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Abstract: Polyether block amide (PEBA) nanocomposite membranes, including Graphene (GA)/PEBA
membranes are considered to be a promising emerging technology for removing CO2 from natural
gas and biogas. However, poor dispersion of GA in the produced membranes at industrial scale still
forms the main barrier to commercialize. Within this frame, this research aims to develop a new
industrial approach to produce GA/PEBA granules that could be used as a feedstock material for
mass production of GA/PEBA membranes. The developed approach consists of three sequential
phases. The first stage was concentrated on production of GA/PEBA granules using extrusion process
(at 170–210 ◦C, depending on GA concentration) in the presence of Paraffin Liquid (PL) as an adhesive
layer (between GA and PEBA) and assisted melting of PEBA. The second phase was devoted to
production of GA/PEBA membranes using a solution casting method. The last phase was focused on
evaluation of CO2/CH4 selectivity of the fabricated membranes at low and high temperatures (25
and 55 ◦C) at a constant feeding pressure (2 bar) using a test rig built especially for that purpose.
The granules and membranes were prepared with different concentrations of GA in the range 0.05 to
0.5 wt.% and constant amount of PL (2 wt.%). Also, the morphology, physical, chemical, thermal, and
mechanical behaviors of the synthesized membranes were analyzed with the help of SEM, TEM, XRD,
FTIR, TGA-DTG, and universal testing machine. The results showed that incorporation of GA with
PEBA using the developed approach resulted in significant improvements in dispersion, thermal,
and mechanical properties (higher elasticity increased by ~10%). Also, ideal CO2/CH4 selectivity was
improved by 29% at 25 ◦C and 32% at 55 ◦C.

Keywords: polyether block amide; PEBA nanocomposite membranes; graphene; CO2/CH4 selectivity;
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1. Introduction

Natural gas is the cleanest and cheapest fossil fuel available at present. Its advantages made
it a key player in the field of electricity generation and in majority of critical industrial sectors,
including cements, iron and steel, etc. [1,2]. As demand for natural gas has been growing enormously
recently, many energy-conversion technologies (e.g., Pyrolysis, fermentation, etc.) were employed
to generate biogas from different types of waste in order to compensate the shortage in production
of natural gas, and to dispose such waste simultaneously [3–5]. Usually, biogas obtained using
such technologies contains many components, particularly 60–70 wt.% of Methane (CH4) as a main
component, 30–40 wt.% of Carbon dioxide (CO2) as a significant impurity in natural gas paths,
and some trace elements (e.g., Nitrogen, ammonia, hydrogen sulphide, water vapor, etc.) [6,7].
However, presence of CO2 in obtained biogas can result in some serious technical problems, for
example, reduced transportation capacity, lower natural-gas heating value, and corrosion of pipeline [8].
Therefore, the biogas conversion process is usually followed by biogas upgrading and gas separation [9].
Currently, amine technology is widely used for Carbon absorption, however, this technology has
several limitations, including large capital and operating costs, high footprint, etc., [10,11].

In order to avoid the limitations of amine technology, polymer membrane-based approach has
been developed as an alternative and effective solution for CO2/CH4 gas separation [12]. These types
of membranes are characterized by low cost, system compactness, process flexibility, less energy,
simplicity during the operation and maintenance, good mechanical strength, and mastery to control
thermodynamic solubility constraints [13]. Many examples can be found in literature, how polymer
membranes have been utilized for gas separation, including Polyether block amide (PEBA), (PEO)-based
polymers, perfluoropolymers, Pebax, PIMs, thermally rearranged, and iptycene-containing, etc. [14].
Among these polymer membranes, PEBA is classified as one of the most promising polymer membranes
with high efficiency in CO2 separation due to its high CO2 permeability and CO2/CH4 selectivity [15,16].
In order to improve their permeability and selectivity and make them fulfil the industrial requirements
and increase stability for the long term, PEBA mixed-matrix composite membranes (MCM) were
developed to address these aspects through mixing or modifying PEBA by other additives or chemical
treatments [17,18].

