesses PEO-block crystallinity, which might be misleading, since 
membranes are usually evaluated at, or above, ambient temperatures, 
surpassing the crystal melting temperature Tm of PEO.

2.3. Fractional free volume

Fractional free volume (FFV) represents the volume percentage of the 
material unoccupied by polymer chains. It is defined by Eq. 7: 

FFV =
V − Vo

V
(7) 

where V is the molar volume of the polymer (molecular weight of repeat 
unit divided by density ρr) and Vo is the volume occupied by the mole
cules that can be estimated using Bondi group contribution method, i.e., 
from the van der Waals volumes Vw of the various groups in the polymer 
structure, according to Eq. 8 [64]. 

Vo = 1.3⋅Vw (8) 

According to Zhao et al. [65], the van der Waals volume Vw (in ̊A
3
) of 

one repeat unit is given by the following Eq. 9: 

Fig. 10. Histogram presenting the number of literature references for each Tm value. (a) Tm is the melting point of PEO crystals in Pebax-1657, based on DSC 
measurements (data from Table S4); (b) Tm is the melting point of PA6 crystals in Pebax-1657, based on DSC measurements (data from Table S5).

Fig. 11. (a) Tm (observed) vs. Tc for various β parameter values (solid lines). Dotted line is an experimentally (DSC) measured line, which corresponds to the dashed 
line of chain-folded lamellar crystal thickness distribution (b) (reproduced and modified with permission from Hoffman & Weeks [50]).
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VWrepeat unit =
∑

(VW)all atom contributions − 5.92⋅NB (9) 

where NB is the number of bonds between atoms in one repeat unit.
For example, in one EO repeating unit (molecular weight 44.05 g/ 

mol) NB is 7 and if VW,EO is in cm3/g, then based on values for each atom 
given in Table 5: 

Similarly, for caprolactone (A6) amide repeating unit (molecular 
weight 113 g/mol) NB is 21 and: 

where Å
3 

have been converted to cm3 unit by multiplying with 
10− 24.

The resulting calculated van der Waals volume values of each Pebax- 
1657 polymer block are presented in Table 6.

Finally, the total van der Waals volume of a pristine Pebax-1657 
membrane is calculated from Eq. 10, where Xc/PEO and Xc/PA6 repre
sent the crystallinities of PEO and PA6 as fractions of the total Pebax- 
1657 membrane mass: 

If PA6 crystallinity value is 11 %, based on the average of literature 
data presented in Tables 13 & 14 (section 3.7 “Literature data on CO2/ 
CH4 and CO2/N2 separations with pristine Pebax-1657”), and assuming 

that PEO crystallinity is zero (Tc of PEO is below 298 K room tempera

ture), then the resulting total van der Waals volume for Pebax-1657 is 
0.589 cm3/g and the corresponding Vo from Eq. 8 is 0.766 cm3/g. Using 
the same calculation method (Eq. 10), with densities of Table 6, instead 

of van der Waals volumes, the resulting total density is 1.13 g/cm3, 
which can be inverted to give a specific volume V = 0.885 cm3/g. 
Therefore, based on Eq. 7, the calculated FFV turns out to be 0.134, 
which is in relative agreement with the literature data given in Table 7. 
It should be noted that misleading FFV values below 0.1 found in 
literature are usually attributed to VW calculations based on wrong 
molecular structures, while abnormally high values above 0.3 are also 
reported.

Finally, apart from its correlation with density, the high importance 

of a polymer’s FFV is that it is also directly related to diffusion co
efficients according to the Cohen-Turnbull model of Eq. 11 [76]: 

D =
α⋅u
6

exp( − γv/FFV) (11) 

Table 5 
Van der Waals volumes of atoms. Reproduced and modified with permission 
from Zhao et al. [65].

Atom VW (Å
3
) Atom VW (Å

3
)

H 7.24 P 24.43
C 20.58 S 24.43
N 15.60 As 26.52
O 14.71 B 40.48
F 13.31 Si 38.79
Cl 22.45 Se 28.73
Br 26.52 Te 36.62
I 32.52

Table 6 
FFV calculation parameters for the different phases present in a Pebax-1657 
membrane.

Phase ρr (g/cm3) [58] VW (cm3/mol*) [66] VW (cm3/g**)

PEO / amorphous 1.13 24.2 0.593
PEO / crystalline 1.28 24.2 0.593
PA6 / amorphous 1.084 64.2 0.5816
PA6 / crystalline 1.23 64.2 0.5816

* per mol of one repeating unit.
** per gram of one repeating unit.

Table 7 
Fractional free volume, density and van der Waals volumes of pristine Pebax- 
1657 membranes.

FFV ρ (g/cm3) VW (cm3/ 
g)

Ref.

0.125 from PALS analysis (3 wt% Pebax sol.) – – [67]
0.099† (5 wt% Pebax sol.) 1.203 0.546† [68]
0.374 (no data) 1.076 – [69]
0.166 (3 wt% Pebax sol.) – – [70]
0.154 (3 wt% Pebax sol.) 1.13 – [71]
0.026† (4 wt% Pebax sol.) 1.157 0.6475† [72]
0.148 from MD calculations (4 wt% Pebax 

sol.)
1.14 – [73]

0.134–0.121 (2.5 wt% Pebax sol.) 1.129–1.146 0.59 [30]
0.67 (8 wt% Pebax sol.) 1.14 – [74]
0.126 (5 wt% Pebax sol.) 1.14 0.59 [75]

† Questionable values, because calculations were based on an incorrect molec
ular structure.

Table 8 
Diffusivity and Cohen-Turnbull model parameters in pristine Pebax-1657 
membranes.

D From 1.2 × 10− 6 to 2.6 × 10− 6 cm2 s− 1 for CO2 [31]

α Gas-specific value
u Gas-specific value
γ 0.5–1
v Gas-polymer-specific value
FFV 0.134

VW,EO = [(2⋅20.58)+ (4⋅7.24)+ (1⋅14.71) − (5.92⋅7) ]⋅
(
10− 24)⋅

(
6.023×1023)/44.05 

VW,A6 = [(6⋅20.58)+ (11⋅7.24)+ (1⋅14.71)+ (1⋅15.6) − (5.92⋅21) ]⋅
(
10− 24)⋅

(
6.023× 1023)/113 

∑
(VW)all groups = Xc/PEO⋅(VW)c/PEO +Xc/PA6⋅(VW)c/PA6 +

(
0.6 − Xc/PEO

)
⋅(VW)a/PEO +

(
0.4 − Xc/PA6

)
⋅(VW)a/PA6 (10) 
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where D is the diffusion coefficient of the gas in the polymer, 1/6 is a 
typical value of geometric factor g, α is the molecular diameter, u the 
kinetic velocity of the gas, γ is an overlap factor which should lie be
tween 0.5 and 1, v a critical volume of void in the polymer just large 
enough to permit a diffusing molecule to jump in. In the case of Pebax- 
1657, the usual values of this equation’s parameters are given in Table 8.

3. Gas separation performance of Pebax-1657

3.1. Pebax-1657 vs. other grades

Owing to the higher density of hydrogen bond -forming oxygen 
atoms in PEO vs. PTMO, the former has a higher density (1.21 g/cm3 vs. 
0.98 g/cm3) and, for the same reason, PA6 has also a higher density than 
PA12 (1.14 g/cm3 vs. 1.01 g/cm3). Consequently, the 1657 grade, which 
combines the two building blocks with the highest density, has the 
highest density of all grades with at least one different building block. 
Fractional free volume (FFV) and density are inversely related and 
higher FFV results in higher diffusivity D according to Eq. 11. Since D is 
analogous to permeability (Pe) for most gases, it follows that among all 
grades, Pebax-1657 has the lowest permeability for most gases. This rule 
is partly counterbalanced in the case of CO2, where the higher CO2- 
solubility (SCO2 ) compared to other grades (Henry’s constant at 25 ◦C is 
approximately 1.9 cm3/cm3•atm for Pebax-1657 [77] vs. 1.25 cm3/ 
cm3•atm for Pebax-1074 [78] and 1.06 cm3/cm3•atm for Pebax-2533 
[79]) gives Pebax-1657 the advantage of highest CO2-philic selectivity 
among all grades, a property particularly pronounced in the case of CO2/ 
N2 and to a lesser extent for CO2/CH4, as shown in Table 9. The 
importance of polar group content (which is highest for Pebax-1657) on 
solubility-selectivity is comparatively presented in Fig. 12 for different 
Pebax grades. Consequently, Pebax-1657 is the grade that is most 
commonly selected for use in post-combustion carbon capture applica
tions. Typical Robeson plots comparing experimental data of different 
Pebax types are given in the review of Embaye et al. [1]. However, not 

all grades have been tested yet with respect to CO2-capture applications. 
For example, Grade 5513 is the only grade, other than 1657, that can 
reportedly be dissolved in ethanol/H2O (70:30 w/w) solvent (Table S1, 
in Supplementary) and that has a selectivity of approximately 7.5 for 
C3H6/C3H8 gas separation [80], a better performance than the reported 
2.9 [81] of 1657 for the same mixture. Yet this grade has not been tested 
for most CO2-based gas separations.

Table 9 
Typical properties and gas separation performances of Pebax grades (reproduced with modifications from Embaye et al. [1]).

Grade PE type PA type PE/PA (wt%) Xc of PA (%) Density (g⋅cm− 3) PA melting point (◦C) Permeability Selectivity References

CO2 (Barrer) CO2/CH4 CO2/N2

1041 PTMO PA12 75:25 1.04 170 39.7 11 [82]
24.6 22.6 [83]

1074 PEO PA12 55:45 40† 1.09 158 122 12 [82]
591 24.4 [84]
125 15 [85]
120 51.4 [18]
168 55 [86]
98.2 13.5 [87]

1657 PEO PA6 60:40 11.5§ 1.14 204 60‡ 19‡ 55‡ –
2533 PTMO PA12 80:20 14† 1.01 134 171 15.5 [88]

386.3 23.5 [89]
12 [90]

3533 PTMO PA12 70:30 1.01 144 243 5.7 [82]
127 21.4 [91]*

4033 PTMO PA12 53:47 32† 1.01 160 84.4 6.5 [82]
113 20.4 [18]

4011 PEO PA6 57:43 201
20.4 1.14 66 56.4 [18]

5533 PTMO PA12 38:62 30† 1.01 159 9.2 [92]^^
6333 PTMO PA12 24:76 1.01 169 7.4 3.9 [82]

7.9 [92]
7033 PTMO PA12 25:75 1.01 172 6.2 [92]
7233 PTMO PA12 20:80 17.5 170 [93]

1.01 [94]
4.1 8.2 [82]

* Phase inversion of Pebax 3533 in water after dip-coating substrate in Pebax solution.
^^ CO2/O2.
†: [95].
§: Average from Tables 13 & 14.
‡: From histograms of Fig. 19.

