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A B S T R A C T   

Thin film composite membranes of poly(ether-block-amide) copolymer Pebax® 3533 were prepared for the first 
time on asymmetric polysulfone supports by a phase inversion method. The casting solution concentration and 
the number of layers were varied to study their influence on the selective layer thickness and the gas separation 
performance. The casting solution concentrations of polymer dissolved in the 1-propanol/1-butanol mixture 
were 0.25, 0.5, 1.0 and 1.5 wt%. These conditions produced membranes with selective skin layers with thick
nesses from 0.2 to 1.8 µm. All the membranes were characterized by scanning electron microscopy, thermog
ravimetric analysis and infrared spectroscopy. Furthermore, the intrinsic viscosity of all the casting solutions was 
studied to understand the effect of the polymer concentration on the homogeneity and the gas separation 
properties of the obtained membranes. In general, lower viscosity of casting solutions rendered to more defective 
skin layers, resulting in a higher number of layers required to obtain selective membranes. The gas separation 
performance was tested for the post-combustion 15/85 CO2/N2 mixture at 25–50 ◦C and under a feed pressure of 
3 bar. The best separation performance was achieved with the 0.5 wt% casting solution membranes after the 
deposition of four polymer layers, obtaining a CO2 permeance of 127 GPU and a CO2/N2 selectivity of 21.4 at 
35 ◦C, the same selectivity of the corresponding dense membrane but with much higher permeance.   

1. Introduction 

Among the most common greenhouse gases, carbon dioxide (CO2) is 
considered to be the main cause of the global temperature rise. To 
alleviate this negative effect, there is a demand for CO2 capture and 
sequestration technologies [1]. Such technologies must be able to 
remove CO2 from fuels and exhaust gases to achieve a clean stream to be 
used in other industrial processes [2]. Within these processes, 
post-combustion CO2 capture is the simplest approach to be imple
mented due to its ease to be adapted to the already existing industrial 
facilities. In this field, technologies like physical or chemical absorption 
with amines, cryogenic distillation, and adsorption [3] have been the 
most commonly used for CO2 capture, although some drawbacks such as 
their potential toxicity or the difficulties derived from the regeneration 
of the solvent (in the case of chemical absorption with amines) resulted 
in many studies focusing on greener approaches [4]. With this aim, gas 
separation via polymeric membranes is now gaining more attention over 
the traditional techniques due to its well-known advantages, i.e. me
chanical simplicity, easy to scale up, lower energy consumption and 

cost, and smaller footprint [5]. 
CO2 capture from post-combustion streams is based on the separa

tion of CO2 from a CO2/N2 mixture, where CO2 concentration can go 
from ca. 15% in case of typical combustion processes to ca. 30% in case 
of stainless steel and cement industries, important producers of this gas. 
In this sense, working with polymers with excellent properties and 
facilitated transport parameters for this mixture is mandatory to obtain 
effective membranes. Poly(ether-block-amide) copolymers (PEBA, usu
ally commercialized as Pebax®) are composed of two different polymer 
segments (polyamide (PA) and polyether (PE)). Each segment provides 
different material characteristics and combined make Pebax® a very 
promising candidate [6–11]. In this work, Pebax® 3533 code was used 
due to its solubility in an alcohol (1-propanol/1-butanol) mixture, which 
suggests higher chemical stability of the obtained membranes when 
exposed to moisture since the most common Pebax® 1657 membranes 
are obtained from water/ethanol polymer solutions. A good stability of 
membranes to water vapor is needed since in real post-combustion 
processes coal-derived flue gases not only contain CO2 and N2 but also 
oxygen, SOx and NOx compounds and other minor contaminants like 

* Corresponding author at: Instituto de Nanociencia y Materiales de Aragón (INMA), Universidad de Zaragoza-CSIC, 50018 Zaragoza, Spain. 
E-mail address: coronas@unizar.es (J. Coronas).  

Contents lists available at ScienceDirect 

Journal of Environmental Chemical Engineering 

journal homepage: www.elsevier.com/locate/jece 

https://doi.org/10.1016/j.jece.2021.105624 
Received 20 January 2021; Received in revised form 21 April 2021; Accepted 30 April 2021   

mailto:coronas@unizar.es
www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2021.105624
https://doi.org/10.1016/j.jece.2021.105624
https://doi.org/10.1016/j.jece.2021.105624
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jece.2021.105624&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Environmental Chemical Engineering 9 (2021) 105624

2

water vapor [12]. 
To achieve an efficient separation, which exceeds the Robeson trade- 

off relationship between permeability and selectivity [13], an ideal 
membrane for gas separation should be as thin as possible, to maximize 
the flux through it (high CO2 permeance), highly selective and me
chanically robust [14]. To accomplish this target, composite membranes 
must be prepared with a very thin selective layer. 

