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A B S T R A C T   

The solvent used in membrane fabrication is crucial for a potential industrial application, with a direct effect on 
its safety, environmental and economic impact. Thus, in the last years, the search for greener and safer solvents 
became of utmost importance aiming for a sustainable fabrication of highly performing membranes, since that 
also affects the final membrane morphology. Typically, solvent evaporation-based methods are used for the 
preparation of membranes for gas separation processes, such as dip-coating and spray coating methods. The 
advantage of this approach relies on the possibility of using greener non-toxic solvents, such as water and 
ethanol. However, an alternative route might involve the use of phase inversion methods. In this procedure, the 
selection of the solvent will play an even more important role, with an impact on the gas separation membrane 
properties. Small defects or structural changes will decisively alter the final membrane performance. 

In this work, it is presented for the first time the alternative use of a non-toxic and eco-friendly solvent, 
Rhodiasolv®Polarclean, for the preparation of CO2-selective PEBAX®-based membranes using a hybrid phase 
inversion method. This preliminary study evaluates the relationship between the fabrication protocol, with the 
resulting structural, thermal, and mechanical membrane properties for self-standing membranes. The gas sep
aration performance was tested for different gases: H2, N2, O2, CO2 and CH4. This analysis also includes a 
comparison with the commonly used, although strongly restricted and hazardous, solvent N-Methyl-2-Pyrroli
done (NMP).   

1. Introduction 

The design of sustainable membrane processes has become a crucial 
task determining the selection of membrane materials as well as their 
preparation methods, and their end-of-life and disposal. The growing 
trend of using less toxic and harmless solvents has had an important 
impact on the development of new polymeric membranes over the last 
decades [1]. At the same time, the selection of an adequate solvent plays 
a key role in the resulting structural and performance properties of the 
prepared membrane. Considering phase inversion fabrication methods, 
a suitable solvent will also depend on preparation factors such as 
polymer solubility, dope solution viscosity, and miscibility with the 
non-solvent [1–3]. 

The background for this work considers alternative membrane 
preparation protocols involving phase inversion methods. Among the 

several possibilities for preparing membranes, phase separation fabri
cation methods can be classified as non-solvent induced phase separa
tion (NIPS), temperature-induced phase separation (TIPS), vapor 
induced phase separation (VIPS), and solvent evaporation induced 
phase separation (EIPS) protocols [4]. However, the use of non-toxic 
solvents for gas separation processes is still scarce, being easier to find 
research works focused on the use of bio-polymers [2] as option to 
improve membrane sustainability. 

In this work, a hybrid protocol was developed to fabricate polymeric 
membranes based on PEBAX® as polymer, Rhodiasolv®Polarclean as 
solvent, and water as non-solvent. Rhodiasolv®Polarclean (Solvay 
Novecare, France), composed of variable (85–95 %) amounts of methyl 
5-(dimethylamino)-2-methyl-5-oxopentanoate (C9H17NO3), has raised 
interest as potential low-hazard and environment-friendly solvent ob
tained as a by-product of the manufacturing process of Nylon 6-6 [3,5, 
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6]. The term “green solvent” has been used when referring to Rhodia
solv®Polarclean due to its biodegradability, and eco-toxicological pro
file, with no particular risks to human health (no skin irritation or 
mutagenic effects) [7,8], especially when compared to traditional sol
vents. Its composition and physicochemical properties have been stud
ied previously, being its viscosity critical for its utilization compared to 
other green and conventional solvents [5]. However, its high boiling 
point and capacity to solubilize different polymers have motivated its 
use in the fabrication of membranes in previous works using polysulfone 
[3], polyether sulfone [8,9], and poly(vinylidene fluoride) [7,10], 
among others [2]. To further analyze the feasibility of non-toxic solvents 
for membrane production, several factors such as the solvent produc
tion, solvent recovery and cost must be addressed [4,11]. Previous 
research work [9] investigated the economic feasibility of shifting from 
conventional solvents (such as DMF or NMP, 2-3 €/kg) to more expen
sive Rhodiasolv®Polarclean (estimated 8 €/kg) in an European regula
tory framework. Solvent recovery is key in this scenario aiming process 
sustainability and reduction of the final membrane cost. Nevertheless, to 
fully address a sustainable membrane fabrication, the circular economy 
and zero-waste approach must be further investigated, including a deep 
analysis of the additional costs and potential alternatives for solvent 
recovery (e.g. using distillation [4]). In this work, Rhodiasolv®Polar
clean was combined with a different type of polymer to test a new 
alternative approach in membrane fabrication. 