Fig. 12. Solubility selectivity of different Pebax grades vs. polar group con
centration of the grade. Reproduced and modified with permission from Bondar 
et al. [95].
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3.2. Humidity influence on gas separation performance

Attributed to the hydrophilic amorphous PEO chains, Pebax-1657 
has exceptionally high water vapor permeability compared with most 
other polymeric gas-separation materials. Typical water vapor perme
ability values depend on relative humidity RH% (equivalently water 
activity aw, assuming equilibrium at the gas-polymer interface), as 
shown in the works of Doan et al. [96], who measured H2O permeability 
of 7598 Barrer at αw = 0.3, 11571 Barrer at αw = 0.6 and 13,007 Barrer 
at αw = 0.9 (with respective solubilities being: 14.4 cm3(STP)/ 
cm3•cmHg, 20 cm3(STP)/cm3•cmHg and 32.8 cm3(STP)/cm3•cmHg) 
for a dense (but emeraldine salt-covered) membrane and Akhtar et al. 
[97], who additionally mentioned that the water vapor permeance of 
1.96 × 105 Barrer (34,386 GPU for thickness 5.7 μm) measured on a free 
standing membrane at 100 % RH becomes suppressed to the value of 
26,676 Barrer (4680 GPU for selective layer thickness 5.7 μm) when the 
membrane is supported by a macroporous PAN substrate. This sup
pression was attributed to the fact that the sweep gas flow is not in direct 
contact with the membrane when a support is present.

In addition, water acts as a plasticizer, further increasing chain 
mobility and segmental free volume in the PEO domains, which en
hances permeability for water vapor, but also for other co-permeating 
gases. In most reported experimental works on pristine Pebax-1657 
membranes, CO2/N2 selectivity and CO2 permeance were found to in
crease when measured with humid gas mixtures, compared to the same 
membranes under dry gas conditions. However, based on data presented 
in Table 10, this beneficial effect was only observed when relative hu
midity was at least 60 % and as long as no water visibly liquified at the 

membrane surface.
It is known that for these elevated humidities the membrane un

dergoes swelling (swelling degrees are given in section 3.3 “Degree of 
water-swelling for Pebax-1657”), which enhances permeance through 
density reduction. In particular, given the hydrophilic and hydrophobic 
nature of PEO and PA6 segments, respectively, water mostly accumu
lates in PEO-rich regions, impeding diffusion through PEO, while PEO- 
swelling-induced mechanical expansion in the less water containing 
PA6 block, increases the free volume for gas diffusion through PA6, 
therefore enhancing permeance. The simultaneous positive effect of 
humidity on selectivity can be explained based on the following two 
factors: first, the water-induced partial blocking of gas pathways 
through hydrophilic PEO, which is weakly CO2-selective, directs gas 
passage through less water-containing PA6, which is highly CO2-selec
tive. Second, CO2 can also pass through the “water pockets” inside the 
membrane with the mechanism of water-facilitated CO2 transport [98] 
(Fig. 13), while N2 or CH4 cannot. Note that the absorbed water is 
contained, mainly as free and at a much lesser percent as bound water, in 
both the amorphous phase and inside PA6 crystals, which can absorb 5 
wt%. H2O at 80 % RH, according to Parodi et al. [46].

Based on experimental results found in literature, the percentages of 
humidity-induced increase in selectivity (ΔS) and permeability (ΔPe) 
values, in respect with the corresponding dry conditions, are provided in 
Table 10, as calculated using the following Eqs. 12 and 13: 

ΔS =
Sw − Sd

Sd
⋅100% (12) 

ΔPe =
Pew − Ped

Ped
⋅100% (13) 

where “w” and “d” indices denote “wet” and “dry” feed gas states.
Furthermore, valuable insight regarding the simultaneous CO2 

permeability and CO2/N2 or CO2/CH4 selectivity enhancement through 
Pebax-1657 humidification are provided in the work of Li et al. [99] 
(Fig. 14), who blended hygroscopic salts into the polymer matrix, 
thereby revealing that, whilst under dry conditions membrane perfor
mance deteriorated by salt addition, the introduction of humidity to feed 
and permeate gas had a beneficial effect on both selectivity and 
permeability. In particular, measurements with constant-volume/ 
variable-pressure gas permeation test (time-lag method) for both sin
gle gases and binary mixtures, were found to be linearly correlated with 
membrane’s water uptake, as shown in Fig. 15a and b. However, in the 
more recent work by Fam et al. [100], hygroscopic salt addition was not 
found to have any beneficial effect on membrane performance in a 
humid environment. They attributed this to the salt ion complexation 

Fig. 13. Water-facilitated CO2 transport on (a) primary and (b) secondary (Pebax-1657) amines: complexation of CO2 to the hydrogen carbonate mobile carrier 
molecule once the gas is dissolved at feed side and decomplexation to gaseous CO2 at permeate side. Reproduced with modifications from: (a) Chen et al. [101]; (b) 
Dhuiège et al. [102].

Table 10 
Humidity-induced selectivity and CO2-permeability increase for CO2/N2 
separation.

Selectivity increase 
(%) based on Eq. 
(12)

Permeability increase 
(%) based on Eq. (13)

Measurement conditions Ref.

ΔP 
(bar)

T 
(◦C)

RH 
(%)

22.6 24.9 2 25 50–60 [103]
− 52 11.1 1 40 50 [86]
350* 2426 2 25 82 [104]
0 − 13.8 2 35 20–25 [70]
18.1 162.5 1 – 100 [105]
14.3** 21.1 4 25 100 [106]
7 13.3 10 30 – [107]
150** 428.3 1 25 98 [108]

* Liquid water contacted the membrane and selectivity dropped.
** CO2/CH4.
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with polymer chains. It must be noted that Fam et al. first dissolved the 
salt in the solvent and then added the polymer, while Li et al. first dis
solved the polymer in the solvent followed by salt addition, which un
derlines that experimental details/conditions can severely influence the 
outcome. Additionally, CO2-permeability calculation from measured 
permeance in the work of Li et al. might have been based on the 

thickness of the swelled polymer, which would justify the value of 
approx. 500 Barrer for pristine Pebax-1657 with 5 wt%. water uptake, 
which is unnaturally high if compared with the usually reported value of 
approx. 60 Barrer for dry Pebax-1657 (Fig. 19b and d).

Fig. 14. CO2 permeability (a) and ideal selectivity (b) vs. water uptake for Pebax-1657 membrane according to Li et al. [99]. Uptake was regulated by blending 
alkaline earth chloride salts into the polymer. Reproduced with permission from Li et al. [99].

Fig. 15. Effect of compaction on pristine CO2 permeation and CO2/CH4 selectivity of Pebax-1657 membranes, from gas permeation tests with 20/80 v/v CO2/CH4 
gas mixture. Panels (a) and (b) correspond to dense, while (c) and (d) to supported hollow fiber membranes. Dashed lines indicate depressurization. Reproduced and 
modified with permission from Sutrisna et al. [71].
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3.3. Degree of water-swelling

The degree of membrane swelling from a liquid is defined here as the 
mass ratio Ms/Md, where Ms is the mass of the swollen polymer and Md 
the mass of the dry polymer. A swelling degree of 1 represents the lowest 
possible value, indicating a membrane/liquid system where no swelling 
occurs. The latter is the case for Pebax 3533 in contact with water. The 
exceptional resistance to water-swelling exhibited by this grade [109], 
renders water also as an excellent non-solvent for membrane prepara
tion by phase inversion, using Pebax 3533 polymer dope. Unfortunately, 
this procedure requires the use of propanol/butanol solvent, which is 
toxic [110]. For pristine Pebax-1657 membranes, the reported water- 
swelling degrees commonly lie in the range of 1.05–2.74, as shown in 
Table S6 (Supplementary).

It should be noted that, if necessary, the presented degrees were 
recalculated based on the definition provided here. The widespread 
range of these values is mainly attributed to the low precision of the 
followed experimental procedure used, as water can evaporate during 
weight measurement and superficial, adhering water is also included in 
the measurement. Furthermore, some authors suggest that, if solutes are 
added to water, then the swelling degree might change. For example, in 
the case of Pebax-2533 in contact with water containing 50 ppm 
toluene, the swelling degree was reported to be 1.06 [111], while in 
contact with water containing 4 wt% isopropanol it was found to be 2.55 
[112].

3.4. Effects of pressure

Plasticization in the context of polymeric gas separation membranes 
is the increase in chain mobility (segmental motion) caused by the 
sorption of a gas or vapor penetrant, leading to a decrease in the poly
mer’s glass transition temperature (Tg) and often to a loss of selectivity 
due to swelling or dilation of the polymer matrix. In specific, unlike 
glassy polymers that possess low free volume and often undergo plas
ticization by CO2 at elevated pressures [113], rubbery polymers such as 
Pebax-1657 are usually not prone to this effect. Increasing CO₂ perme
ability accompanied by a reduction in CO2/N2 or CO2/CH4 selectivity 
with higher pressures is a typical indication of plasticization [114], 
which has been reported only in a very few cases for Pebax-1657 based 
mixed matrix membranes [115,116]. However, as shown in Table 11, 
most reported cases of pristine Pebax-1657 membranes indicate that 
both CO2 permeability and CO2/N2 selectivity either increase slightly, or 
remain almost constant at pressures below 10 bar [117]. On the con
trary, at higher pressures, above 10 bar, the opposite trend has been 
reported, i.e., a slight decrease in both permeability and selectivity with 
rising pressure, mainly attributed to membrane compaction [118,119]. 
It must be noted that the latter has also been reported at pressures lower 
than 10 bar under humid gas conditions [108,120]. Summing up, the 

changes in CO2 permeability and selectivity with pressure for reported 
pristine Pebax-1657 membranes are listed in Table 11.

Membrane compaction refers to the phenomenon where a mem
brane’s structure is altered by the force of increased transmembrane 
pressure [128]. The alteration can involve the collapse of a porous 
structure and/or material densification resulting in a FFV decrease. It 
can be reversible or irreversible, depending on whether the deformation 
caused is elastic or plastic, respectively. In the case of dense elastomer 
membranes, such as Pebax-1657, FFV decrease is expected, resulting in a 
drop in diffusivity and therefore permeability, which is generally known 
to be more intense for gases with larger molecular diameters [129]. 
However, in the case of CO2/CH4 gas pair with kinetic diameters 0.33 
nm (CO2) and 0.38 nm (CH4) the opposite behavior is observed, leading 
to a decrease in selectivity. In this case, since the kinetic diameters of 
CO2 and CH4 are relatively similar, the size exclusion effect is minimal 
and as a result, both gases experience a similar decrease in diffusivity, 
whereas the most significant influence is on solubility. Structural 
densification of the polymer disproportionately hinders the solubility of 
CO2 more than CH4, leading to a decrease in CO2/CH4 selectivity. This 
becomes also clear by considering the fact, that CO2-philic PEO has a 
dramatically higher CO2 solubility in its amorphous state, than in its 
denser semi-crystalline state (CO2 sorption isotherm Henry’s constant at 
25 ◦C is approximately 1.3 cm3/cm3•atm for amorphous PEO vs. 0.375 
cm3/cm3•atm for semi-crystalline PEO [130]). Compaction is thought to 
hinder access to active sorption centers and at the same time, in sce
narios involving mixed gases, the presence of one gas can influence the 
permeation of another. During compaction, the competitive sorption 
between CO2 and CH4 can change, which could potentially result in a 
decrease in CO2/CH4 selectivity. According to the work of Sutrisna et al. 
[71], pristine Pebax-1657 undergoes severe, partially permanent, 
compaction above 8 bar transmembrane pressure, which drops CO2/CH4 
selectivity up to 30 % at 15 bar and CO2 permeance up to 44 % at 15 bar, 
as illustrated in Fig. 15. The effect was observed in both, dense and 
supported hollow fiber membranes, but it was more intense in the case 
of supported membranes.