With regard to such membranes, many different types of filler materials (e.g., MOF-801 nanocrystal,
TiO2 nanoparticles, Fe2O3 nanoparticles, nanozeolite, zeolite 13X nanoporous, carbon nanotubes, SiO2,
Al2O3, etc.) were mixed or deposited onto a PEBA layer to create selective transport channels for gas
separation [19–27]. Although many studies demonstrated that due to its unique properties, Graphene
Oxide (GO) as a nanofiller has high CO2 selectively [28,29], but its potential application with PEBA in
gas separation has not been analyzed yet. Also, GO is typically synthesized from graphite in the form
of monolayer or few layers contains a lot of defects (crumpled) and oxygen (~30 wt.%) what affect
negatively on the characterizations of graphene, including the selectively performance. In contrast,
Graphene nanosheets (GA) have several layers of carbon up to 10–20 or even more but a very low level
of oxygen content [30], therefore, GA was used in the present research. Only one study was conducted
using graphene to produce PEBA membrane for pervaporation of butanol aqueous media [31]. Also,
recently graphene-based membranes have been employed in other fields like fuel cells, anion exchange
membranes, etc. [32–34]. Although polymer nanocomposite membranes have been widely studied
on the lab scale, however, they have not been commercialized yet due to their poor dispersion and
because these types of membranes are mostly challenged by nanofiller distribution and production of
defect-free membranes with a very thin selective film [35,36]. Therefore, our research group used twin
screw extruder as an industrial technique to mix graphene with PEBA and to produce graphene/PEBA
filaments, then we spun into fibrous membranes using melt electrospinning for cleanup of oil spills [37].
Also, 2 wt.% of Paraffin Liquid (PL) was added during the extrusion process to create an adhesive layer
on the surface of PEBA pellets and to facilitate incorporation of nanofillers on the pellet surface with
uniform dispersion [38]. The results revealed that the developed dispersion technique can improve
thermal and mechanical properties of the obtained nanocomposite. Based on this, the dispersion
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technique developed by our group was employed on GA/PEBA granules with uniform dispersion and
to process GA/PEBA membranes using solution-casting method. CO2/CH4 selectivity, morphology,
physical, chemical, thermal, and mechanical behaviors of the synthesized membranes were investigated
by using SEM, TEM, XRD, FTIR, TGA-DTG, and universal testing machine.

2. Experimental

2.1. Materials and Methodology

Polyether block amide (PEBA) in the form of granules was supplied by Arkema Group,
France (product No Pebax 3533SP-01). Paraffin Liquid (PL) of pharmaceutical grade was supplied
by PanReac AppliChem, Germany (Prroduct No 146257). Graphene nanosheets (GA) of 10–20 nm
thickness and a few micrometers in length were synthesized using multi-roll milling technique [39].
The present research started with the preparation of GA/PEBA granules using a premix process
(mechanical mixer) followed by the main mixing process using a twin screw extruder. After that,
solution-casting method with magnetic stirring were used to synthesize GA/PEBA membranes from
the obtained GA/PEBA granules. All preparation steps are presented in Figure 1.
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2.2. Preparation of GA/PEBA Granules

Two different types of mixing techniques were used at this stage to prepare GA/PEBA granules
with uniform dispersion: premix and main mixing process. Both of them were selected based
on the traditional production equipment of polymer products without needing for any special
facilities or toxic chemicals. The premix process using a mechanical mixer in the presence of 0.2 wt.%
of PL was used to establish a thin liquid film on the outer surface of PEBA pellets. When GA
(with concentrations 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 wt.%) was added to PEBA pellets coated by
PL, the thin liquid film converted to adhesive layer started to attract GA particles and distribute
them uniformly on the pellet surfaces under the mixing conditions (Figure 2A–D). Then the second
mixing process (main mixing process) using a twin screw extruder was employed to produce
GA/PEBA granules by feeding the pre-mixed pellets into a hopper of a twin screw extruder with
die diameter of 16 mm at feeding time of 2 min, die temperature of 160–220 ◦C (based on the GA
concentration), mixing time of 4 min., and mixing speed of 30 rpm. The die was connected to the
water cooling system and automatic rotating collector unit to obtain GA/PEBA granules with different
concentration of GA and each batch was given a code based on PL and GA w/w percent particularly,
0PL/0GA “PEBA0”; 0.2PL/0GA “PEBA1”; 0.2PL/0.05GA “PEBA2”; 0.2PL/0.1GA “PEBA3”; 0.2PL/0.2GA
“PEBA4”; 0.2PL/0.3GA “PEBA5”; 0.2PL/0.4GA “PEBA6”; 0.2PL/0.5GA “PEBA7”). Figure 2E–H shows
the received virgin PEBA pellets and PEBA nanocomposite granules (at the lowest and the highest
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Graphene concentration, respectively) in the end of the extrusion process and after cutting by an
automatic cutter.
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2.3. Preparation of GA/PEBA Membranes