To first address the solvent-polymer compatibility, Hansen Solubility 
parameters have been typically used to anticipate the potential of dis
solving the polymer by different solvents. Table 1 gathers the Hansen 
Solubility parameters of Rhodiasolv®Polarclean compared to other 
popular although toxic solvents, such as N,N-Dimethylformamide 
(DMF), DMA and N-Methyl-2-Pyrrolidone (NMP), along with the refer
ence hazard code of each one of them [2,7,12]. The potential affinity of 
solvent-polymer can be described with the closeness of Hansen Solubi
lity parameters. However, Hansen Solubility parameters of the specific 
polymer grade selected for the study was not available in the literature 
and therefore, it is considered that novel solvents with similar param
eters to known suitable solvents will potentially solubilize the same 
polymer. 

On the other hand, PEBAX® is a commercially available poly ether- 
block-amide co-polymer from the family of thermoplastic elastomers. It 
also presents customized properties depending on its monomers, mo
lecular weight, and hard/soft ratios [13]. Tunable polymer character
istics based on the polyamide (PA) and poly-ether oxide (PEO) blocks 
define its chain mobility, caused by PEO groups, or its crystallinity and 
mechanical strength, related to crystalline PA blocks. 

The use of PEBAX® has been studied mainly for water applications 
and gas separation processes and, more particularly, for CO2 separation 
processes, due to its intrinsic high CO2 affinity, attributed to the ether 

oxide (EO) units in the polymer. While PEBAX® membranes have been 
evaluated for different processes, different combinations of PEBAX® 
with other CO2-selective materials have been discussed in the literature 
to specifically upgrade the membrane performance, such as the use of 
ionic liquids (ILs) and microporous materials, such as metal-organic 
frameworks (MOFs). However, one of the most versatile properties of 
PEBAX® materials has been their use to form thin-film composite 
membranes [13]. In this regard, most gas separation membranes have 
been focused on specific grades, such as PEBAX®1657 and 
PEBAX®2533 [13]. The most used preparation methods rely on the 
possibility of dissolving these polymers in water/ethanol or butanol 
solvents, being possible to use solvent evaporation methods. This 
property makes PEBAX® polymers interesting for fabrication methods 
such as dip-coating (with a solvent evaporation step) and spray coating. 
In a previous work [14], it was evaluated the preparation of 
PEBAX®3533 via phase inversion method using butanol as solvent to 
prepare thin-film composite membranes. The protocol consisted in 
combining a dip-coating step, followed by a solvent exchange. Several 
dope solutions concentration and coatings were evaluated, successfully 
obtaining a dense layer over a polysulfone support without including a 
gutter layer. 

Some few works have also considered PEBAX®1074 [15–18] for CO2 
separation, with appealing selective properties in terms of gas and vapor 
permeabilities [17]. The possibility of preparing membranes with 
PEBAX®1074, taking advantage of its fast gelation process due to the 
length of PA12 chain [13], makes it appealing for other preparation 
methods such as phase inversion. Therefore, the preparation of 
PEBAX®1074-based membranes using polar solvents, make it suitable 
as base polymer for our study with Rhodiasolv®Polarclean. 

Our interest in combining an organic solvent, such as Rhodia
solv®Polarclean, with in this type of procedures also relies on its rela
tively high viscosity [5] compared to other organic solvents. Polymeric 
solutions with the same polymer concentration, but higher viscosity, 
will favor the formation of a thin film layer, reducing the potential 
polymer pore inclusion in the support. However, this will not be 
addressed in this work. 

This work aims to show the potential of an alternative preparation 
route of PEBAX®-based self-standing flat membranes with gas separa
tion properties through the utilization of green solvent Rhodia
solv®Polarclean via a phase inversion protocol. 

This study comprises the analysis of polymer concentration in the 
dope solution, membrane characterization in terms of chemical 
composition, thermal, structural, and mechanical properties, and gas 
separation performance, comparing Rhodiasolv®Polarclean to the 
traditional solvent NMP, considered a highly hazardous and toxic sol
vent with strong regulatory restrictions for defined industries (batteries, 
semiconductors, fibers, and pharmaceuticals), by the European Union 
[2,4,6,19]. Up to the authors’ knowledge, PEBAX®1074 membranes 
prepared by the phase inversion method, utilizing Rhodiasolv®Polar
clean are reported in this work for the first time. 

2. Materials and methods 

2.1. Materials 

PEBAX® MV 1074 SA 01, designed here as PEBAX®1074, and 
Rhodiasolv®Polarclean were kindly supplied by Arkema (France) and 
Solvay Novecare (France), respectively. N-Methyl-2-Pyrrolidone (Sigma 
Aldrich, >99.9 %) was also used as solvent. Where relevant, the solvent 
label was simplified using the acronyms: RHODIASOLV®POLARCLEAN 
and NMP, respectively for Rhodiasolv®Polarclean and N-Methyl-2- 
Pyrrolidone. The gases, N2 (purity grade 99.99 %), O2 (99.999 %), CH4 
(99.5 %), H2 (>99.99 %), and CO2 (99.998 %) were obtained from 
Praxair (Portugal). 

Table 1 
Hansen solubility parameters [2,8] and Hazard codes according to the European 
Regulation (EC) No. 1272/2008 [2,7,12] of Rhodiasolv®Polarclean compared to 
other conventional solvents: DMF, DMA, and NMP.  