3.5. Effects of concentration

In the Pebax -focused work of Martínez-Izquierdo et al. [16], it was 
shown that for Pebax-1657 membranes CO2 permeability tends to be 
10–20 % higher for low concentration (<15 %) CO2/N2 mixtures 
compared to single gas measurements, while N2 permeability remains 
nearly unchanged between mixture and single gas conditions. This fact 
results in slightly higher CO2/N2 selectivity for these mixtures compared 
with the ideal, single gas selectivity. It must be noticed that, since N2 
permeability is not reduced by the presence of CO2, competitive sorption 
phenomena are negligible within the low (<15 %) CO2 concentration 
range examined in this publication. Therefore, the presence of the other 

Table 11 
Pressure-induced performance changes for reported pristine Pebax-1657 membranes.

Membrane type Pressure range 
(bar)

CO₂ permeability (Barrer) change with 
rising pressure

CO₂/N₂ selectivity change with 
rising pressure

CO₂/CH4 selectivity change with 
rising pressure

Ref.

Dense 2 → 10 Increases (80 → 135) 37.5 → 49 12 → 16.5 [121]
Dense 1 → 9 Small increase (78 → 85) 43 → 36 – [122]
Composite (20 μm on PVC 

substrate)
5 → 15 Small increase (10 → 14) (in GPU) – 28 → 26 [1]

Dense 1.3 → 5 Approx. constant Approx. constant Approx. constant [123]
Dense 2 → 10 Approx. constant Approx. constant Approx. constant [124]
Dense (or thick composite) 4, 6, 8 Small increase (26.51, 33.1, 36.38) – (74.26, 77.7, 77.4) [125]
Dense 4 → 10 Small increase (50 → 65) – – [126]
Dense 3 → 15 Increases (120 → 150) – 21 → 23 [127]
Dense humidified 2 → 8 Decreases (275 → 175) – 30 → 18 [108]
Dense 10 → 25 Decreases (80 → 55)a – 97 → 86a [119]
Composite 10 → 25 Decreases (60 → 50)a – 20 → 15a

Dense 20 → 50 Small decrease (55.6 → 52.6) – 14 → 12.5 [118]

a All values of permeability and selectivity changes for Reference 119 are normalized as percentages of the values at 3 bar.
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gas provides a benefit of enhanced mobility to CO2 by locally increasing 
the polymer’s free-volume fraction through additional sorbed mole
cules, without incurring the penalty of sorption competition. However, 
studies conducted at higher CO2 concentrations (>20 %) [131], report a 
noticeable decrease in mixed-gas CO₂ flux compared to single-gas 
measurements at equivalent CO2 pressures. This can be attributed to 
competitive sorption between CO2 and N2 or CH4 molecules, or equiv
alently, to suppressed CO2 plasticization in the presence of the other gas. 
Therefore, in this case, the resulting real selectivities are lower than the 
ideal values. Overall, the observed inversion from CO2 permeability 
enhancement by the addition of another gas at low CO2 concentrations 
to CO2 permeability reduction by the addition of another gas at higher 
CO2 concentrations, can be explained as a result of sorption site satu
ration at higher CO2 concentrations according to the Henry-Langmuir 
Sorption Model suggested by W. R. Vieth & K. J. Sladek in 1965 
[132]. In agreement with this theory, once all available sorption sites 
become occupied, the presence of another gas competes for these sites 
with CO2 and this results in its solubility (and consequently its perme
ability) reduction.

3.6. Effects of other acid gases

Hydrogen sulfide (H₂S) is a small, highly condensable, and chemi
cally active acid gas that strongly affects gas-transport behavior in 
polymer membranes. It has a higher single gas permeability than CO2 
with typical values around 350 Barrer at low transmembrane pressures 
below 1 bar [133]. When present with CO₂, it competes for sorption sites 
in polar polymers and can alter both sorption and transport kinetics. 
Reviews of polymeric membrane approaches for simultaneous CO₂/H₂S 
removal note that H₂S has a higher affinity than many non-condensable 
gases for polar/acidic sites and can therefore modify the dual-mode 
(Henry + Langmuir) sorption balance that controls CO₂ uptake and 
flux in poly(ether-block-amide) materials such as Pebax-1657. This 
competitive sorption often reduces mixed-gas CO₂ permeance relative to 
pure-gas values and can either delay or aggravate plasticization 

depending on partial pressures and composition [134]. As a conse
quence, the presence of H2S in mixtures with CO2 and CH4 can reduce 
CO2/CH4 selectivity significantly [135]. Beyond reversible sorption ef
fects, H₂S raises material-stability concerns for polyamide-containing 
block copolymers. At elevated pressure, it can induce plasticization 
and long-term morphological changes. Additionally, H₂S can participate 
in corrosive or chemically reactive pathways (especially in the presence 
of water or catalysts), promoting chain scission, oxidation, or other 
degradation modes in amide domains if conditions permit. For Pebax- 
type membranes, this means H₂S can accelerate loss of CO₂/CH₄ selec
tivity and permeance over time.

From the process perspective, H₂S influences the most important 
separation metrics: CO₂ permeance, CO₂/CH₄ (or CO₂/N₂) selectivity, 
and long-term module durability. Because H₂S often concentrates in the 
permeate as a highly permeable acid gas, it can contaminate permeate 
streams and damage downstream units (compressors, amine scrubbers, 
catalysts) and pose health, safety, and materials-compatibility issues; 
that is why pre-removal or staged treatment of sour feeds is standard in 
practice. Pilot and field programs for commercial membranes (e.g., 
Polaris™) explicitly consider sour-gas exposure and contamination in 
their testing and scale-up work, since real syngas/natural-gas feeds 
contain trace H₂S and other contaminants that influence membrane 
lifetime and overall process economics [136].

Furthermore, SO₂ has an even stronger condensability and dipole 
moment than CO₂ or H₂S, making it highly interactive with the polar 
ether and amide groups of Pebax-1657. As a result, even trace SO₂ in 
flue-gas or biogas streams can significantly alter membrane transport 
behavior. SO₂ exhibits very high sorption affinity and readily causes 
competitive sorption, displacing CO₂ and reducing its permeability and 
selectivity against CH₄ or N₂. Because of its strong acidity and oxidizing 
potential, SO₂ can also induce irreversible chemical changes, such as 
amide hydrolysis or oxidation of polyether segments, especially under 
humid conditions. These processes lead to plasticization, swelling, and 
eventual loss of mechanical integrity. For this reason, SO₂ is usually 
removed upstream via desulfurization or scrubbing before gas reaches 

Table 12 
CO2/CH4 separation performance of pristine Pebax-1657 membranes at near room temperature and low (< 5 bar) pressure.

Type Thickness (μm) PA crystallinity (%) Selectivity CO2/CH4 CO2 permeance (GPU) CO2 permeability (Barrer) Reference

Dense FS 30 14 19 (ideal) 4.08♠ 122.4 [138]
Dense FS 85 10.52 14.3 (ideal) 0.54♠ 45.7 [139]
Dense FS 80 11 16 (ideal) 0.65♠ 52 [140]
Dense FS 50 9.21 20.5 (20/80) 1.2♠ 60 [71]
Dense FS 60 8.48 16.3 (ideal) 1.44♠ 86.4 [70]
Dense FS 50 9.99 20.8 (ideal) 2.2♠ 110 [141]
Dense FS – 10.24 18.6 (ideal) – 76.2 [79]
Dense FS 47 13.04 17 (ideal) 1.12♠ 52.6 [142]
Dense FS 67.5 – 12 (10/90) 0.79♠ 53 [108]
Dense FS 24 11.68 22.7 (ideal) 4♠ 96.08 [74]
Dense FS 70 – 18 (ideal) 0.86♠ 60 [143]
Dense FS 29 – 19.5 (50/50) 2.81♠ 81.35 [144]
Dense FS 50 – 26 (ideal) 1.3 65♠ [145]
Dense FS 200 – 9.5 (ideal) 0.60♠ 119.4 [124]
Supported FS* 0.6 – 19 (50/50) 201 120.6♠ [146]
Dense FS ** 66 – 14 (5/95) 0.80♠ 52.6 [118]
Dense FS 110 13.9 19 (ideal) 0.76♠ 84.2 [147]
Dense FS 40 13.1 12.5 (ideal) 1.96♠ 78.65 [148]
Dense FS 80 11.0 16 (ideal) 0.65♠ 52 [140]
Dense FS – 12.3 17.5 (ideal) – 53.7 [149]
Dense FS 90 – 20.2 (ideal) 0.97♠ 87.6 [123]
Dense FS 86.5 11.1 13 (50/50) 2.40♠ 208 [116]
Supported FS§ 2.6 – 28 (ideal) 8 20.8♠ [145]
Supported HF*** ~1 – 22.46 (ideal) 238.36 238.36♠ [3]

In parentheses, specify whether the system is ideal or a CO2/CH4 mixture, indicating the ratio in v/v.
Symbol “§” stands for non-commercial, lab-made porous substrate.
* with PTMSP gutter layer.
** at 20 bar, 30 ◦C.
*** with cross-PDMS gutter layer.
♠ The value was calculated according to the definition: permeance (GPU) = permeability (Barrer)/selective layer thickness (μm).
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the membrane unit. Although few studies report quantitative SO₂ sorp
tion or permeability in Pebax-1657, with a SO2/CO2 selectivity of 38.9 
[137], experimental data on similar poly(ether-block-amide) and poly
ether membranes show permeability suppression and permanent selec
tivity loss after repeated exposure. Thus, mitigating SO₂ ingress is 
critical for ensuring long-term stability and consistent CO₂-separation 
performance of Pebax-based membranes.

3.7. Literature data on CO2/CH4 and CO2/N2 separations

The histograms of Fig. 17, which were derived from experimental 
data presented in Table 12 (CO2/CH4) and Table 13 (CO2/N2), reveal the 
significant statistical variation in published selectivity and CO2 perme
ability values regarding dense self-standing Pabax-1657 membranes. In 
particular, CO2 permeabilities range between 50 and 130 Barrer (with a 
peak at 60), for both gas mixtures, while the data-dispersion of selec
tivity values is significantly wider in the case of CO2/N2 (ranging from 
40 to 72, with a peak at 55) versus CO2/CH4 (ranging from 12 to 28, with 
a peak at 19). In general, such variations of gas separation performance 

from sample to sample for the same polymer have been observed in 
several works, with authors often relating these variations to membrane 
characteristics, such as thickness, or crystallinity. For example, based on 
their experimental results, Sánchez-Laínez et al. [83] postulated that for 
dense Pebax 1041 grade membranes, as thickness decreases, CO2 per
meance expectedly tends to get higher, while CO2/N2 selectivity tends to 
decrease, even though this could not be related to defects, given the 
relatively high thickness of the tested membranes. However, in contrast 
to 1074 grade, Pebax-1657 does not follow this trend and has demon
strated the ability to maintain selectivity even at ultra-low membrane 
thicknesses.