The solution-casting technique was utilized to fabricate GA/PEBA membranes from the obtained
GA/PEBA granules at the end of the extrusion process. The initial experiments were performed to
determine an appropriate liquid medium of GA/PEBA granules by using many different solvents,
including concentrated and diluted ethanol, concentrated and diluted acetic acid, nitric acid, etc.
The initial results showed that acetic acid and nitric acid can dissolve the extruded pellets. Since the
acetic acid is classified as a green solvent and nitric acid as a toxic solvent, acetic acid was used
in the main experiments to prepare GA/PEBA solutions with a solid to liquid ratio of 1 g (Pellets):
10 mL (Acetic Acid), applying magnetic stirring at 80 ◦C and 800 rpm for 30–40 min (based on the
concentrations of GA) with a reflux condenser. The prepared solutions were poured individually into
a Teflon mold with inner diameter of 90 mm, followed by solvent evaporation at room temperature for
4 h to avoid any thermal degradation in the obtained membranes. The dried thin films were peeled off

from the Teflon die, then dried again in a vacuum oven for overnight at 25 ◦C to remove the residual
solvent and to obtain membranes with a diameter of 90 mm and thickness in the range of 45–50 µm so
that permeability test could be performed, as showing in Figure 3A. One more thick film was fabricated
from each batch again with diameter 90 mm and thickness 200 µm for mechanical testing to be more
stable during testing process. After that, manual cutter was employed to cut the mechanical tensile
specimens (100 mm and width 10 mm) (Figure 3B).
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2.4. Membrane Characterizations

Morphology and dispersion of GA in the fabricated membranes were examined using
Scanning electron microscope (SEM) and Transmission electron microscopy (TEM) after having
them coated with a gold layer. Chemical structures of the membranes were analyzed using the
Fourier-Transform Infrared spectroscopy (FTIR, Vertex70 spectrometer) and X-ray crystallography
(XRD). Thermal behaviors of the obtained membranes in terms of thermal stability, crystallinity degree,
and melting temperature were determined by Thermogravimetric, Derivative-Thermogravimetric
analysis (TGA-DTG), TA instruments TGA Q500 and Differential Scanning Calorimeter (DSC mod.
Q-100 supplied by TA Instruments). The DSC measurement was conducted on 5–8 mg of each batch in
the temperatures range of 50–900 ◦C at a heating rate of 10 ◦C per minute in nitrogen ambient; then the
crystallinity degree of each batch according to Equation (1) was calculated [40]. Mechanical tensile
properties of the membranes were measured by the Lloyd Universal Testing Machine (model LR10K)
with rubber fixation jaws with loading rate of 200 ± 10 mm/min at ambient temperature.

Xc (%) =
∆Hc

(1−O)∆Ho
m
× 100 (1)

where ∆Hc is the apparent crystallization entropy of the tested filament and membrane samples, ∆Ho
m

is the melting enthalpy of 100% crystalline PEO and PA-6 which is equal to 166.4 J/g and 246 J/g
respectively [41], while Ø represents the weight fraction of PL (0 and 0.2 wt.%) and GA (0, 0.05, 0.1, 0.2,
0.3, 0.4, and 0.5 wt.%) in the PEBA composites. Since PA represents the main fraction by mass, we
focused on its crystallinity only during DSC measurements.

2.5. Setup of Gas Permeation and Membranes Holder

Gas permeation of the synthesized membranes was evaluated using a test rig built especially
for that purpose. The setup consisted of two separated CO2 and CH4 sources with a controlled
flow rate, membrane holder, and gas measurements as shown in Figure 4. The permeability of the
prepared membranes embedded in the membrane holder was measured by a constant pressure method.
The holder was composed from two flanges made from stainless steel (grade 316), two rubber O-rings
used as a pressure-tight seal between the polymeric membrane and the metal flanges with the effective
membrane diameter of about 90 mm. In order to minimize possible errors due to membrane thickness
and to avoid any deformation or destruction of membranes under the applied testing pressure and
flow rate, the tested membrane surface was supported by porous metal disc with an outer diameter of
100 mm and 927 holes with a diameter of 1.5 mm. Small holes were distributed circularly and equally
on the circumference of the disc’s surface. Also, the system had pressure regulators/transducer for
adjusting of pressure during experiments and control valves/flow meter for adjusting of gas volumetric
flow rate.