In the open literature, the methods for preparing composite mem
branes are diverse. The most typical approaches include dip-coating [15, 
16], spin-coating [17,18] and interfacial polymerization [19], being the 
dip-coating the most commonly used for gas separation membranes due 
to its easy implementation. According to this method, Ren et al. pre
pared a multilayer polyetherimide (PEI)/polydimethylsiloxane 
(PDMS)/Pebax® 1657/PDMS composite membrane [11]. With this 
composite membrane the authors achieved, at 5 bar and 25 ◦C, a CO2 
permeance of 157 GPU and a CO2/N2 selectivity of 64. Zhao et al. 
developed a similar multilayer structure based on a polysulfone (PSF) 
support covered by a PDMS gutter layer modified with plasma and a 
Pebax® 1657 selective layer [20]. In this case, the authors obtained a 
CO2 permeance of 170 GPU and an ideal CO2/N2 selectivity of 49, 
measured at 7 bar and 30 ⁰C. 

In this work, we report the preparation for the first time of Pebax® 
3533 thin film composite membranes via a phase inversion method 
(immersion-precipitation with a non-solvent). Following this approach, 
different membranes were prepared varying the concentration of 
Pebax® 3533 in the casting solution (0.25, 0.5, 1.0 and 1.5 wt%) as well 
as the number of layers deposited (1− 6). The best condition found was 
chosen to prepare supported membranes by dip-coating, tested for the 
separation of CO2/N2 mixtures. Finally, Pebax® 3533 has only rarely 
been studied, and in a few publications: as dense membrane for CO2 
separation [21], to improve impact strength [22] and in drug release 
[23]. 

2. Experimental 

2.1. Materials 

Polysulfone (Udel® P-3500 LCD) was purchased from Solvay 
Advanced Polymers. Polyether-block-amide, Pebax® 3533 SA 01 MED 
(Scheme 1) (comprising 75 wt% poly (tetramethylene oxide) (PTMO) 
and 25 wt% aliphatic polyamide (PA12)) in the form of pellets was 
kindly provided by Arkema, France. The solvents, N-methyl-2-pyrroli
done (NMP), 1-propanol and 1-butanol were purchased from Panreac, 
Labbox and Scharlab, Spain, respectively. All gases used for the sepa
ration tests were of research grade (greater than 99.995% of purity) and 
supplied by Abelló Linde S.A., Spain. All gases, polymers and solvents 
were used as received. 

2.2. Methods 

2.2.1. Preparation of Pebax® 3533 self-supported dense membranes 
To compare with the supported membranes and confirm the appli

cability of the method, self-supported dense membranes were prepared 
by casting followed by solvent evaporation. Pellets of Pebax® 3533 were 
first dissolved in a mixture 3:1 (v/v) of 1-propanol:1-butanol, stirred 
under reflux at 80 ◦C for 2 h to obtain a 3 wt% casting solution. Once 
cooled down to room temperature, this solution was cast onto a glass 
Petri dish and left for solvent evaporation and drying overnight at room 
temperature in a solvent saturated atmosphere [5]. Finally, the mem
branes were peeled off from the Petri dishes and treated in an oven at 
40 ◦C for 48 h for the complete removal of the solvent. The thickness of 
the membranes prepared in this way was approximately 55 µm. 

2.2.2. Preparation of PSF asymmetric supports 
The PSF supports were prepared by the phase inversion technique as 

follows [4]: a dope solution of 20 wt% was prepared dissolving PSF in 

Scheme 1. Pebax® 3533 chemical structure.  

Scheme 2. Layer-by-layer method by phase inversion. Including drying time (ca. 1 min), the total time is 4–5 min.  
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NMP under stirring at room temperature overnight. Once degassed, the 
polymer solution was cast onto a Teflon plate using an Elcometer 4340 
Automatic Film Applicator at a thickness of 250 µm and using a casting 
speed of 0.04 m s− 1. Immediately after casting, the membranes were 
immersed in a water bath for 1 h at room temperature, where the phase 
inversion occurred. After complete precipitation, the membranes were 
transferred to a deionized (DI) water bath where they remained over
night and then they were rinsed with isopropanol. The PSF supports 
were finally dried at 100 ◦C for 24 h. 