Despite a few publications on Pebax-1657 that correlate membrane 
performance with crystallinity and thickness, overall, taking into 
consideration a wider examination of works on this grade, as presented 
in Tables 12 and 13, it can be deduced that Pebax-1657 selectivity and 
permeability cannot be reliably linked to crystallinity or thickness in a 
predictable manner. This becomes particularly clear from permeability 
and selectivity data of works using dense self-standing membranes of 
pristine Pebax-1657, if respective thicknesses and PA-6 crystallinities, 

Table 13 
Pristine Pebax-1657 CO2/N2 selectivity at near room temperature and low (< 5 bar) pressure.

Type PA crystallinity 
(%)

Selectivity 
CO2/N2

CO2 permeance 
(GPU)

CO2 permeability (Barrer) Thickness 
(μm)

Support pore size 
(nm)

Ref.

Dense FS – 42.3 (ideal) 0.60♠ 119.4 200 [124]
Dense FS 10.14 67.49 (ideal) 2.93♠ 155.6 53 [154]
Supported FS § – 48 (ideal) 2.12♠ 53 25 -, PES [117]
Dense FS – 38.4 (ideal) 2.11♠ 211.2 100 [155]
Supported FS s-c, § – 43.5 (15/85) 181 108.6♠ 0.6 -, PSF [146]
Dense FS 13.9 50.1 (ideal) 0.765♠ 84.2 110 [147]
Dense FS – 77.4 (ideal) 2.01♠ 120.8 60 [156]
Dense FS – 39 (ideal) 0.11♠ 110 100 [157]
Dense FS – 48 (ideal) 1.11♠ 78 70 [158]
Dense FS 13.1 35.9 (ideal) 1.965♠ 78.6 40 [148]
Dense FS 11 54 (ideal) 0.65♠ 52 80 [140]
Dense FS 12.3 31 (ideal) – 53.7 – [149]
Dense FS 11 54 (ideal) 0.65♣ 52 80 [140]
Dense FS – 42 (ideal) 0.86♠ 60 70 [143]
Dense FS 10 71.34 (ideal) – 122 – [159]
Dense FS 11.4 74.26 (ideal) 2.65 26.5 10 [125]
Dense FS No data 57.83 (ideal) 1.33 66.5 50 [160]
Dense FS 15.03 41 (ideal) 1.17♠ 105 90 [161]
Dense FS 12.4 55.58 (ideal) 1.6♠ 88.06 55 [162]
Dense FS No data 48.37 (ideal) 1.08♠ 80.97 75 [163]
Dense FS 13.04 51 (ideal) 1.13♠ 53 47 [142]
Supported FS § No data 47.5 (ideal) 0.81♠ 57 70 -, PES [117]
Supported FS s-c, ^, 

$,!
No data 71.9 a (ideal) 1249 10♠ 0.008 8.3†, PAN [164]

Supported FS s-c, +, 
~

No data 32 b (20/80) 342 136.8♠ 0.4 10, Zeolite Y on 
PES

[165]

Supported FS s-c, @, 
$

No data 58 c (ideal) 190 65.17♠ 0.343 – [166]

Supported FS s-c, #, 
^, §

No data 35.8 d (ideal) 2142.3 107.1♠ 0.050 12.5††, PAN [167]

Supported FS “sp”, 
~, T, §

No data 50.8 e (20/80) 259.1 <26♠ <0.100 20, PSF [7]

Supported FS “sp”, ̂ , 
§

No data 29.3 f (80/20) 2022 60.66♠ 0.030 20, PSF [168]

Supported FS T, >, 
H, §

No data 109.6 g (10/90) 1275 342.98♠ (for humid membrane, 82 % RH 
feed, 89 % RH sweep)

0.269 6–16, PES-15 % 
F127

[104]

Supported FS ^, AF No data 68.1h (14/86) 1455 101.85♠ 0.070 8.3†, PAN [4]
Supported HF *, § No data 42 I (ideal) 481.5 144.45♠ 0.300 15.7, PAN [169]
Supported HF No data 92 j (ideal) 110.8 110.8♠ 1 -, PVDF [170]
Supported HF No data 32.5 k (ideal) 238.36 238.36 1 -, PVDF [3]*

Superscript designations “a-k” correspond to the data points in the diagram of Fig. 19.
Symbols “s-c, sp., #, @, ^, AF, +, ~, $,!, T, >, H, *” are explained in Table 14.
Symbol “§” stands for non-commercial, lab-made porous substrate.
In parentheses, specify whether the system is ideal or a CO2/N2 mixture, indicating the ratio in v/v.
* measurements with forced flow through method.
† calculated value based on MWCO to pore diameter correlation suggested by Singh et al. [171].
†† calculated value based on Stokes-Einstein equation with diffusivity from MW-equation of Kim et al. [172].
♣ The value was calculated according to the definition: permeance (GPU) = permeability (Barrer)/selective layer thickness (μm).
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calculated from DSC or XRD measurements, are considered. It can be 
observed that PA-6 crystallinities (Xc) in dense membranes from 
different works have almost the same values, ranging mostly between 10 
and 11 %, with a few exceptions expanding this range to 8.5–15 %. In 
contrast with these almost unchanged crystallinities, respective selec
tivities and permeabilities vary widely, ranging from 16 to 22 and 

52–110 Barrer for CO2/CH4 and 41–74 and 52–146 Barrer for CO2/N2. 
This implies that parameters other than crystallinity Xc must be 
accountable for these variations.

Overall, as noted, there is no indication of a link between membrane 
thickness and selectivity or permeability, nor between crystallinity and 
selectivity or permeability. However, when both dense and supported 
pristine Pebax-1657 membranes are considered, an expected strong and 
clear dependence of permeance on thickness becomes apparent. Based 
on the literature data in Table 13 (CO2/N2), there is an approximately 
linear correlation (R2 = 92.7 %) between the logarithms of CO2 per
meance and Pebax-1657 separation layer thickness (Fig. 16), as repre
sented by the following Eq. 14: 

log(GPU) = − 0.9435⋅log(microns)+1.945 (14) 

As becomes evident by the literature’s experimental data points in 
the plot of Fig. 16, in order to achieve permeances of at least 1000 GPU, 
which is necessary for entering the commercially applicable target area 
(Fig. 1a), separation layer thicknesses of less than 300 nm are required. 
The linearity on a logarithmic scale between permeance and thickness 
has been reported in recent literature for both PDMS [150] and Pebax- 
1657 [6]. In particular, the linear correlation in the case of Pebax- 
1657, as reported by Castro-Muñoz [6], closely matches the one given 
here.

It should be noted that, despite the lack of a direct correlation be
tween permeability and thickness, overall, there is an indication that 
supported membranes with thicknesses below 1 μm tend to exhibit 
lower permeability with decreasing thickness. This trend was first been 
reported by Fujikawa et al. [150] for PDMS membranes. The authors 

Fig. 16. CO2 permeance versus separation layer thickness and corresponding 
fitting line for CO2/N2 separation based on literature data of Table 13.

Fig. 17. Histograms of selectivity and permeability values reported in selected literature for dense Pebax-1657 membranes, based on data from Tables 12 and 13 for 
CO2/CH4 (a & b) and CO2/N2 (c & d).
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Fig. 18. Ideal situation of supported composite membrane vs. most common structural problems deteriorating gas separation performance. Reproduced with 
permission from Baker [152].

Fig. 19. The fabrication techniques and other performance-enhancing aspects that are implemented for each of the top-performing pristine Pebax-1657 membranes 
referenced a-k in Table 13 are outlined below. The colors below each technique correspond to the data points encircled with the same color. The symbols for 
techniques are explained in Table 14 and their enhancing effects are discussed in sections 4.1.1–4.1.13. Red triangles are data of selectivity vs. permeance (red x- 
axis), while blue inversed triangles the corresponding data of selectivity vs. permeability (blue x-axis). The upper bound limit for 2019 in the diagram is adopted from 
Comesana-Gandara et al. [175] and the upper bound for 2008 is from Robeson [114]. Both upper bounds refer to permeability as the “x-axis”.
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postulated that as the membrane becomes extremely thin, the most 
important (slowest) permeation step shifts from diffusion through the 
thickness to the preceding surface adsorption step. This change in the 
permeation mechanism renders permeance unchanged despite 
decreasing thickness, which corresponds to dropping permeability. In a 
more recent work, Firpo et al. [151] also noticed that for PDMS thin 
films ranging from 50 nm to 200 μm permeability becomes thickness- 
dependent. However, they attributed this to polymer chain rearrange
ment induced by thickness reduction.

Finally, regarding the widespread ranges of reported CO2/N2 selec
tivity and CO2 permeance values, for supported pristine Pebax-1657 
membranes, in contrast to dense self-standing membranes, it can be 
partly explained based on the non-idealities commonly encountered in 
such cases, as schematically described in Fig. 18 [152]. In an ideal 
scenario (situation 1), the separation/gutter layer rests atop a porous 
substrate without penetrating into the pores. This occurs when the pores 

are small in diameter and the pore-density is high enough to provide 
sufficient flux. However, if the pore-density is low (situation 2), or the 
pore diameter is too wide, allowing pore intrusion (situation 3), flux, 
and consequently permeance, are significantly lowered. On the other 
hand, in cases of pinhole formation in the separation layer (situation 4), 
because of incomplete coating, or underlying defects in the substrate, 
permeance may appear high, but selectivity is very low, possibly tending 
to 1. There are also commonly instances (situation 5), where the support 
possesses a skin layer (closed pores) resulting in low permeance, but 
selectivity values can be significantly higher than expected, if the sub
strate material is more selective than the material of the selective layer. 
Finally, the approximation of taking the active membrane area as equal 
with geometrical active membrane area (substrate percent covered by 
pores is the true active area) can lead to significantly reduced calculated 
fluxes, permeances and permeabilities compared with the respective 
true values. The deviation becomes particularly significant in cases 

(a)

(c)

(d)

(b)

Fig. 20. (a) Pore-filling with liquid (FC-72) as an additional step before gutter and selective dip-coating. Reproduced with permission from Chen et al. [169]; (b) 
Scheme representing Pebax-1657 coating on plasma-treated PDMS. Reproduced and modified with permission from Selyanchyn et al. [164]; (c) Schematic repre
sentation explaining the selectivity increase after application of a PDMS cover layer on a defected separation layer of a selective membrane, as reported by Jiang et al. 
[168]; (d) Use of sacrificial layer for the preparation of smooth, free-standing film.
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where the substrate has low pore density (mostly for “home-made” 
substrates). Similarly, in measurements of dense membranes, fluxes can 
be low if the membrane is positioned into the cell directly contacting a 
porous sintered metal plate without an intermediate mesh, as foreseen 
by test-cell standards [153].

3.8. Long-term stability

The evolution of polymeric membranes for post-combustion CO2 
capture has advanced steadily from laboratory-scale evaluations to 
industrial-scale pilot demonstrations. Early research on Pebax®-based 
membranes, particularly those incorporating hydrophilic additives such 
as PEG-MEA and graphene oxide, demonstrated the ability to combine 
high CO2 permeability with stable selectivity under humid, flue-gas-like 
conditions. Continuous permeation tests exceeding 60–100 h confirmed 
the chemical and mechanical stability of the polymeric matrix, with no 
detectable loss of CO2 flux or selectivity over time [122].