Solvent δh 

(MPa)0.5 
δd 

(MPa)0.5 
δp 

(MPa)0.5 
δt

a 

(MPa)0.5 
Hazard 
codes 

Rhodiasolv 
®Polarclean 

9.2 15.8 10.7 21.2 H319 

DMF 11.3 17.4 13.7 24.9 H226, 
H312, 
H332,H319 

DMA 11.8 17.8 14.1 25.6 H360D, 
H312, H332 

NMP 7.2 18.4 12.3 23.3 H315, 
H319, H335  

a δt =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

δh
2 + δd

2 + δp
2

√

; representing δh, the hydrogen bonding; δd, the 
dispersive force; and δp, the polar force.  
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2.2. Membrane preparation 

PEBAX®1074 pellets were dissolved in Rhodiasolv®Polarclean with 
11, 16, and 20 wt% of polymer concentration and in NMP with 16, 20, 
and 25 wt%. These concentrations were adapted depending on the vis
cosity of the dope solution, as Rhodiasolv®Polarclean presents a high 
viscosity (9 mPa s at 20 ◦C) compared to NMP (1.67 mPa s at 20 ◦C) [5]. 
Fig. 1 schematically represents the protocol herein described, as the 
embedded images of the gel-like structure obtained prior to the phase 
inversion (Fig. 1c), and the resulting membrane (Fig. 1e). 

The polymer was successfully dissolved at 100 ◦C after 1 h and kept 
stirring to 130 ◦C for 2 h for complete moisture removal and degas
ification. The initially clear, slightly yellow solution turned into a light 
orange color. Dope solutions were cast in a glass plate as support and a 
manual casting knife (Elcometer 3580 Casting Knife, Elcometer, E.U.) 
with a gap of 50 μm. The casting of the membranes was performed at 
room conditions without any control. The temperature and relative 
humidity were monitored: 23 ± 2 ◦C, and with an average relative hu
midity of 55 %. The casted membranes were immersed in distilled water 
at approximately 20 ◦C for 30 min, and then cooled for 1 min at room 
temperature and washed with running 70 % ethanol in water. Finally, 
they were dried at 40 ◦C for 12 h. 

2.3. Characterization techniques 

Scanning Electron Microscopy (SEM) cross-section, top and bottom 
membrane surfaces images were obtained using a JEOL scanning elec
tron microscope, model 7001F (USA) with an electron beam intensity of 
20 kV. The samples neat cross-sections were cut by immersing the 
membranes in liquid nitrogen and Au–Pd was deposited prior to the 
acquisition of the images. 

A Fourier Transform Infrared (FT-IR) Spectrometer Spectrum Two 
model (PerkinElmer, Spain) with an Attenuated Total Reflectance (ATR) 
modulus was used to obtain the spectra of solvent Rhodiasolv®Polar
clean, prepared dope solutions of Rhodiasolv®Polarclean with dissolved 
PEBAX®1074, and PEBAX®1074-based membranes. Measurements 
were performed at room temperature conditions, between 4000 and 
400 cm− 1, with a spectral resolution of 4 cm− 1. 

An Elemental analyzer Flash EA 1112 CHNS series (Thermo Fin
nigan, Italy) was used to determine the elemental composition of the 
prepared membranes. 

A Thermogravimetric Analyzer Setaram Labsys EVO (TGA, France) 
was utilized for thermal characterization of structural decomposition of 

prepared gels of Rhodiasolv®Polarclean with dissolved PEBAX® MV 
1074, and PEBAX®1074-based membranes. The maximum temperature, 
heating ramp and gas used were 500 ◦C, 10 ◦C/min and argon, 
respectively. 

Differential Scanning Calorimetry (DSC 131, France) was utilized for 
the characterization of dope solutions. The analysis was performed with 
initial degasification of the sample in situ at 80 ◦C, followed by two 
cycles from room temperature to 150 ◦C, with a heating and cooling rate 
equal to 10 ◦C/min. 

X-ray diffraction (XRD, PANalytical’s X’Pert PRO diffractometer 
(Malvern Panalytical, UK) patterns of prepared membranes were ob
tained using Cu radiation with an X-ray generator of 40 kV voltage with 
35 mA current. Patterns were collected in the 2θ range between 5◦ and 
40◦ with a scanning speed of ◦(2θ)/min and step width of ◦0.033. 
Crystallinity and d-spacing parameters were calculated using Eq. (1) and 
Bragg’s equation, Eq. (2): 

χc(%)= 100 −
100

1 +
χc
χa

(Eq. 1)  

nλ= 2 d sin θ (Eq. 2)  

where χc and χa are the areas of the crystalline and amorphous regions 
from the XRD patterns, respectively, and n is a positive integer, λ the 
wavelength, and θ the angle of incidence. 