2.2.3. Preparation of Pebax® 3533 supported membranes by phase 
inversion and dip-coating 

To prepare the thin film composite (TFC) supported membranes by 
phase inversion, the first step was to obtain the polymer solution by 
dissolving Pebax® 3533 in the mixture of 1-propanol:1-butanol (3:1 v/ 
v) at different concentrations (0.25, 0.5, 1.0 and 1.5 wt%). These solu
tions were obtained following the steps previously explained for dense 
membranes. With these solutions, supported membranes were prepared 
applying different number of layers on top of PSF supports by phase 
inversion following the steps in Scheme 2. Firstly, PSF support was 
horizontally fixed with the aid of a vacuum pump. Pebax® 3533 casting 
solution, in the form of a liquid, was applied just to the selective side of 
the support. In the second step, the Pebax® solution, previously poured 
into a Petri dish, was put in contact with the support by lifting the 
platform where the casting solution was located and maintained in 
contact for approximately 2–3 s. Immediately after this short time, the 
platform was lowered again and the Petri dish containing the Pebax® 
solution was replaced by another one with DI water (third step). In the 
fourth and fifth steps, the same procedure was carried out, but this time 
with the DI water bath, where the phase inversion of Pebax® took place. 
After 2–3 min in contact with water, the membrane was gently dried for 
ca. 1 min with compressed air (sixth step). Once the excess of water was 
removed, the membrane was ready to repeat the cycle, as many times as 
necessary depending on the desired number of layers and membrane 
total thickness. The total time required to complete each cycle was 
scarcely 4–5 min. Finally, membranes were dried in an oven at 40 ◦C for 
48 h before gas permeation tests. Membranes obtained by this method 
were abbreviated as Xwt%_Y, where X is the concentration of Pebax® in 
the casting solution, and Y the number of layers. 

The best conditions found with the supported membranes prepared 
by phase inversion were applied to obtain the conventional ones by dip- 
coating [15]. Briefly, a casting solution with a Pebax® concentration of 
0.5 wt% was obtained as explained before. PSF supports were horizon
tally fixed with the aid of a vacuum pump. Once fixed, the Pebax® 3533 
solution was dip-coated during 30 s. Membranes were then placed in an 

oven at 40 ◦C to allow solvent evaporation for 1 h, before the deposition 
of the remaining layers. This procedure was repeated three more times 
to obtain a membrane with a total of 4 layers. Finally, membranes were 
dried in an oven at 40 ◦C for 48 h before characterization. Membranes 
prepared this way were called 0.5 wt%_4_dip-coating. 

2.3. Membrane characterization 

Scanning electron microscopy (SEM) images of the membranes were 
obtained using an Inspect F50 model scanning electron microscope 
(FEI), operated at 10 kV. This instrument was also used for measuring 
(at 5–6 different positions along the membrane) the thickness of the 
selective skin layer. Cross-sections of membranes were prepared by 
freeze-fracturing after immersion in liquid N2 and subsequently coated 
with Pd. Viscosity tests were conducted with a SMART L Fungilab 
Rotational viscometer. Casting solutions (~15 mL) placed in an APM/B 
adapter were subjected to different rotational speeds (from 75 to 
200 rpm) at 24 ◦C. Fourier transform infrared spectroscopy (FTIR) was 
performed with a Bruker Vertex 70 FTIR spectrometer equipped with a 
DTGS detector and a Golden Gate diamond ATR accessory. The spectra 
were recorded by averaging 40 scans in the wavenumber range of 
4000–600 cm− 1 at a resolution of 4 cm− 1. Thermogravimetric analyses 
(TGA) and differential thermogravimetry (DTG) were carried out using a 
Mettler Toledo TGA/STDA 851e. Small pieces of membranes (~ 3 mg) 
placed in 70 µL alumina pans were heated under an airflow 
(40 cm3(STP) min− 1) from 35 to 700 ◦C at a heating rate of 10 ◦C min− 1. 

2.4. Gas permeation tests 

Membranes were cut and placed in a module consisting of two 
stainless steel pieces and a 316LSS macro-porous disk support (Mott Co.) 
with a 20 µm nominal pore size. Membranes, 2.12 cm2 in area, were 
gripped inside with Viton O-rings. To control the temperature of the 
experiment (in the 25–50 ◦C range), which has an effect on gas sepa
ration, the permeation module was placed in a UNE 200 Memmert oven. 
Although in real post-combustion systems the flue gas pressure is 
ambient, there are some factors that must be taken into account when 
choosing the separation conditions for efficient separation of CO2. In 
2010, Baker and co-workers [12] estimated the impact that some factors 
such as pressure generation (using compressors or vacuum pumps) and 
membrane relative area have on the total separation cost. In this study, 
they found that working at low pressures implies a rise in capture cost 
because of excessive membrane areas. Otherwise, working at very high 
pressures means an excessive energy charge. This information suggested 
that moderate pressures must be reached at the feed side to achieve 