Building on these findings, the development of bio-based Pebax 
Renew® thin-film composite (TFC) membranes represented a significant 
step toward industrial viability. These membranes maintained over 95 

Fig. 21. Solvent-polymer interaction magnitude for different solvent-polymer combinations. Deeper color is higher swelling degree, “d” is dissolution, “o” means 
measurement was not possible (reproduced with permission from Kappert et al. [109]). Pebax here refers to the 3533 grade.

Fig. 22. CO2/H2 selectivity vs. CO2 permeability diagram and Robeson 2008 
upper bound for PEO-containing polymers. Reproduced and modified with 
permission from Liu et al. [199].

Table 14 
Explanations of scheme-symbols used in Fig. 19 and Table 13.

Spin-coating (s-c) Spray-coating (sp) Coating on tilted substrate 
(T)

Defect-sealing protective 
layer (~)

Floating gutter layer (!) Humid measurement 
conditions (H)

Ozone treatment (@) O2 plasma treatment (^) Block copolymer gutter 
layer (#)

Substrate with filled 
pores (*)

Pre-coating on sacrificial 
layer ($)

Agent blended into 
substrate (>)

High permeance gutter 
layer (AF)

Porous hydrophilic layer 
(+)
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% of their initial CO2 permeance (~1500 GPU) and selectivity after 
more than 1000 h of continuous operation at 35–40 ◦C and 90 % relative 
humidity, whereas preserving surface morphology and interfacial 
integrity [173]. The demonstrated long-term stability under realistic 
temperature and humidity conditions highlights the robustness of the 
Pebax polymer architecture and underscores its potential for sustained 
deployment in humid flue-gas environments.

As recently reported, the successful transition from laboratory 
durability studies to field-scale validation was realized by Membrane 
Technology and Research (MTR) through its Polaris™ membrane pro
cess. Initial pilot tests at the U.S. National Carbon Capture Center 
(NCCC) achieved cumulative operation exceeding 11,000 h, confirming 
consistent CO2 permeance (~1000 GPU) and CO2/N2 selectivity of 
around 50 under real coal-derived flue gas. The success of these trials 
enabled the construction of a large-pilot plant at the Wyoming Inte
grated Test Center (ITC), designed to process a 10 MW slipstream (~150 
tCO2/day) using a two-stage vacuum membrane configuration with in
tegrated CO2 compression and purification. The facility, now in long- 
term operation, targets to achieve >90 % CO2 capture with permeate 
purities exceeding 85 mol%, whereas generating long-term data on 
membrane module durability and overall process reliability across 
multi-month campaigns [174].

Consequently, these studies collectively illustrate the continuous 
advancement of polymeric membrane technology starting from short- 
term bench-scale stability tests to extended laboratory durability 
testing, and finally to multi-year industrial validation. The consistent 
retention of performance, along with sustained tolerance to humidity, 
impurities, and mechanical resilience across scales, demonstrates that 
modern Pebax-derived and related polymeric membranes have reached 
a level of maturity suitable for industrial post-combustion CO2 capture.

4. Fabrication techniques and membrane design

4.1. Top-performing pristine Pebax-1657 membranes for CO2/N2 and 
key fabrication techniques

As noted with symbols in the selected literature results of Table 13
and the respective diagram in Fig. 19 (clarified in the symbol-explaining 
Table 14), the ultra-low thicknesses of top-performing membranes have 
been achieved by implementing membrane preparation techniques that 
enhance the surface hydrophilicity and/or smoothness of the support 
and/or gutter layer, while additional defect-clogging is also reported as 
a final step in two cases (works with reference letters “b” and “e” in 
Table 13 and Fig. 19). The most successful strategies encountered in 
literature for implementing these techniques are described in the 
following paragraphs. Combinations of these strategies are denoted with 
respective symbols in Tables 14 & 15 and Fig. 19. In particular, in 
Fig. 19, plots of selectivity versus CO2 permeability (blue inverted tri
angles), as well as, selectivity versus CO2 permeance (red triangles) are 
presented for the best-performing pristine Pebax-1657 membranes re
ported in literature. Labels a-k correspond to the references in Table 13. 

All selectivities are real values obtained from gas mixture measure
ments, except for labels “g” and “h”, which represent ideal single gas 
selectivities. All membranes have a flat sheet geometry, except for “i, j, 
k”, which are hollow fibers. The light blue rectangle (corresponding to 
permeance as the x-axis) indicates the target area of industrial appli
cability, i.e., where the specific cost of Pebax membranes falls below the 
competitive specific cost of 30 $/ton CO2 (DoE [13]) according to 
Merkel et al. [12].

As can be observed in Fig. 19, the limited number of membranes 
within the target area are all in flat sheet geometry. Unfortunately, the 
more readily up-scalable option of HF geometry, which also offers a 
higher module packing density, expressed as surface to volume ratio 
(HF: 500–5000 m2/m3, spiral wound: 500–1000 m2/m3, plate frame: 
200–500 m2/m3, tubular: 70–100 m2/m3) [176,177], still remains a 
challenge for future research. In the following sections 4.1.1–4.1.13 the 
key fabrication techniques for the top-performing membranes “a-k” 
presented in Fig. 19 are described.

4.1.1. Spin-coating selective layer and/or gutter layer
Spin-coating is widely considered as a widespread standard method, 

which can lead to the formation of ultrathin films in a repeatable 
manner. Unlike drop-casting and dip-coating, the adjustment of the 
rotation speed (rpm) offers an additional parameter to fine tune the 
method, with the only restriction being the requirement for flat-sheet 
substrates of relatively small size. This method has been applied to 
form gutter, selective and protective layers in four works listed in 
Table 13 and Fig. 19, represented with letters “a, b, c & d”. It should be 
noted that in works “b” and “d” [165,167], the first spin-coated layer is 
applied onto the porous substrate, while in “a” and “c” [164,166], it is 
applied onto a sacrificial substrate. The latter two works are found to 
result in more selective membranes, while the use of the non-porous 
sacrificial substrate also offers practical benefits such as higher 
smoothness and easier mounting (with suction) onto the spin coater.

4.1.2. Spray-coating selective layer and/or gutter layer
In recent works by Jiang et al. [7,168] (referred as letters “e” and “f” 

in Table 13 and Fig. 19), spray coating has been introduced as a versatile 
method for applying both gutter and selective layers onto a substrate, 
facilitating the fabrication of thin-film composite (TFC) membranes. 
These membranes are preferred for industrial-scale applications due to 
their high selectivity and good processability. Notably, in one of their 
studies [7], they managed to streamline the membrane fabrication 
process by eliminating the need for a gutter layer. They achieved this by 
directly spraying the polymer solution containing Pebax-1657 onto a 
porous PSF substrate under ambient temperature to deposit thin films. 
The resulting TFC membranes exhibited respectable separation perfor
mance, with CO2 permeance exceeding 200 GPU and CO2/N2 selectivity 
surpassing 50 in mixed gas tests. In another work [168], they enhanced 
the interfacial compatibility between the selective and gutter layer by 
treating the surface of the PDMS gutter layer with air plasma before 
applying the Pebax-1657 spray coating. This process yielded a defect- 

Table 15 
Comparison of thin-film deposition methods for Pebax-1657 gas separation membranes.

Method Film Thickness 
Control

Defect Risk Substrate Compatibility Pore Intrusion Risk Lab Scale Industrial Scale Max Area

one sample continuous 
scale

Spin 
coating

Excellent (sub-μm, 
uniform)

Low (if flat & 
smooth)

Flat sheets, rigid wafers 
or glass

High (unless 
modified)

Excellent Poor (limited to 
wafers)

100–300 
cm2

Not scalable

Spray 
coating

Good (depends on 
nozzle)

Moderate (overspray, 
pinholes)

Flat sheets, curved 
supports, hollow fibers

Moderate (reduced 
with pore filling)

Good Good (R2R, 
hollow fibers)

100–1000 
cm2

100–1000 m2

Drop 
casting

Poor (thickness 
gradients)

High (cracks, 
inhomogeneity)

Flat substrates only High Simple Very poor (too 
slow)

10–100 cm2 Not scalable

Dip 
coating

Good (withdrawal 
speed dependent)

Low-moderate (edge 
effects)

Flat sheets, hollow 
fibers

Low (good wetting) Good Excellent 
(already 
industrial)

100–1000 
cm2

1000+ m2

D.S. Karousos et al.                                                                                                                                                                                                                            Chemical Engineering Journal 528 (2026) 170938 

20 



free Pebax-1657 selective layer with an ultrathin thickness as low as 30 
nm. The optimized TFC membrane achieved a peak CO2 permeance of 
2022 GPU with a CO2/N2 selectivity approaching 30. These advance
ments in spray-coating techniques for applying selective and/or gutter 
layers carries significant implications for large-scale CO2 capture ap
plications, demonstrating the potential of this method for industrial CO2 
separation.

4.1.3. Pluronic F127 blended into substrate
In the work of Li et al. (letter “g” in Table 13 and Fig. 19), Pluronic 

F127 serves as both a pore-forming agent (by micelle formation) and a 
hydrophilicity-increasing agent when blended into the PES substrate, 
enhancing the substrate permeance, dropping water contact angle 
(WCA) down to 42 degrees and improving the adhesion of the selective 
Pebax-1657 layer, while the selective layer thickness remains almost 
unchanged. According to the authors, the PEO segments of Pebax-1657 
accumulate at the PEO-rich surface of the PES/F127 blend, forming a 
thin CO2-selective PEO-layer. This PEO-layer is more prone to water- 
swelling than the bulk Pebax, causing CO2 permeance to increase with 
the humidity of the gas streams. Simultaneously, since CO2 can 
permeate through the membrane by water-facilitated transport [98], 
while N2 does not dissolve in water, the CO2/N2 selectivity is also much 
higher in wet samples compared to dry ones (see also section 3.3 “De
gree of water-swelling for Pebax-1657”). At too high concentrations of 
F127 (above 15 % w/w), more cylindrical F127 micelles form, which 
shifts the mean pore diameter to higher values, causes undesired 
discontinuity in the selective PEO layer and drops selectivity from 110 at 
15 % w/w to 46 at 30 % w/w F127 [104].

4.1.4. PDMS-b-PEO blended into gutter layer
An amphipathic PDMS-b-PEO copolymer can be blended with PDMS 

to render it hydrophilic, since the PEO segments provide hydrophilic 
groups. As shown by Gökaltun et al. [178], the addition of less than 2 % 
w/w PDMS-b-PEO to PDMS can, under the condition of keeping the 
formed film in contact with water for 24 h before use (swelling facilitates 
migration of PEO segments to the surface), drop the WCA from 100 
degrees to 20 degrees or less, without the need for plasma treatment. 
However, in the work by Liu et al. (letter “d” in Table 13 and Fig. 19), the 
gutter layer, which consisted of a 1:1 blend of cross-linked PDMS with 
PDMS-b-PEO copolymer, underwent mild surface treatment with at
mospheric air plasma (55 W, 4 s) to etch the surface and reveal PEO 
segments. In this work, plasma treatment reduced the WCA from 100 to 
79 degrees, while the usual issue of SiOx layer formation (it blocks gases) 
was avoided by keeping the treatment time very short. The best Pebax- 
1657 membrane was prepared with a 0.1 wt%. coating solution blade- 
casted on 4 s plasma-treated PDMS [167]. It must be noted, that 
coating with Pebax solution in this work had to be performed immedi
ately, within 5 min after plasma treatment, because otherwise, the 
gutter layer would become less hydrophilic due to the reorientation of 
polar groups. As reported by Gökaltun et al., preserving hydrophilicity 
may be feasible when the PDMS-b-PEO content is very low and the 
gutter layer film is first kept in contact with water for 24 h. Overall, PEO- 
PDMS co-polymers are known as “super-spreaders” and commercially 
available (e.g., under the trademark “Silwet” by Momentive) and can be 
used as additives blended into several polymers used in CO2 separation 
membranes (e.g., Matrimid® [170]).