Rheological studies of the Rhodiasolv®Polarclean-based dope solu
tions were performed using a rheometer Haake Mars™ III (Thermo 
Scientific, Germany) with a corrugated plate-plate geometry with 2 cm 
of diameter. The viscoelastic properties were analyzed by simulating the 
precipitation step after membrane casting, performing a temperature 
sweep from 125 ◦C to 90 ◦C at 2 ◦C/min, with a constant frequency of 1 
Hz and constant tension (1.5 Pa). To analyze the effect of ambient 
relative humidity, additional tests were performed: cooling from 125 ◦C 
to 90 ◦C, followed by heating from 90 ◦C to 125 ◦C, and a time sweep at 
130 ◦C for 20 min. In all tests, the dope solutions were previously heated 
at 130 ◦C for 30 min sealed from ambient atmosphere, prior to their 
transference into the rheometer. In each measurement, the elastic (G′) 
and viscous (G″) moduli were measured as a function of temperature or 
time. Tensile tests were performed using a TA XT Plus Texture Analyzer 
(Stable Micro Systems, UK) at ambient temperature and relative hu
midity. Rectangular membrane strips (40 × 10 mm) were fixed to tensile 
grips and stretched at 1 mm/s. Tensile strength (stress) at break was 
calculated by the ratio between the force at break and the initial strip 
cross-section area. Elongation (strain) at break was calculated by 
dividing the sample length at the break by its initial length. Young 
modulus was obtained from the slope of the stress-strain curve in the 
elastic region. Three replicas were performed for each type of 
membrane. 

Membrane swelling due to water absorption and water uptake was 
analyzed for all the prepared samples. The procedure consisted on the 
preparation of membranes with known area, thickness, and weight, 
followed by their total immersion in distilled water for 24 h at 30 ◦C, 
followed by drying of samples at 40 ◦C for 24 h. Membrane area, 
thickness, and weight were measured after smooth removal of superfi
cial water, and after posterior drying. Membrane swelling was deter
mined twice: from as-prepared conditions to post-immersion in water; 
and from post-immersion to dried state. Therefore, the structural sta
bility and recovery after swelling were also addressed. The volumetric 
swelling of the membranes was estimated using differences in the 
membrane thickness (Eq. (3)), as membrane area changes were negli
gible, and the water uptake (Eq. (4)), from the differences in the mem
brane mass. 

Swelling (%)=

(
lwet − li

li

)

x 100 (Eq. 3)  

where lwet is the wet membrane thickness, and li is the thickness of the 

Fig. 1. Schematic representation of PEBAX®1074 fabrication protocol: a) 
preparation of dope solution; b) casting and precipitation steps; c) example of 
gel-like structure obtained from fast gelation process; d) phase inversion, sol
vent (water), and non-solvent removal (Ethanol/water); and e) example of 
obtained membrane. 
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dried membrane. 

Water uptake (g / gmembrane)=
(mwet − mi

m

)
x 100 (Eq. 4)  

where mwet is the wet membrane mass, and mi is the mass of the dried 
membrane. 

A Drop Shape Analyzer (DSA 25B, Kruss GmbH, Germany) was used 
to perform the required static contact angle measurements by the sessile 
drop method. The selected fluid was distilled water at monitored room 
temperature conditions (21±1 ◦C). The membranes were previously 
dried at 40 ◦C overnight. 

2.3.1. Gas permeation 
Pure gas permeability was obtained from constant volume-pressure 

decay permeation experiments, previously designed [20,21], consist
ing of a gas cell divided into two compartments of the same volume, 
separated uniquely by the membrane. Decay of feed pressure and in
crease of permeate pressure were monitored along time, and gas mem
brane permeability was calculated using Eq. (5). 

P ⋅
t
l
=

1
β

ln
(

Δp0

Δp

)

(Eq. 5)  

where P, is the pure gas membrane permeability (m2/s), t, time (s), p, 
pressure (bar); l, membrane thickness (m); and β the experimentally 
determined system volumetric parameter, (1/m). The pure gases tested 
were H2, N2, O2, CH4, and CO2 at 30 ◦C and 0.7 bar as driving force. Pure 
gas membrane permeability was converted to barrer units as: 1 barrer =
10− 10 cm3

STP ⋅ cm/cm2/s ⋅ cmHg− 1 = 8.3 ⋅ 10− 13 m2/s [22]. Ideal 
selectivity of gas i over j was calculated as the ratio of permeability 
coefficients: 

αij =
Pi

Pj
(Eq. 6)  

2.4. Simulation study 

Linear and volumetric molecule size of Rhodiasolv®Polarclean 
(methyl 5-(dimethylamino)-2-methyl-5-oxopentanoate), NMP, and 
water were estimated using Materials Studio version 8 supplied by 
BIOSYM Inc. The molecules were designed (Fig. S1 in the Supporting 
Information) and the Universal Force Field (UFF) was selected to pre
pare a cubic cell with 10 Å of lattice occupied by one molecule of solvent 
at 298 K. The molecules were energetically and structurally optimized 
using an NVT (constant number of molecules, volume, and temperature) 
dynamic simulation for 200 ps at 298 K. Fractional free volume (FFV) 
was used to determine the volumetric size of the molecule considering a 
Connolly radius of 1 Å. Molecule size was considered as the occupied 
volume inside the cell. 