Fig. 1. Cross-section images of the PFS support (a) and the Pebax® 3533 dense membrane prepared by the conventional casting-solution method (b). Insets 
correspond to the top and bottom sides of the PSF support. 
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competitive separations with a reduced final cost. For this reason, in this 
work, the gas separation measurements were carried out by feeding the 
post-combustion gaseous mixture of CO2/N2 (15/85 cm3(STP) min− 1) 
to the feed side at an operating pressure of 3 bar to favor CO2 perme
ation. Gas flows were controlled by two mass-flow controllers (Alicat 
Scientific, MC-100CCM-D). The permeate side of the membrane was 
swept with a 4.5 cm3(STP) min− 1 of He, at atmospheric pressure (~ 
1 bar) (Alicat Scientific, MC-5CCM-D). Concentrations of N2 and CO2 in 
the outgoing streams (permeate side) were analyzed online by an Agi
lent 3000 A micro-gas chromatograph. Permeances were calculated in 
GPU (gas permeance unit, 10− 6 cm3(STP) cm− 2 s− 1 cm Hg− 1), once the 
steady state of the exit stream was reached (at least after 2 h). At this 
stage, membrane samples are considered to be fully dried. The separa
tion selectivity was calculated as the ratio of permeances. 

3. Results and discussion 

3.1. Membranes preparation and characterization 

Fig. 1a and b show the cross-sections of the PSF support and the 
Pebax® 3533 dense membrane, respectively, prepared by the conven
tional casting solution method. These images were taken for comparison 
with the supported membranes. As can be seen in Fig. 1a, the PSF sup
port prepared in this work has a thickness of around 150 µm and is 
constituted by two different porous layers, finger-like macropores at the 
top of the film and thick sponge-like micropores at the bottom. More
over, Fig. 1b confirms the Pebax® 3533 dense morphology without the 
existence of apparent porosity, as expected for this kind of polymers 
when prepared by the casting-solution technique. Membranes prepared 

in this way had a thickness of approximately 55 µm. 
Pebax® 3533 thin film composite membranes (TFC) were prepared 

by phase inversion method on top of asymmetric PSF supports. Although 
this approach has been widely used for the preparation of asymmetric 
supports [24], to the best of our knowledge, only a recent article pub
lished in our research group considers this route for Pebax®-type 
polymers (Pebax® 1041) [4]. In contrast to this previous work, in which 
a polymer emulsion was drop-cast on a porous support, here we focus on 
the preparation of thin film composites of Pebax® 3533/polysulfone 
(PSF) via layer-by-layer method. An ideal membrane for gas separation 
must be as thin as possible to reach a high flow through it without losing 

Fig. 2. Cross-section images of the supported membranes prepared with the 0.5 wt% casting solution via phase inversion after the deposition of 3 (a), 4 (b), 5 (c) and 
6 (d) Pebax® layers. Inset in (a) corresponds to the top layer of the membrane. 

Table 1 
Thickness of supported membranes prepared in this work via phase inversion.  

Membrane Pebax® 3533 
(wt%) 

Layers Thickness 
(µm) 

Thickness increase 
(µm) 

1.5 wt%_1  1.5  1 1.0 ± 0.2  1.0 
1.5 wt%_2  1.5  2 1.8 ± 0.1  0.8 
1.0 wt%_1  1.0  1 0.5 ± 0.1  0.5 
1.0 wt%_2  1.0  2 1.5 ± 0.1  1.0 
0.5 wt%_3  0.5  3 0.4 ± 0.1  0.4 
0.5 wt%_4  0.5  4 0.7 ± 0.2  0.3 
0.5 wt%_5  0.5  5 1.0 ± 0.2  0.3 
0.5 wt%_6  0.5  6 1.3 ± 0.3  0.3 
0.25 wt% 

_4  
0.25  4 0.2 ± 0.0  0.2 

0.25 wt% 
_5  

0.25  5 0.5 ± 0.0  0.3 

0.25 wt% 
_6  

0.25  6 0.8 ± 0.0  0.3  
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selectivity. To this aim, different conditions were tested in this work 
varying the concentration of Pebax® in the casting solution as well as 
the number of layers applied on top of the supports. Fig. 2a–d show the 
supported membranes prepared with the 0.5 wt% casting solution after 
the application of 3, 4, 5 and 6 polymer layers, respectively. TFC 
membranes prepared with the casting solutions of 0.25, 1.0 and 1.5 wt% 
are shown in Figs. S1–S3 of the SI, respectively. It can be seen that in all 
cases a very thin layer of Pebax® was deposited on top of the PSF sup
ports (ranging from 400 nm to 1.3 µm, see Table 1) and that the number 
of layers cannot be differentiated. Furthermore, dense morphology ob
tained in all cases differs from the high-porosity expected in membranes 
prepared via phase inversion. Since Pebax®-type polymers behave as an 
elastomer-thermoplastic, such differences in morphology could be 
related to the collapse of the porous structure during the drying state. 
This behavior was also found by Sánchez-Laínez et al. in Pebax® 1041 
membranes when prepared through the phase inversion method [4]. 