4.1.5. Pore filling (pre-wetting) with low surface tension liquid
In order to prevent pore intrusion during both the PDMS and Pebax- 

1657 solution dip-coating steps, Chen et al. [169] (letter “i” in Table 13
and Fig. 19) introduced a pre-wetting step for the substrate using a 
suitable liquid. “Suitable” is any liquid, that is non-miscible with the 
polymer-coating solvent and has very low surface tension, in order to 
fully spread on, impregnate, and fill the pores of the substrate, so that 
the curvature of the meniscus inside the pore is also minimized, leading 
to formation of a smooth dip-coated layer on top of it. In particular, in 

the work of Chen et al., HF substrates were immersed for 5 s into per
fluorohexane (FC-72) with a surface tension of 12.23 mN/m at 25 ◦C 
[179] and then immediately dip-coated with PDMS in hexane (2 wt%, 5 
s). After 48 h of drying, they were coated with Pebax-1657 in H2O/ 
ethanol (0.75 wt%, 3 s) as schematically presented in Fig. 20(a).

4.1.6. Ozone or plasma treatment of gutter layer
Overall, the introduction of polar oxygen-containing groups to the 

surface of the gutter layer is primarily aimed at enhancing hydrogen 
bonding and physical segments entanglement at the interface with 
Pebax, as well as promoting better water-based Pebax solution wetting/ 
spreading to form a thinner layer. A schematic representation of this 
process and resulting interactions is given in Fig. 20(b), as detailed in the 
publication of Selyanchyn et al. [164], who implemented plasma 
treatment on PDMS gutter layer in conjunction with other techniques 
mentioned here (letter “a” in Table 13 and Fig. 19). Yoo et al. [4] (letter 
“h” in Table 13 and Fig. 19) also utilized the same treatment, but under 
different conditions (200 W, 3 min), for the even more hydrophobic 
Teflon AF2400 gutter layer (WCA drop from 116 to 73.5 degrees), 
achieving similarly astonishing results. Furthermore, in a work akin to 
Liu et al. (letter “d” in Table 13 and Fig. 19), Jiang et al. (letter “f” in 
Table 13 and Fig. 19) treated a cross-linked PDMS gutter layer with 
vacuum air plasma at 200 W for a short duration of 20 s, dropping the 
PDMS WCA from 110 to 22.6 degrees. The best Pebax-1657 membrane 
was obtained using a 0.5 wt% coating solution spray-coated on 10 s 
plasma-treated PDMS. An additional PDMS protective/sealing layer was 
also applied in this work [168]. Finally, as an alternative to plasma 
treatment, ozone treatment of PDMS was implemented by Selyanchyn 
et al. [166] (letter “c” in Table 13 and Fig. 19) to obtain high- 
performance membranes, albeit with significantly lower permeance 
compared to the previously mentioned plasma-based approaches.

4.1.7. Hydrophilic zeolite layer on substrate
Substrate modification to become more hydrophilic [165] (letter “b” 

in Table 13 and Fig. 19), represents successful attempts toward thickness 
reduction, when Pebax-1657 solutions (see Table S1 in Supplementary 
for other grades), which are water-containing (70/30 ethanol/water), 
are applied to this modified substrate, since they tend to spread on such 
surfaces. Therefore, integrating a hydrophilic zeolite (a microporous 
aluminosilicate mineral) layer onto a substrate is a promising approach 
for enhancing membrane performance, particularly in CO2 capture from 
flue gas. Chen et al. [165] have successfully advanced this approach by 
developing novel Pebax/zeolite Y composite membranes. Their work 
focuses on modifying the substrate to increase its hydrophilicity, facil
itating the reduction of membrane thickness. By incorporating a hy
drophilic zeolite Y layer, they achieved improved adhesion and 
spreading of the Pebax-1657 solution, resulting in enhanced membrane 
formation. Performance testing revealed that the composite membranes 
exhibited a CO2 permeance of 342 GPU and a CO2/N2 selectivity of 32. 
This strategy not only addresses the challenge of thickness reduction but 
also opens up new possibilities for tailoring membrane properties to 
specific separation processes. Thus, this study underscores the potential 
of Pebax/zeolite Y composite membranes for industrial CO2 capture 
applications, providing a promising solution for reducing membrane 
thickness while maintaining high selectivity and permeance. Overall, 
the findings emphasize the importance of substrate modification in 
optimizing membrane performance and highlight the potential of 
advanced composite membranes for gas separations.

4.1.8. PDMS cover layer as defect correction for Pebax layer
The concept of adding a protective layer over the selective layer 

gains significance as the latter becomes very thin making defect for
mation more likely. For example, in the case of the ultra-thin supported 
membrane, marked with the symbol “g” in Table 13 and Fig. 19, the 
authors state that for the dry-state membrane, the selective layer is 
prone to damage upon pressing [104]. In general, the typically used 
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PDMS protective and gutter layer is only weakly CO2-selective. Ac
cording to Merkel et al., the ideal selectivities for CO2/N2 and CO2/CH4 
in PDMS are 9.5 and 3.16, respectively, with a CO2 permeability of 3800 
Barrer [180]. Higher published CO2/N2 selectivity values of approxi
mately 11 for PDMS on PAN substrate can be explained as the result of 
PDMS clogging defects in the PAN substrate, which forces gases to 
permeate through the skin layer of the PAN substrate, as schematically 
presented in Fig. 20(c) (CO2/N2 selectivity of PAN is 11.4 according to 
the early work of S.M. Allen et al. [181]).

In this same manner defect clogging by PDMS cover layer was also 
found to repair the pristine ultrathin spray-coated Pebax-1657 mem
branes by Jiang et al. (letter “e” in Table 13 and Fig. 19), as shown in 
Fig. 20(c), improving selectivity to reach values around 50 for CO2/N2 
without significant permeance reduction [7,168]. Chen et al. (letter “b” 
in Table 13 and Fig. 19) also applied a protective PDMS layer with 
similar results [165].

4.1.9. Pre-coating on smooth sacrificial layer
To prevent pore intrusion, which usually occurs when the gutter 

layer is coated directly onto the porous substrate, a few works have 
employed a method, schematically shown in Fig. 20(d), involving the 
initial formation of a very smooth hydrophilic sacrificial polymer layer 
on a flat surface. The gutter polymer was then deposited on top to form 
an ultrathin layer. In a subsequent step, the sacrificial layer was dis
solved and the remaining gutter layer was transferred onto a porous 
substrate, which can have large pore diameter and/or high pore density 
to achieve very high permeance (e.g., PAN ultrafiltration membrane 
from SolSep BV, UF010104, has a retention (>95 %) for molecules 
~10,000 Da and offers 220,000 GPU for CO2 [150]), since pore intru
sion is effectively circumvented with this technique.

For example, Selyanchyn et al. (letter “c” in Table 13 and Fig. 19) 
used ethanol-soluble Polyhydroxystyrene (PHS) as the sacrificial layer 
and spin-coated a very thin and smooth cross-PDMS layer on it, which 
was then transferred onto a highly permeable (> 55,000 GPU) porous 
substrate after PHS dissolution with ethanol. The surface was then 
modified with ozone to become hydrophilic before being coated with 
Pebax-1657 [166]. Notably, as an alternative to ethanol-soluble PHS, 
water-soluble poly(sodium 4-styrenesulfonate) (PSS) can also be used 
for the same procedure, as demonstrated by the same authors in a more 
recent work [164,182] (letter “a” in Table 13 and Fig. 19), where the 
membrane was transferred onto the SolSep BV, UF010104 PAN 
substrate.

4.1.10. Membrane floating on water
Recently, a floating crosslinked PDMS thin film was recently pre

pared by dropping its solution onto the surface of warm water, which 
instantly initiated the crosslinking reaction between Sylgard 184 elas
tomer parts A and B [183]. The lower-than-water density of the cross
linked PDMS (0.982 g/cm3) allowed it to float on the water surface, 
which facilitated its transfer onto a scooper/ring. Similarly, Selyanchyn 
et al. [164] utilized this water-floating ability of crosslinked PDMS, even 
after a Pebax-1657 layer was deposited on top of it by spin-coating, 
while a water-soluble PSS layer on a perfectly-even glass surface 
served as a non-porous, sacrificial substrate underneath. As the PSS layer 
dissolved in water, the cross-PDMS/Pebax-1657 TFC membrane 
remained floating on water, allowing its transfer onto a porous substrate 
practically easily.

4.1.11. Coating of tilted substrate
In the works by Jiang et al. and Li et al. [7,104], the Pebax-1657 

solution was either sprayed or shed, respectively, onto a 45-degree tilted 
surface of a homemade substrate, which was either PDMS-coated, or 
non-coated, respectively. The tilt apparently helped the solution to 
spread on the surface more evenly, forming a thinner selective layer 
with thickness of 100 nm and 271 nm, respectively. Despite the fact that 
both cases resulted in ultrathin selective layers, a high difference in 

measured CO2 permeance values (261.3 vs. 2426 GPU, respectively) was 
observed, which can mainly be attributed to the use of homemade 
porous substrates with very different permeances.

4.1.12. Use of advanced gutter layer material
According to Yoo et al., whilst a Sylgard 184 layer with a thickness of 

200 nm thickness has a measured CO2 permeance of approximately 
4000 GPU (which is much lower than its theoretically expected per
meance, since below 1 μm permeability drops with decreasing thickness, 
as reported by Fujikawa et al. [150]), a 200 nm layer of Teflon™ AF2400 
achieves 14,000 GPU [4]. Additionally, since the latter polymer contains 
no Si, in contrast with PDMS and PTMSP, it allows O2-plasma treatment 
without formation of a permeability-blocking SiO2 layer. However, like 
PDMS, Teflon™ AF2400 also requires surface modification in order to 
become hydrophilic (untreated, it has 116◦ WCA) for use as a gutter 
layer with Pebax-1657. O2-plasma treatment conducted under vacuum 
conditions has demonstrated the production of a highly promising 
membrane, as presented by Yoo et al., with performance values listed in 
Table 13 (marked with letter “h”). However, the drawbacks in the use of 
Teflon AF2400 include its relatively high cost and the demand for 
expensive and highly toxic solvents.

4.1.13. Measurements under humid conditions
Li et al. [104] (letter “g” in Table 13 and Fig. 19) found that the 

presence of water vapor (RH% >60) in both feed and permeate streams 
leads to CO2 permeance and selectivity increase, as well as partial re
covery of any collapsed substrate pores, thereby enhancing permeance. 
However, notably the beneficial effect of humidity was pronounced in 
this work through blending of substrate polymer with Pluronic F127 
(PEO-PPO-PEO co-polymer), which formed a thin PEO-enriched hy
drophilic surface layer that concentrated water and allowed water- 
facilitated CO2 transport in accordance with the explanations given in 
section 3.3 “Degree of water-swelling for Pebax-1657”. Furthermore, 
this study provides valuable insights into the practical utility of mem
branes in CO2 separation, emphasizing their potential for large-scale 
industrial processes, where humidity is a critical factor.