3. Results and discussion 

3.1. Dope solution characterization 

Dope solutions were prepared by dissolving the designed polymer 
amount in Rhodiasolv®Polarclean. Samples from the dope solutions 
were taken for characterization by FT-IR. At room temperature, the dope 
solution is in a gel-like state due to the high hygroscopic behavior of the 
sample. Additionally, Rhodiasolv®Polarclean-based dope solutions 
were characterized through DSC analysis to determine the transition 
temperatures (Table 2). 

Fig. S2 gathers the normalized spectra of Rhodiasolv®Polarclean 
solvent and a PEBAX® 1074 membrane prepared from a dope solution of 
16 wt% of polymer. The composition from both polymer and solvent are 
effectively identified and correspond to previously reported data [5, 
23–26]. 

Rhodiasolv®Polarclean is composed of methyl 5-(dimethylamine)-2- 

methyl-5-oxopentanoate (C9H17N1O3). Water was identified through the 
bonds of –OH at 3500 cm− 1. In the region of 3000 cm− 1, aliphatic C–H 
bonds can be ascribed in both solvent and membrane. A characteristic 
double peak from the polymer was identified in this region, along with 
the peak at 3308 cm− 1, associated with N–H groups in the PA segment. 

The peak at 1120 cm− 1 of the pure PEBAX® 1074 membrane relates 
to the symmetric vibration of the C–O–C group in the PEO segment. 
Peaks at 1646 cm− 1 and 1734 cm− 1 are related to H–N–C═O and O–C═O 
groups in the PA segment, respectively, while the aliphatic C–H bond is 
assigned by the peaks in the region 2800-3000 cm− 1. The peak at 3308 
cm− 1 is associated with N–H groups in the PA segment, C–H aliphatic at 
2922 cm− 1, C–O–C from the PEO group, and H–N–C═O group from PA 
fragment. 

The fabrication protocol was analyzed using rheology studies 
(viscoelastic properties) upon induction of the precipitation step during 
preparation (Fig. 1b), considering that the effects of cooling and pre
cipitation rate depend from the starting dope solution. The effect of the 
dope solution composition and temperature on the solution rheology is 
characterized by the elastic or storage (G′) and viscous or loss (G″) 
moduli, presented in Fig. 2. The small strain oscillatory tests with low 
cooling rates were performed to detect the “gel point”, the temperature 
at which the storage modulus (G′) crosses the loss modulus (G″) [27]. 
The gel point was only possible to be perceived for the lowest polymer 
concentration (11 wt%) at the highest temperature tested. For higher 
polymer concentrations (16 and 20 wt%), G′ was larger G″ over the 
entire temperature range studied. This fact is attributed to the larger 
number of molecules present enabling the polymeric network formation 
even at the highest temperature studied. In addition, particularly for 11 
and 16 wt% concentrations, a reinforcement of the polymeric structures 
may be observed upon cooling, as there is an increase of both moduli 
values, along with an increase of G’ over G”. 

Further rheology tests were performed, and the results were included 
in the Supporting Information (Figs. S3a–c). As consequence of the tests 

Table 2 
Transition temperatures for Rhodiasolv®Polarclean and structures composed by 
11, 16 and 20 wt% PEBAX®1074 dissolved in Rhodiasolv®Polarclean from the 
second temperature cycle.  

Polymer (wt.%) 11 16 20 

Melting Tonset (◦C) 90 105 98 
Toffset (◦C) 132 131 134 

Crystallization Tonset (◦C) 117 119 120 
Toffset (◦C) 68 78 77  

Fig. 2. Cooling effect on viscoelastic properties of dope solutions for different 
polymer concentrations. 
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being carried out in an open atmosphere, the contact to ambient relative 
humidity (20 ◦C and 45%RH) over time is envisaged to affect the 
viscoelastic properties. As such, these properties were additionally 
studied in three consecutive steps, analysing the dynamic moduli when 
cooling from 125 ◦C to 90 ◦C, followed by heating from 90 ◦C to 125 ◦C, 
and then kept at 130 ◦C for 20 min. It may be observed that the values of 
dynamic moduli after the three steps are higher than their initial value, 
for all polymer concentrations studied, even though a similar tempera
ture was reached at the end. This fact indicates that the gel structure is 
not the same, which might be due to the effect of water vapor 
absorption. 

An additional test was performed using the polymer concentration of 
11 wt%, consisting of a time sweep at a constant temperature of 130 ◦C 
(Fig. S3d). The results show that both moduli increase over time, indi
cating that the atmospheric water vapor in contact with the sample is 
changing its viscoelastic properties. 