The thickness of each supported membrane obtained by SEM is 
collected in Table 1. As expected, for the same number of layers, the 
selective layer total thickness decreased when the casting solution 
concentration was lower. Besides, for the same casting solution con
centration, the total thickness increased with the number of layers. 
Table 1 also shows the contribution of each layer to the thickness in
crease. In the case of the membranes prepared with the 0.5 wt% casting 
solution, for example, each additional layer made the total thickness to 
increase by ca. 300 nm. With this in mind, a total thickness of 900 nm 
would be expected for the 3-layered membrane instead of 400 nm. This 
difference could be due to the slight pore filling with the casting solution 
and the compatibility of the Pebax® polymer with the support. Once the 
support is covered with a layer of Pebax®, regardless of the thickness, 
compatibility increases and so does the homogeneity of the deposited 
Pebax® layers. The penetration of the casting solution into the support 
porosity is favored with less concentrated and less viscous polymer 
solutions. 

From these results, we can conclude that from casting solution con
centrations of 1.0 wt%, the more diluted the casting solution is, the more 
pore filling takes place and more defects must be repaired by the sub
sequent coatings. Therefore, a greater number of Pebax® layers will be 
required to obtain a homogeneous supported membrane. This statement 
can be justified if we take into account the casting solution viscosities.  
Fig. 3 shows the intrinsic viscosity of each casting solution concentration 
tested in this work at different rotational speeds compared with that of 
the pure mixture of solvents. As expected, the most concentrated casting 
solutions resulted in the most viscous ones as well. Such differences in 
viscosity seem to have an impact on the final characteristics of the 
Pebax® skin layer, as reduced solution viscosity is usually translated 

into faster exchange rate between casting solution solvent and water 
during the phase inversion. This phenomenon may lead to the formation 
of macro-voids (defects) [25]. Furthermore, for all cases, the viscosity 
decreased with the rotational speed, which means that all solutions 
behave as non-Newtonian pseudo-plastic fluids. 

The chemical structures of the TFC membranes were also studied 
using an FTIR-ATR spectrometer. Fig. 4 shows the FTIR spectra of the 
supported membranes prepared with the 0.5 wt% casting solution, 
compared to that of the bare PSF support and the self-supported Pebax® 
3533 dense membrane. The same comparison can be found in Fig. S4 of 
the SI, corresponding to the membranes prepared with the rest of the 
casting solutions tested (0.25, 1.0 and 1.5 wt%). As seen in these figures, 
several bands can be differentiated in the PSF spectrum. Bands at 1583 
and 1486 cm− 1 are associated to the aromatic C˭C stretching vibration 
[26]. The strong band that appears at 1236 cm− 1 is related to the 
asymmetric C‒O‒C stretching of the aryl ether. Symmetric and asym
metric O˭S˭O stretching of the sulfone group is visible in the bands at 
1148 and 1102 cm− 1. Finally, the two bands in the range of 
900–800 cm− 1 correspond to the vibrations of the aliphatic C‒H bonds 
[27]. In the case of the Pebax® 3533 spectrum, three main bands can be 
differentiated at 2925, 1640 and 1100 cm− 1 associated to both, the 
polyamide and the PTMO segments. Regarding the hard segment 
(PA-12), the band at 1640 cm− 1 corresponds to the vibrations of the H‒ 
N‒C˭O group [28]. Vibrations corresponding to the soft segment 
(PTMO) are visible in the bands at 2925 and 1100 cm− 1, assigned to the 
stretching and bending vibrations of the aliphatic C‒H group and the 
stretching vibration of the C‒O‒C ether group, respectively, which are in 
accordance with the literature [4,29]. Some of these main bands can be 
appreciated in the TFC spectrum. Fig. S4a shows the spectra of the TFC 
membranes prepared with the 1.5 wt% casting solution, which confirms 
that just with a single layer of Pebax® the surface of the porous support 
was covered uniformly since no band associated to the PSF can be 
appreciated. In contrast, when decreasing the casting solution concen
tration, for the TFC membranes prepared with the 1.0 wt% casting so
lution (Fig. S4b), the bands at 1236 cm− 1 and 900–800 cm− 1, associated 
to the C‒O‒C stretching and C‒H bonds of the PSF, are visible. In spite of 
that, the bands related to the Pebax® selective layer are stronger, 
indicating that bands of PSF observed can be due to the Pebax® thick
ness, which is thinner than that obtained with the more concentrated 
solution. These bands disappear when applying a second polymer layer. 
The same behavior is observed for the membranes prepared with the 
0.5 wt% casting solution (Fig. 4). However, the strong bands at 1236 