4.2. Practical scalability potential of fabrication methods

Overall, supported CO2 gas separation membranes consisting of ul
trathin (sub-micrometer) Pebax-1657 films can be fabricated using 
various methods: spin-coating, spray-coating, drop-casting and dip- 
coating. As described in detail in sections 4.1.1–4.1.13, these methods 
are combined with substrate and/or gutter layer surface modification 
techniques, such as: oxygen plasma etching, ozone treatment and ad
ditive blending, in order to allow the formation of ultrathin films 
without defects. In parallel, strategies, such as substrate pore filling with 
liquid during deposition, or deposition on sacrificial substrates followed 
by film transfer onto the porous supports ensures that no pore intrusion 
can happen. All these methods are compared in Tables 15 and 16, in 
terms of achievable membrane surface area and upscaling potential.

Table 16 
Comparison of surface treatments & pore-blocking techniques.

Technique Purpose & Effect Scalability

Oxygen plasma etching Increases surface energy, 
improves wetting and adhesion

Scalable (R2R plasma 
systems exist)

Ozone etching Mild oxidation, improves 
hydrophilicity

Scalable, simpler 
than plasma

Additive blending Modifies viscosity, reduces 
defects

Highly scalable 
(solution-based)

Substrate pore filling 
with liquid

Blocks pores to avoid intrusion Lab-to-pilot feasible, 
adds complexity

Sacrificial substrate 
followed by film 
transfer

Prevents pore intrusion, 
ultrathin free-standing films

Limited scalability 
(yield issues)
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As emerges from Table 15, among the examined deposition methods, 
dip-coating and spray-coating stand out as the most promising candi
dates for industrial-scale production of ultrathin Pebax-1657 mem
branes. These methods are compatible with both large-area flat sheets 
and hollow fiber supports and can also be readily integrated to contin
uous roll-to-roll processing. On the contrary, spin-coating and drop- 
coating, although useful for fundamental research and proof-of-concept 
demonstrations, are restricted to small, rigid substrates of flat sheet 
geometry and cannot practically be scaled beyond the laboratory. Also, 
as shown in Table 16, surface modification strategies such as plasma or 
ozone etching and additive blending are directly scalable and enhance 
film adhesion and uniformity, whereas use of pore-blocking liquids and 
sacrificial transfer methods are effective at producing defect-free 
membranes at the lab-scale, but remain impractical for industrial 
manufacturing due to their complexity. Overall, the ability to upscale 
fabrication processes is crucial for translating membrane research into 
viable commercial separation technologies, with the most effective path 
combining scalable coating methods (dip- or spray-coating) with scal
able surface treatments (plasma, ozone, blending), while the more 
complex pore-blocking and transfer-based approaches need to be further 
developed to reduce process complexity.

5. Substrates and gutter layers

5.1. Typical substrates and gutter layers for supported Pabax-1657 
membranes

A typical supported membrane for gas separation possesses a com
posite structure, where a porous support is overlaid with a highly 
permeable, yet weakly selective, gutter layer and a thin selective sepa
ration layer on top (Fig. 2). In particular, according to a computational 
study by Kattula et al., a gutter layer thickness of 1–2 times the pore 
radius of the support yields the maximum improvement in membrane 
permeance without a significant selectivity decrease, provided the 
permeability of the gutter layer surpasses that of the selective layer by 
5–10 times [184]. At the same time, as emerges from Table 13, mem
branes exhibiting high performance are either deposited on substrates 
with pore sizes in the range of 8–20 nm [165], and/or prepared initially 
via deposition on a sacrificial dense substrate and thereafter transferred 
onto the porous substrate with such pore sizes [164,166]. Narrower 
pores are expected to lead to very low permeance, while wider pores are 
more prone to defect formation. Given the highly significant impact of 
pore diameter, it is recommended to use the method of perporometry, 
also known as capillary flow porometry (CFP), for substrate character
ization prior to conducting membrane measurements. This is in partic
ular pertinent when the substrate is homemade (works with letters “d, e, 
f, g, i” in Table 13 / Fig. 19), or has unknown pore-characteristics [185]. 
Typical materials employed as gutter layers for Pebax-based membranes 
are shortly outlined below:

5.1.1. PTMSP
This polymer exhibits a CO2 permeability of approximately 37,000 

Barrer with a CO2/N2 selectivity of 6 [186,187]. Even though PTMSP 
initially exhibits high CO2 permeability, this value drops rapidly over 
time due to intense physical ageing of the polymer [188]. Nevertheless, 
in a considerable number of works report thin-film composite Pebax- 
1657 gas separation membranes that utilize a PTMSP gutter layer 

resting on a microporous HF substrate. For example, PVDF ultrafiltra
tion hollow fiber membranes with a pore diameter of 50 nm, dip-coated 
3–4 times with PTMSP, can result in a relatively effective pristine Pebax- 
1657 gas separation membrane [70,170,189,190].

5.1.2. Commercial cross-linked PDMS
The commercial Dow Corning Sylgard 184 elastomer with PDMS- 

base comprises two liquid parts/components, which are mixed in a 
“base” to “curing agent” weight ratio of 10:1. Curing leads to solidifi
cation after 24 h at 23 ◦C, 4 h at 65 ◦C, or 1 h at 100 ◦C. Different curing 
temperatures lead to different gas permeabilities, with an optimum 
value at 75 ◦C, as shown in Table 17.

5.1.3. Non-commercial cross-linked PDMS types
Cross-linked PDMS gutter layers, commonly used, are prepared by 

curing of deposited mixtures containing OH-terminated PDMS, tetrae
thoxysilane (TEOS) cross-linker and dibutyltin dilaurate (DBD) catalyst 
[3,168,190,192]. The mechanism entails the interaction between hy
droxyl (OH) groups in PDMS and silanol (Si-OH) groups in TEOS 
through condensation reactions, forming siloxane bonds and leading to 
the crosslinking of PDMS with TEOS. A simplified representation of this 
crosslinking mechanism is as follows:

Hydrolysis of TEOS 

TEOS+H2O→Si(OH)4 

Hydrolysis of OH-terminated PDMS

PDMS − OH+H2O→PDMS − O− +H3O+

Condensation with catalyst

Si(OH)4 +PDMS − O− →PDMS − O − Si − O − Si − O − Si − OH+H3O+

Polymerization and Crosslinking

PDMS − O − Si − O − Si − O − Si − OH
+PDMS − O− →(PDMS − O − Si − O − Si − O − Si)n +H3O+

In a slightly modified method for turning the PDMS gutter layer 
hydrophilic, NH2-containing (3-Aminopropyl)triethoxysilane (APTES) 
is added to the mixture solution, in order to form a PDMS coating layer 
containing NH2-groups [193]. PVP grafting onto these NH2-groups 
renders the surface hydrophilic (with a WCA of 28.1◦ after 50 s im
mersion time), while CO2-permeance remains adequately high at 1500 
GPU. Alternatively, aiming to increase hydrophilicity, the amphipathic 
PDMS-b-PEO copolymer can also be used instead of APTES/PVP [167]. 
Alternatively, a mixture of vinyl-terminated PDMS with amino silicone 
(containing NH2– and Si–H– groups) can also be used [194]. In this 
reaction, the vinyl group (-CH=CH2) of vinyl-terminated PDMS reacts 
with the Si–H group of amino‑silicone resulting in the formation of a 
solid crosslinked polymer network. The reaction is catalyzed by a 
platinum-based catalyst [194]. Finally, (bicycloheptenyl)ethyl -termi
nated PDMS can be cross-linked through ring-opening metathesis 
polymerization reactions, as described in the work of Hong et al. [195], 
who studied the influence of cross-linking density on CO2 permeability 
and observed a maximum of 6800 Barrer at a cross-linking density of 
1.19 × 10− 5 mol•cm− 3.

5.2. Solvent effects during drop-casting

The adhesion among substrate, gutter, and selective layers can be 
influenced by the solvents used during each dip-coating step. Swelling or 
partial dissolution are possible outcomes, which can lead to stronger 
adhesion and make it more difficult to distinguish between layers in SEM 
images. Kappert et al. investigated the effects of various commonly used 
solvents on the most common gutter and substrate materials found in 
Pebax-based composite membranes [109]. Their results are summarized 

Table 17 
Gas permeabilities of PDMS membranes crosslinked at different temperatures 
(Barrer). Reproduced with permission from Berean et al. [191].

Penetrant 25 ◦C 50 ◦C 75 ◦C 100 ◦C 150 ◦C

CH4 850 940 1000 860 480
N2 360 – 590 – 280
CO2 3180 3430 3970 3190 1150
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in the diagram of Fig. 21. Even though the examined grade in the work 
of Kappert et al. was Pebax-3533, for example, it becomes evident that 
the 70:30 ethanol/water system used for dip-coating with Pebax-1657 
induces a more pronounced swelling effect on PTMSP than on the 
PDMS gutter layer.

6. Gas separation for other gas pairs

Pristine Pebax membranes have been widely recognized for their 
good processability, flexibility, and inherent selectivity toward polar 
gases such as CO2 and H2S due to the presence of polyether segments 
that interact favorably with condensable gases. However, despite these 
advantages, the intrinsic H2S permeability and selectivity of pristine 
Pebax remain relatively limited, restricting its applicability for efficient 
acid gas separation. Reported studies show H2S/CO2 selectivities of 
~3.6 and H2S/CH4 selectivities of 51–57 indicating low discrimination 
between H2S and CO2 but strong selectivity over CH4. This results from 
the similar polarity and size of H2S and CO2, which interact comparably 
with Pebax, while nonpolar CH4 shows much weaker interaction and 
diffusivity. Thus, pristine Pebax provides a stable yet moderately se
lective base that benefits from further modification to enhance H2S/CO2 
separation.

The long-term gas separation performance and stability of Pebax- 
1657 membranes were systematically evaluated under humid sour gas 
conditions containing H2S, CO2, and CH4 [118]. Experiments were 
conducted at 30 ◦C and operating pressures of 20 and 40 bar, with hu
midity levels ranging from 400 to 1700 ppm, corresponding to RH 
values between 19 % and 80 %. The influence of humidity on perme
ability and selectivity was examined over extended operation periods to 
assess the membrane’s robustness and potential for natural gas sweet
ening applications. At 20 bar and 30 ◦C in the presence of 15 % H2S, the 
introduction of humidity (400–1700 ppm) caused only minor variations 
in H2S permeability, which remained close to its original value after 150 
h of continuous operation. Increasing humidity resulted in a slight 
decrease in CO2 and H2S permeabilities (up to 6 % and 2 %, respectively) 
but led to enhanced CO2/CH4 and H2S/CH4 selectivities by approxi
mately 5 % and 10 %. Upon humidity removal, membrane performance 
returned to initial levels, indicating reversible behavior. Similar trends 
were observed at 40 bar, where humidity introduction caused a small 
reduction in permeability but a minor increase in selectivity, confirming 
the membrane’s consistent behavior at higher pressure. Long-term 
testing over 450 h, including 360 h in H2S and 190 h in humid H2S 
conditions, showed that Pebax-1657 maintained excellent stability with 
negligible degradation. The slight decline in CO2 permeability during 
prolonged exposure was attributed to minor compaction rather than 
humidity effects. These findings suggest that the hydrophilic and 
rubbery nature of Pebax, combined with competitive sorption among 
H2S, CO2, and H2O, contributes to increased selectivity while preserving 
permeability.