In contrast to the rheological studies, the DSC results were obtained 
under an inert atmosphere. Two phenomena were observed: a melting 
process while heating the sample and crystallization in the cooling. 
Higher polymer concentrations required a higher temperature to start 
melting. Therefore, the membrane formation depended strongly on the 
precipitation step, influenced by both the temperature and the relative 
humidity. 

3.2. Chemical and structural characterization 

Self-standing PEBAX®1074 membranes were successfully prepared 
for 11, 16 and 20 wt% in the dope solution using Rhodiasolv®Polar
clean, and 16, 20 and 25 wt% using N-Methyl-2-Pyrrolidone. Elemental 
Analysis results (Table 3) are useful for polymer composition estimation. 
Standard deviation was obtained from analytical replicas being below 
±0.7. Bondar et al. [28] characterized PEBAX®1074, obtaining mass 
percentages similar to the prepared membranes: N – 3.23 %; C – 62.03 
%; H – 11.00 %. Following their methodology, the amount of PEO 
segments was estimated to be around 54 % for all prepared membranes, 
which is in good agreement with the value reported in the literature (55 
%) [13,28]. Therefore, the chemical composition of the membranes was 
not affected by the new preparation method. The chemical composition 
variations of the final polymer, resulting from different preparation 
conditions, negligible. Fig. S4 in the Supporting Information shows the 
XRD patterns from the prepared membranes, from which the crystal
linity percentage and d-spacing were estimated and included in Table 3. 
Three main diffraction peaks were identified in the semi-crystalline 
polymer: 22.6◦ and 5.6◦ (2θ), corresponding to (001) and (020) γ form 
of crystal from PA diffractions, and at 11.3◦ (2θ), related to the PEO 
regions [25]. As previously mentioned, solvent selection has a crucial 
effect on the final membrane properties [21]. Membranes prepared with 
NMP as solvent resulted in more crystalline membranes, and higher 
starting polymer concentration led to higher crystallinity percentage 
[13], achieving an apparent plateau near 50 %. Comparing both sol
vents, NMP has a lower solubility in water (≥100 g/L at 20 ◦C [29]) than 
Rhodiasolv®Polarclean (≥490 g/L at 24 ◦C [5]), which potentially slows 
down the polymer chain arrangement during its exchange with the 
non-solvent water during the phase inversion step, leading to a more 

crystalline polymeric structure after drying. Additionally, the solvent 
molecule sizes were estimated using molecular simulations for Rhodia
solv®Polarclean and NMP (Fig. S1 and Table S1 in Supporting Infor
mation). Rhodiasolv®Polarclean, simplified as methyl 
5-(dimethylamino)-2-methyl-5-oxopentanoate, presented a three times 
larger linear size, and close to double in volumetric size and surface 
area. All these molecular-level differences between both solvents will 
affect the exchange with the small water molecules, leading to a 
different free volume between the polymeric chains. 

The d-spacing was also determined for all prepared membranes 
(Table 3). PA (001) corresponds to the peak with higher intensity for all 
membranes and shows an increasing value with increasing crystallinity 
percent. This feature can be related to a higher distance between poly
mer chains and therefore, fewer interactions [21]. On the other hand, 
membranes prepared with Rhodiasolv®Polarclean presented the oppo
site trend for PA (020) and PEO, regardless of the increasing concen
tration and global crystalline behavior. 

Fig. 3 shows the normalized FT-IR spectra of membranes prepared 
with different polymer concentrations in the dope solutions using Rho
diasolv®Polarclean and N-Methyl-2-Pyrrolidone, highlighting two spe
cific wavenumber ranges: from 3000 to 2800 cm− 1 (Fig. 3a) and from 
1200 to 700 cm− 1 (Fig. 3b). The complete spectra from 4000 to 400 
cm− 1 were included in Fig. S5, in Supporting Information. All mem
branes successfully confirmed the characteristic spectra of PEBAX®1074 
without apparent solvent-associated peaks, as discussed in Section 3.1 
[24–26]. In general terms, there were no significant variations between 
solvents, although some specific peaks suffered absorbance variations. 
In the highlighted ranges, C–H stretching aliphatic bonds in Fig. 3a and 
C-H bending bonds and Fig. 3b shows an opposite absorbance change 
depending on the membrane tested. Relating these observations to the 
crystallinity results from Table 2, lower crystallinity values show an 
increasing trend in absorbance values of C–H stretching aliphatic bonds, 
while C–H bending bonds decrease with lower crystallinity values. 
Therefore, the mobility capacity of the polymeric chains is affected by 
the fabrication method (solvent and polymer concentration) although 
negligible changes are observed in the overall membrane composition. 

Fig. S6 gathers the SEM images of the prepared membranes with 
different solvents and starting polymer concentrations. The top, bottom 
and cross-section surfaces were analyzed for each case. Dense mem
branes with no apparent voids or defects were obtained, with important 
apparent rugosity differences between the top membrane surface, that 
is, the surface in contact with the atmosphere during the preparation, 
and the bottom surface, which was in contact with the glass substrate in 
the casting. 