Fig. 3. Viscosity tests conducted at 24 ◦C and different rotational speeds for all 
the casting solution concentrations tested (0.25, 0.5, 1.0 and 1.5 wt%). Fig. 4. FTIR-ATR spectra of membranes prepared by phase inversion with the 

0.5 wt% casting solution concentration and a different number of layers (from 3 
to 6) compared to that of the bare PSF support and the Pebax® 3533 
dense membrane. 
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and 900–800 cm− 1 are present in all cases, no matter the number of 
layers applied. In the case of membranes prepared with more diluted 
casting solution (Fig. S4c), the spectra obtained with all samples are 
more similar to that of the PSF support, despite the fact that the thick
nesses of membranes prepared with 0.25 wt% casting solution after 5 
and 6 layers are analogous to those of the membranes prepared with the 
0.5 wt% solution after 4 and 5 layers, respectively. Such differences 
could be due to some defects possibly related to the concentration of the 
casting solution, which alters the viscosity and hence the behavior of the 
polymer in the phase inversion process [30–32]. This statement was 
confirmed when testing the membranes for the CO2/N2 gas separation 
(see gas permeation section). Furthermore, an additional comparison 
illustrating the differences between each casting solution concentration 
is shown in Fig. S5 of the SI. In this figure, the FTIR spectra of the 
supported membranes prepared with each casting solution concentra
tion after the deposition of 1 layer are compared with that of the bare 
PSF and the Pebax® 3533 dense membrane. As can be seen, this figure 
also demonstrates the previous statement. As the casting solution con
centration decreases, the bands associated to the PSF support are 
stronger whereas that associated to the Pebax® becomes weaker. This 
fact confirms the need to apply more layers to the PSF when a very 
diluted solution is used. 

The thermal stability of the membranes was studied by thermogra
vimetric analysis. The TGA and DTG results of the supported membranes 
prepared with the 0.5 wt% casting solution, compared with that of the 
bare PSF and Pebax® 3533 can be visualized in Fig. 5. As expected, due 
to the ultrathin layers deposited on top of the PSF supports, the thermal 
stability of membranes remains almost the same. In fact, Pebax® 
maximum degradation peak at 422 ◦C cannot be appreciated in TFC 
thermograms. Otherwise, only the peaks related to the thermal degra
dation of PSF at 515 and 635 ◦C are visible in the supported membranes, 
despite containing two different polymers. The greater proportion of PSF 
is responsible for this behavior [33]. Apart from that, TGA curves of the 
membranes prepared with 4–6 layers of Pebax® show a greater weight 
loss in the first degradation step, which suggest that the thermal 
degradation of the Pebax® selective layer is taking place at the same 
time as the PSF support. Furthermore, while degradation peaks of the 
membrane prepared with the lowest number of layers (0.5 wt%_3) 
remained unaltered, it can be seen that the maximum PSF degradation 
that takes place at 515 ◦C was delayed in membranes with 4, 5 and 6 
layers. Such delay can be related to a diffusion limitation, as PSF pores 
are covered by the more restrictive to the gas passage Pebax® 3533 
selective layer. The same behavior was found for the rest of the casting 
solution concentrations tested in this work, whose thermograms can be 

Fig. 5. TGA and DTG analyses of TFC membranes prepared by the phase inversion method with the 0.5 wt% casting solution compared to that of the PSF support and 
the bare Pebax® 3533. 

Fig. 6. Comparison of the CO2 permeance and CO2/N2 selectivity of mem
branes prepared via phase inversion obtained at 35 ◦C and 3 bar. Bars stand for 
permeance and scatters for selectivity. 

Fig. 7. Comparison of the gas separation results obtained for the supported 
membranes prepared with the 0.5 wt% casting solution tested at 35 ◦C and a 
feed pressure of 3 bar. 
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found in Figs. S6–S8 of the SI. 