Moreover, the exceptional properties of Pebax films, including their 
ease of casting and excellent mechanical resistance, make them highly 
suitable for investigating the recovery of difluoromethane (R32) from 
the near-azeotropic refrigerant mixture R410A, composed of 50 wt% 
R32 and 50 wt% pentafluoroethane (R125) [214]. R32 exhibits high 
permeability exceeding 200 Barrer due to its small molecular size and 
high solubility in the Pebax copolymer, while Pebax demonstrates 
moderate selectivity, enabling effective separation of R32 from R410A. 
These characteristics highlight Pebax as a promising membrane material 
for the practical application of membrane technology in the recovery of 
value-added compounds from azeotropic or close-boiling refrigerant 
mixtures.

The demonstrated and proven versatility and efficiency of Pebax- 
based membranes in separating complex mixtures such as R32/R125 
have inspired their further application in CO2/CO separation, taking 
advantage of Pebax’s excellent permeability-selectivity balance and 
mechanical stability under industrially relevant conditions. CO2/CO 

Table 18 
Selectivity values of pristine Pebax-1657 membranes for gas pairs other than 
CO2/N2 and CO2/CH4.

Gas pair Selectivity Type ΔP (bar(a)) T 
(◦C)

Reference

CO2/H2 9.1 Dense 2 25 [139]
9.5 Dense 4 35 [25]
9.2 Dense 2 25 [169]
9.1 Dense 0.6 30 [67]
8.1 Composite 5 20
9.1 Dense 1 30 [200]
8.4 Composite 1 30
11 Dense 2.3 21 [201]
5.0 Dense 3 35 [202]
10.3 Dense 1 25 [160]
4.1 Dense 4 25 [203]
9.1 Dense 0.6 30 [204]
9.0 Dense 1 30 [63]

CO2/O2 19.7 Dense 3 25 [71]
20.8 Dense 4 35 [25]
21 Dense 1 30 [63]
22.5 Dense – 30 [205]

CO2/He 15.9 Dense 4 35 [25]
6.6 Dense 3 25 [159]

CO2/CO 30.2 Dense 1 30 [198]
48.3 Composite 4 25 [196]

H2/CH4 1.9 Dense 1 25 [206]
2.4 Composite 2 30 [207]
3.24 Composite 4 25 [203]
2.55 Dense 10 35 [208]
2.02 Dense 4 25 [209]
2 Dense 1 30 [63]
1.9 Dense 1 – [210]
1.69 Dense 4 35 [25]
2.12 Dense 7 35 [211]

CH4/N2 3.12 Dense 1 25 [79]
He/CH4 21.6 Composite 0 25 [212]
He/N2 4.0 Dense 1 25 [79]

18.4 Composite 0.3 25 [212]
H2/N2 5.62 Dense 1 25 [160]

6.0 Dense 1 25 [79]
6.0 Dense 1 25 [206]

H2O/N2 10,000 Composite Modified upright 
permeability cup 
method (modified 
ASTM E96B)

21 [97]

1800 Composite 0.0034 21 [213]
H2O/DME 24–40 Dense 3 35 [96]
C4H10/CH4 9.6 Dense 0.6 30 [67]

12.3 Composite 1.2 30
C3H6/C3H8 2.9 Composite 1 30 [81]
H2S/CH4 

Ternary 
mixture

51 Dense 10 35 [200]
62.2 Dense 20 30 [118]
70.4 Dense 20 30

H2S/CO2 

Ternary 
mixture

3.59 Dense 10 35 [200]

H2S/CO2 3.52 Dense 0.05 40 [133]
H2S/CH4 57.1 Dense 0.05 40
CH₂F₂/ 

CF3CHF2 

50/50 
wt%

7.0 Dense 0.86 30 [214]

O2/N2 2.4 Dense 3 25 [71]
6.6 Dense 5 25 [201]
6.1 Dense 5 25 [202]
3.94 Dense 5 28 [203]
2.48 Dense 1 25 [160]
3.0 Dense 3 25 [204]
3.4 Dense 4.9 25 [205]
7.8 Dense 4 25 [198]
2.56 Dense 1 25 [79]
3.4 Dense 10 30 [72]
2.5 Dense 1 25 [206]
3.4 Dense 3 25 [159]
4.3 Dense 0.3 25 [212]
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separation is now as significant as CO2/N2 and CO2/CH4 separations, as 
the related technologies are vital for climate change mitigation and the 
transition toward sustainability by enabling the production of high- 
value chemicals from industrial byproducts [196,197]. In this context, 
D.S. Karousos et al. developed composite HF membranes by coating 
porous polyimide/graphene nanoplatelet HFs with a PDMS gutter layer 
and a Pebax-1657 selective layer employing an upscaled, innovative HF 
coating device based on an underflow drop-casting technique. The 
membranes were evaluated for CO2/CO separation using a binary CO2/ 
CO (33/67 vol%) mixture, simulating a Linz-Donawitz converter gas 
(LDG) byproduct stream from the steel industry, as the feed under 
elevated pressure. The CO2/CO selectivity reaches a maximum of 
approximately 50 at 4 bar(a). Beyond this pressure, the selectivity 
gradually declines and stabilizes around 40 at higher pressures up to 8 
bar(a). This performance surpasses the reported the CO2/CO selectivity 
of 30 for a pristine Pebax-1657 dense membrane with flat-sheet geom
etry [198]. Similarly, Pebax membranes exhibit promising and strong 
potential for CO2/CO separation, achieving an effective trade-off be
tween permeability and selectivity. Their flexible copolymer structure 
facilitates efficient CO2 transport due to strong CO2-polymer in
teractions, while maintaining sufficient mechanical stability for opera
tion under elevated pressures, making them attractive candidates for 
industrial gas separation applications.

In Table 18 pristine Pebax-1657 membrane selectivity values are 
given for each of different binary gas separations, according to one or 
more published works. For each value, specific measurement conditions 
regarding membrane type, transmembrane pressure, and temperature 
are denoted in parentheses. References are listed in the same sequence as 
the corresponding values. Among the most scarcely reported gas sepa
rations for pristine Pebax-1657, the CO2/CO, He/CH4 and H2S/CH4 gas 
pairs stand out for their comparatively high selectivities, while CH4/N2, 
CO2/H2 and CO2/He selectivities are inversed in comparison with most 
other polymeric membrane materials. In Fig. 22 the typical example of 
CO2/H2 selectivity-permeability diagram for PEO-containing polymers 
is presented, with the noticeable characteristic Robeson upper bound 
with positive slope.

7. Perspectives, unresolved issues

Overall, the reported CO2 permeances exceeding 1000 GPU and 
CO2/N2 selectivities over 50 demonstrate clearly that ultrathin sup
ported membranes composed of pristine Pebax-1657 grade, without any 
filler or additive, exhibit performance levels within the range of indus
trial applicability for CO2 capture from flue gas. The few outstanding 
works that have presented such membranes to date have implemented 
similar fabrication techniques to achieve ultrathin structures. In 
particular, the best reported performances under dry conditions so far, 
have been achieved for thicknesses of 70 nm or lower. These thicknesses 
were achieved by implementing oxygen plasma etching to render sur
face of the planar gutter layer hydrophilic, enabling uniform coverage 
with a very thin Pebax-1657 solution. Performance enhancement by 
adding humidity to both membrane sides, was shown to allow reaching 
the same performance even with a 270 nm thick separation layer. 
However, all of these works exclusively focused on flat sheet membranes 
and implemented either spin- or spray- coating methods for applying the 
Pebax layer. Given that spin-coating upscaling for large membrane areas 
is not feasible and that conventional air-assisted spray coating often 
leads to inhomogeneous layer thickness, the need emerges to explore 
new improved coating techniques, such as ultrasound-assisted spray- 
coating. Furthermore, reducing thickness of the selective Pebax-1657 
layer on hollow fiber substrates to below 300 nm, in order to reach 
permeances comparable to supported flat sheet membranes, remains a 
major challenge. Finally, data scarcity on pristine Pebax-1657 mem
brane separation data regarding gas pairs, such as CO2/CO, H2/CH4, He/ 
N2, H2S/CH4 and H2S/CO2, also opens promising paths for future 
exploration.

8. Conclusions

Poly(ether-b-amide) (PEBA) copolymers have emerged as highly 
promising materials for gas separation membranes, particularly in CO2 
capture applications, presenting an auspicious balance between 
permeability and selectivity. This review explores the recent advance
ments in utilizing PEBA copolymers, focusing on Pebax grades, for 
enhancing gas separation efficiency. Through a comprehensive analysis 
of research efforts, it is evident that current strategies are predominantly 
centered on chemical modification and mixed-matrix concepts to opti
mize membrane performance. However, notably, Pebax-1657 has 
garnered significant attention due to its solubility in environmentally 
friendly solvents, excellent performance in CO2 gas separation and 
versatile application potential. The microstructural features of PEBAX 
membranes, including crystallinity and polymer chain arrangement, 
significantly influence their performance. Moreover, progress in mem
brane fabrication techniques, such as defect-free ultrathin separation 
layers, contribute to enhancing membrane efficiency. Membrane sys
tems, like Polaris™, demonstrate the practical feasibility of PEBA-based 
membranes at a pilot scale. Finally, the review discusses critical factors 
impacting membrane performance, including permeance-thickness 
relation, crystal size, polymorph structures and crystallization temper
atures, providing insights into future research directions. In particular: 

• FFV, a key parameter in membrane performance, was calculated 
based on van der Waals volumes, yielding a value of 0.134 for 
Pebax®-1657.

• Humidity-induced swelling at 60 % RH or higher enhances selec
tivity and permeability in CO2/N2 gas mixtures due to density 
reduction and water-facilitated CO2 transport.

• High transmembrane pressures above 8 bar(a) lead to irreversible 
compaction, reducing CO2/CH4 selectivity and CO2 permeance.

• In contrary to expectations, there was no clear correlation found 
between thickness, crystallinity, and membrane performance. 
Despite similar crystallinity, the selectivity and permeability pre
sented wide variations among different studies, suggesting that other 
factors influence performance.

• Various methods such as spin-coating, spray-coating and surface 
modifications were explored to optimize membrane performance. 
Surface hydrophilicity enhancement and defect reduction were 
found to significantly enhance performance.

• Different gutter materials and coating methods significantly 
impacted membrane performance, especially regarding CO2 per
meance and selectivity.

In conclusion, this review of pristine Pebax-1657 membranes for CO2 
gas separations highlights their potential and versatility in addressing 
the urgent challenges of carbon capture and separation. Despite the 
inherent advantages, challenges remain in terms of optimizing mem
brane thickness, enhancing mechanical stability, ensuring reproduc
ibility and scaling up for industrial applications. Further research should 
focus on overcoming these hurdles, exploring novel composite materials 
and further refining processing and fabrication techniques. This 
approach aims to unlock the full potential of Pebax-1657 membranes in 
CO2 separation technologies.
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