3.3. Thermal, mechanical and swelling properties 

Fig. 4 shows the mass weight loss and derivative weight loss of as- 
prepared membranes up to 500 ◦C. Mass decay was not relevant in the 
range of room temperature to 100–150 ◦C, and therefore, it may be 
assumed that water (b.p. 100 ◦C) and ethanol (b.p. 78 ◦C) were effec
tively removed during the drying step. Two mass declines were identi
fied: a smooth decrease, initiating at 150–175 ◦C; and the main 
decomposition decay, starting from 300 ◦C. 

Table 3 
Membrane composition determined by elemental analysis (standard deviation below ±0.7) for the different solvents used and polymer concentration in dope solution.  

Membrane Elemental Analysis (wt.%) PEO (wt.%) d-spacing (Å) Crystallinity (%) 

N C H PA (020) PEO PA (001) 

11 wt%-PC 3.3 60.1 9.9 54.0 ± 0.5 15.4 7.7 4.0 15.8 
16 wt%-PC 3.4 60.6 9.6 52.1 ± 0.4 15.2 7.6 4.1 36.9 
20 wt%-PC 3.4 61.7 10.3 52.9 ± 0.6 15.1 6.8 4.1 39.7 
16 wt%-NMP 3.3 61.5 10.4 53.4 ± 0.7 15.4 7.1 4.1 44.8 
20 wt%-NMP 3.2 60.5 10.4 54.7 ± 0.3 17.1 7.5 4.1 51.1 
25 wt%-NMP 3.2 61.7 10.3 55.7 ± 0.3 17.1 7.2 4.1 49.6  
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The first decrease of weight mass was not observed for every mem
brane in the same magnitude, being always below 10 wt%, observed 
from 150 ◦C. As the melting temperature of the polyamide block occurs 
at 156 ◦C, and the polymer melts at 158 ◦C according to other works 
[15], this decrease could be potentially associated with degradation and 
polymerization that increase the crystalline percentage (Table 2). On the 
other hand, the most significant, and common in all cases, membrane 
weight loss was observed from 300 ◦C, with the highest decomposition 
decay around 400–425 ◦C. The remains of the membranes at 500 ◦C 
were below 10 wt% of the initial mass. These decays were effectively 
associated with other PEBAX®1074-based membranes prepared by 
other methods in previous works [18,23,26]. 

Table 4 gathers the average membrane thickness, Young modulus, 
tensile strength, and elongation at beak obtained from tensile experi
ments for the prepared membranes. As an exception, the membrane 
prepared with 25 wt% of polymer using NMP as solvent was not possible 
to break, under the conditions tested with the equipment described. 

Considering the calculated average values, the membranes prepared 
with higher starting polymer concentration show higher Young module 
and tensile strength, which allowed for higher elongation before 
breaking. Though the membranes prepared with NMP presented similar 
Young modulus’ values when compared to those produced with Rho
diasolv®Polarclean for the same polymer concentration, the tensile 
strength and elongation at break tended to be higher for membranes 
prepared with NMP. Comparing these observations to the membrane 
structural properties, it is possible to directly relate the membrane 
crystallinity with the mechanical properties (Table 3). Membranes 
prepared with NMP presented a higher crystalline degree, which 
translates into higher mechanically resistant structures, within the limit 
of the elastomer PEBAX®1074. 

Additionally, membrane swelling and water uptake after immersion 

in water for 24 h was determined (Table 4). Among the membranes 
produced with the same solvent, the highest polymer concentration 
resulted in the lowest swelling degree. This fact is attributed to the 
formation of a denser polymeric network with increasing polymer 
concentration, leading to lower water absorption. When comparing 
membranes produced with the same polymer concentration, but 
different solvents, higher swelling degree values were observed for the 
membranes produced with Rhodiasolv®Polarclean. The trend of the 
water uptake was not as linear as swelling values showing high standard 
deviation, especially for those prepared with NMP, which presented 
higher crystallinity degree. On the other hand, membranes prepared 
with Rhodiasolv®Polarclean showed higher water update with lower 
polymer concentration in the dope solution, coinciding with the higher 
swelling degree and lower crystallinity degree. Fig. S7 in the Supporting 
Information includes the images of the contact angle for Pebax®1074 
membranes prepared with 16 wt% of polymer in the dope solution. The 
variation on the contact angle values did not provide relevant infor
mation, but it was possible to observe during the sessile drop analyses, 
the swelling of the membranes. 

3.4. Gas permeation 

Pure gas permeation studies were performed for the prepared 
membranes at 0.7 bar and 30 ◦C. Fig. 5 gathers the calculated pure gas 
permeability coefficients against the tested Lennard-Jones diameters 
[20,30–32] for H2 (2.83 Å), O2 (3.47 Å), CH4 (3.76 Å), N2 (3.80 Å), and 
CO2 (3.94 Å). Averaged permeability values with standard deviation 
were calculated from independently prepared membrane replicas. 