3.2. Gas permeation tests 

The gas separation performance of the supported membranes was 
tested for the CO2/N2 mixture under a feed pressure of 3 bar and 35 ◦C 
and can be seen in Fig. 6. In this figure, error bars correspond to the 
testing of at least three different membrane samples at the same con
ditions. Data shown in this figure are also collected in Table S1 of the SI. 
As expected, CO2 permeance increased with the dilution of the Pebax® 
solution and decreased with the application of additional layers. How
ever, some deviations were found for the membranes prepared with the 
most diluted solutions. In the case of those prepared with the 0.5 wt% 
casting solution, far from expected, the CO2 permeance of the membrane 
with three polymer layers was lower than that with four and even five 
layers, these permeances being 101 ± 3 GPU, 127 ± 10 GPU and 
105 ± 6 GPU, respectively. As shown in Fig. 7, such deviation could be 
related to the higher N2 permeance of membranes prepared with three 
layers. In fact, N2 permeance decrease with the application of additional 
layers. This phenomenon suggests the presence of micro-defects at the 
top layer of the 0.5 wt%_3 membranes, which hinder the selective 
diffusion of CO2 molecules with the consequential decrease of selec
tivity. These defects were repaired after the application of an additional 
layer, which acts as healing and increased not only the CO2 permeance 
but also the membrane selectivity. After the application of four Pebax® 
3533 layers, the supported membranes followed the typical behavior 
described before. Otherwise, the lower CO2 permeances of the mem
branes prepared with the 0.25 wt% casting solution compared to that of 
the 0.5 wt%, could be due to the decrease in the solution viscosity. As 
mentioned before, the reduction in viscosity can favor the pore pene
tration hindering the diffusion of gas molecules. Apart from that, defects 
obtained with this casting solution were more visible, since it was not 
possible to obtain a membrane with a CO2/N2 selectivity similar to that 
of the dense Pebax® 3533, ca. 21.5. In addition, larger error bars 
demonstrate a worse reproducibility. With this data, the optimal casting 
solution corresponds to that prepared with the 0.5 wt% of Pebax® and 
the best results were achieved with the application of four and five 
layers on top of the PSF supports. For these membranes, the CO2/N2 
selectivity was the same as that of the dense Pebax® 3533. To further 
validate this procedure, supported membranes were also prepared by 
the conventional dip-coating method. Gas separation results (Fig. S9), 
indicated that the CO2 permeance of the membranes prepared by dip- 
coating was lower (61 ± 15 GPU) than that of those prepared by 
phase inversion (127 ± 10 GPU), whereas the selectivity was almost 
unaltered. These results suggest that a greater pore filling takes place 
when using the conventional dip-coating method, since the time needed 
to evaporate the solvent allows the casting solution to penetrate into the 
support pores. In the case of membranes prepared by phase inversion 
this phenomenon is reduced due to the very fast precipitation of the 

polymer. Therefore, it can be concluded that the membrane preparation 
method developed in this work can be used in the same way as the 
conventional methods to achieve perm-selective membranes, with the 
advantages of being an easier and faster procedure, requiring each layer 
just 4–5 min to be completely formed, and being able to enhance the 
performance of membranes increasing the CO2 permeance. It Is worth 
mentioning that a certain number of Pebax® coatings is needed to 
conform supported membranes with desirable separation properties. 
This is because the first coatings act as a gutter layer for the subsequent 
polymer layers. However, a clear trade-off is established as a high 
number of layers punish the CO2 permeance without improving the 
CO2/N2 separation selectivity. 

An additional comparison with other Pebax® based supported 
membranes can also be found in Fig. 8 and Table S2. Fig. 8 shows a CO2/ 
N2 log-log plot similar to that used by Robeson to compare the perfor
mance of different membranes [13]. In this case, the best supported 
membranes prepared in this work (0.5 wt%_4 and 0.5 wt%_5) are 
plotted together with other Pebax® based membranes reported in 
bibliography [4,11,20,34–36]. As seen in Fig. 8, both the 0.5 wt%_4 and 
0.5 wt%_5 supported membranes demonstrate exceptional gas separa
tion performances, being also close to those previously reported for this 
kind of polymers. It is worth mentioning that this Pebax® code has not 
been as widely studied as other codes such as Pebax® 1657, and never as 
a thin composite membrane. In consequence, this work demonstrates the 
feasibility of the new preparation approach to obtain membranes which 
may be advantageous due to the fact that the studied Pebax® code is 
only soluble in an alcohol (1-propanol/1-butanol) mixture. This suggests 
higher chemical stability of the obtained membranes when exposed to 
moisture since typical Pebax® 1657 membranes are obtained from 
water/ethanol polymer solutions. 

Moreover, to study the CO2 and N2 permeance, as well as the CO2/N2 
selectivity dependence of temperature, gas permeation tests were also 
carried out at 25 and 50 ◦C and the same pressure conditions (3 bar) 
with the membrane which offered the best separation properties, 0.5 wt 
%_4 as demonstrated in Fig. 8. As observed in Fig. S10 of the SI, whereas 
the CO2 and N2 permeance increased almost linearly with temperature, 
the CO2/N2 selectivity decreased, due to the thermal activation process 
which favored N2 over CO2 transport. This behavior was studied more in 
depth applying an Arrhenius modified model to the data of CO2 and N2 
permeance and temperature (see Eq. S1 and Fig. S11) [5,37]. Based on 
this model, the activation energy (Ep) of the Pebax® 3533 supported 
membranes associated to the CO2 and N2 permeations were 
14.2 kJ mol− 1 and 29.6 kJ mol− 1, respectively, close to the values found 
in the literature for other Pebax®-type membranes (in the ranges of 
13.3–18.2 kJ mol− 1 for CO2 and 27.2–32.0 kJ mol− 1 for N2) (see  
Table 2). It must be noted that the activation energies of both composite 
and self-supported membranes are comparable. This suggests that the 
Pebax® selective layer is the main responsible of the final separation 
properties in a composite membrane. Additionally, the higher activation 
energy of N2 with respect to that of CO2 justifies the reduction of the 
CO2/N2 selectivity as a function of temperature, as shown in Fig. S10b of 
the SI [38]. 

Fig. 8. Comparison of the separation performance of Pebax® based supported 
membranes. Conditions used for each membrane are specified in Table S2. 

Table 2 
Apparent activation energies of Pebax®-type films reported in the literature.  

Polymer Ep CO2 (kJ mol− 1) Ep N2 (kJ mol− 1) Reference 

Pebax® 1657  13.3  30.4 [39] 
Pebax® 1657  14.9  28.0 [5] 
Pebax® 1657  18.6  32.0 [40] 
Pebax® 2533  16.7  27.2 [40] 
Pebax® 2533  18.2  31.0 [41] 
Pebax® 1074  13.4  30.3 [37] 
Pebax® 3533  14.2  29.6 This work  
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3.3. Membrane calculations: resistance in series model (RSM) 

The flow rate of a gas through a membrane can be expressed as a 
function of a resistance to flow [42]. According to this statement, gas 
transport trough a layered membrane can be described as an analogy to 
the electric flow in the serial connection of conductors. In this sense, 
each layer provides a resistance to the flow proportional to the thickness 
and inversely proportional to its permeability and surface area (see Eq. 
S2). Based on this model, the total resistance and permeance of a com
posite membrane can be estimated by Eqs. S3 and S6, respectively, using 
permeability values of 96800 and 220 Barrer for the PSF porous support 
and the Pebax® 3533 polymer, respectively. The theoretical perfor
mance of the membranes fabricated with the 0.5 wt% casting solution 
was estimated using the equations above mentioned and the results can 
be found in Table 3 and Fig. S13. As seen in this figure, greater per
meance values should be obtained as calculated by the 
resistance-in-series model (i.e. 162 GPU vs. 127 GPU and 111 GPU vs. 
105 GPU for the membranes composed of 4 and 5 Pebax® layers, 
respectively). As mentioned in previous sections, filling of large support 
pores could be the cause of such reduction since theoretical calculations 
assume that the Pebax® solution did not penetrate into the support 
porosity. Furthermore, the deviation found with the membrane 
composed of 3 Pebax® layers could be due to the presence of defects in 
the selective layer, which hinder the selective diffusion of CO2 mole
cules. For this reason, additional layers are needed to obtain a better 
performance, as experimentally determined. Additionally, the contri
bution of Pebax® layers to the overall resistance of the composite 
membrane has been calculated. As seen in Table 3, the experimental 
Pebax® layer resistance of membranes composed of 4 and 5 layers was 
the closest to those estimated with the resistance-in-series model. 
Finally, the contribution of Pebax® to the total resistance increases from 
31% to 59% when the number of Pebax® went from 3 to 6 (see Table 3), 
in line with the achievement of the optimum separation conditions of 
the composite membranes. 

4. Conclusions 

A phase inversion method has been developed in this work for the 
preparation of Pebax® 3533 supported membranes. The method con
sisting of the deposition of various thin layers of Pebax® on top of 
polysulfone porous supports was optimized and the influence of the 
casting solution concentration, as well as the number of polymer layers 
was studied. The polymer concentration in the casting solution altered 
its viscosity with the consequent impact on the gas separation perfor
mance. Moreover, the application of additional polymer layers allowed 
to repair the micro-defects improving the membrane selectivity. The 
characterization of the chemical structure of the membranes by FTIR 
showed the correct deposition of the Pebax® layers on top of the PSF 
supports for the membranes prepared with the 1.5, 1.0 and 0.5 wt% 
casting solution concentration.The thermal stability of the membranes 
was confirmed by TGA. Regarding the CO2/N2 separation performance, 
the dilution of the casting solution concentration together with the 
appropriate number of Pebax® layers allowed to increase the CO2 per
meance. The best performance was obtained with the membranes pre
pared with the 0.5 wt% casting solution after the deposition of 4 layers, 

reaching a CO2 permeance of 127 ± 10 GPU and a CO2/N2 selectivity of 
21.4. The implementation of the phase inversion method for the coating 
of dense selective layers was also validated by testing the gas separation 
performance of supported membranes prepared by dip-coating. Addi
tionally, the activation energy values for permeance (14.2 kJ mol− 1 for 
CO2 and 29.6 kJ mol− 1 for N2) revealed the analogy of these supported 
membranes with dense membranes prepared with other codes of 
Pebax®. 
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