Fig. 6a compares the CO2 permeability to the estimated membrane 
crystallinity percentage (Table 2), and Fig. 6b shows the ideal selectivity 
CO2/N2 against CO2 permeability, compared to the Robeson upper 

Fig. 3. FT-IR spectra in a) 3000 to 2800 cm− 1 range and b) 1200 to 700 cm− 1 of prepared membranes considering different polymer concentrations and solvents 
Rhodiasolv®Polarclean (PC) and N-Methyl-2-Pyrrolidone (NMP). 
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bound [33,34] and other works in the literature using Pebax®1074 as 
polymer [13,15,36–38]. 

The prepared membranes presented higher permeability towards 
CO2 over the other tested gases, with N2 showing the lowest perme
ability. In general terms, a higher polymer concentration in the dope 
solution leads to lower gas permeabilities. The unique exception was H2 
for membranes prepared with Rhodiasolv®Polarclean. These differences 
in the general trend have also been found in other membrane parame
ters, such as d-spacing for PEO and PA (020), and estimated PEO percent 
(Table 3), being potentially caused by the interactions of polymer with 
the solvent. Comparing the structural properties of the prepared mem
branes, it was possible to relate the membrane-determined crystallinity 
(Table 3) with the CO2 membrane permeability (Fig. 6a) showing a 
general decreasing gas permeability with increasing crystallinity per
centage. As the gas permeability is affected by the motion of the poly
meric chain, a higher restriction of polymer movement leads to lower 

gas permeability, as crystalline segments are considered to be more rigid 
[25]. At higher concentrations and for membranes prepared with NMP, 
the trend became less significant, achieving an apparent plateau of 
crystallinity-CO2 permeability. 

Comparing the most optimal separation, that is, CO2/N2 ideal 
selectivity against CO2 permeability (Fig. 6b), all prepared membranes 
were below the Robeson upper bound of 2008 and comparable to other 
preparation approaches, which was something expectable for a pure 
conventional polymeric membrane. However, comparing the different 
parameters on the preparation route, it can be concluded that mem
branes prepared with Rhodiasolv®Polarclean present a higher separa
tion performance, being more permeable for lower polymer 
concentration in the dope solution (11 wt%). It was also found an 
optimal balance between CO2 permeability and CO2/N2 ideal selectivity 
for membranes prepared with 16 wt% using Rhodiasolv®Polarclean. 
Membrane permeability, typically expressed in barrer, is equal to the 
product of membrane permeance and membrane thickness. Higher 
membrane permeance values will be obtained for thinner membranes. 
Industrial applications for CO2 separation consider commercially 
available polymeric membranes with high CO2 permeance (higher than 
1000 GPU) and CO2/N2 selectivity values over 40 [35]. Therefore, while 
PEBAX® based membranes prepared with Rhodiasolv®Polarclean show 
appealing separation selectivities, the membrane preparation process 
must be optimized in order to obtain thinner selective membranes, and 
consequently higher CO2 permeation performance. 

4. Conclusions 

The non-toxic Rhodiasolv®Polarclean solvent was successfully uti
lized for the fabrication of elastomer PEBAX®1074-based membranes 
with gas separation properties. The fabrication protocol consisted of a 
hybrid phase inversion method TIPS/VIPS/NIPS. The temperature and 
ambient relative humidity contributed to the fast gelation process of the 
polymer before solvent removal with water as non-solvent. The pre
pared membranes presented a similar composition to the ones 
commonly obtained with the hazardous solvent NMP. The structural 
characteristic with higher impact in the membrane properties was the 
polymer semicrystalline structure. Membranes prepared with Rhodia
solv®Polarclean present a lower crystallinity, which led to lower tensile 
strength and higher CO2 permeability. Therefore, the alternative use of 
the non-toxic solvent Rhodiasolv®Polarclean presents a high potential 
for preparing membranes with CO2-selective behavior, following a more 
sustainable preparation route. 
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Fig. 5. Pure gas permeability values H2 (2.83 Å), O2 (3.47 Å), CH4 (3.76 Å), N2 
(3.80 Å), and CO2 (3.94 Å) for PEBAX®1074 membranes prepared with: a) 
Rhodiasolv® Polarclean and b) N-Methyl- 2-Pyrrolidone. 

Fig. 6. Comparison of CO2 permeability against a) estimated membrane crys
tallinity percentage, and b) ideal selectivity CO2/N2 compared to Robeson 
upper-bound (2008) and other PEBAX®1074 membranes prepared differently, 
such as by the solvent evaporation method (L(1) - butanol and L(2) - propanol/ 
water), L(3) - extruded film, and L(4) - solvent evaporation combined with 
washing with water using NMP as solvent [13,15,36–38]. 
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