Gas permeability values of the prepared membranes were evaluated at a constant feeding pressure
of 3 bar, effective area of the tested membrane of 16.38 cm2, and temperatures between 25 ◦C and 55 ◦C.
The volumetric flow rate of CO2 and CH4 gases in permeate side was evaluated by a bubble flow-meter
and pure gas permeability were calculated according to Equation (2) and all effective parameters
are defined in Table 1, while the ideal CO2/CH4 selectivity (α) of the synthesized membranes was
determined using Equation (3) [42]. To increase the results accuracy, the gas permeation experiments
were repeated three times for each batch and the average values were listed.

Pi = 1010
×

273.15
76

×
p
T
×

Qi.l
∆p.A

(2)

αCO2/CH4 =
PCO2
PCH4

(3)
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Table 1. Definition of the effective parameters of CO2 and CH4 permeability.

Parameter Definition Unit

Pi CO2 or CH4 permeability Barrer
T Input temperature K
p Out pressure (Permeate) cmHg

∆p Pressure difference between input and output sides cmHg
l PEBA and composite membrane thickness cm
A PEBA and composite effective area cm2

Qi Volumetric flow rate of CO2 or CH4 gas cm3s−1

3. Results and Discussion

3.1. Dispersion and Morphology of the Synthesized Membranes

Figure 5A–H shows the surface morphology of all the synthesized membranes using SEM
examination at 100 µm after they have been cleaned in ethanol emulation using ultrasound. As shown
in SEM images, the surface of pristine membrane (Figure 5A) contaminated by several debris in the
form of small particles (indicated in the circles) was formed during solidification process and solvent
evaporation caused the above defects. After adding PL (Figure 5B), the surface became smoother
due to its modification [43]. Also, the number of particles decreased significantly and they became
finer (indicated by arrows). After adding 0.05 and 0.1 wt.% GA to PL/PEBA matrix (Figure 5C,D),
small particles started to appear again, especially at 0.1 wt.% as a result of poor dispersion. The amount
of GA was not sufficient to cover all surface areas. At 0.2 and 0.3 wt. % of GA (Figure 5E,F), GA started
to distribute uniformly and the surfaces became rough. However, few smooth surfaces appeared due
to poor dispersion. At 0.4 wt.% of GA (Figure 5G), GA started to distribute uniformly and the surfaces
became absolutely rough due to GA incorporated on the surface of the membranes, what leads to
increased viscosity of the solution leading to increased surface tension and fast solidification [44,45].
When GA concentration reached the peak (Figure 5H), GA started to aggregate in the form of block
particles which led to particle agglomeration owing to force interaction between GA particles.

Sine PEBA is classified as a very ductile material and this characteristic became even more evident
after mixing PEPA with PL (highly plasticized) [38,43], it was hard to prepare fracture samples in
liquid Nitrogen; therefore, sharp cutter was used to prepare fracture surfaces. Figure 5I–L shows
the cross-section morphology of the synthesized membranes of pure PEBA and nanocomposite
samples, particularly PEPA2 (poor dispersion) and PEPA4 (uniform dispersion). As shown in the
SEM micrograph of the PEPA sample (Figure 5I), the fracture surface was completely deformed by
numerous distortions and had many paths, the number of which was increasing with the addition of
PL (Figure 5J). This means that the sample became plasticized and thus, in compliance with ductile
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failure. After addition of 0.4 wt.% of GA (Figure 5K), the fracture surface became brittle with small
amount of debris of uniform thickness, which means that the surface became harder and in compliance
with brittle failure [46]. Also, some smaller particles were still sticking out from the damaged surface
(inside the yellow squares), which manifests ductile phenomenon (winding or spline surface). At high
concentration, brittle fracture reappeared relatively smooth and the surface became flat, harder, and
having sharp edges, manifesting brittle phenomenon (Figure 5L).
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Figure 5. (A–L) SEM images and (M–P) TEM images.

Figure 5M–P shows surface microscopic morphology of all the synthesized membranes using TEM
at 100 µm. As shown in the TEM images, the pure sample had a dense-thick structure, while the PEPA1
sample contained several thin GA flakes. By raising the concentration of GA up to 0.4%, the amount of
these flakes increased significantly in vertical and horizontal plane overlapping a little between GA
layers (indicated by white ellipse). When GA concentration was the highest, the overlapping increased
significantly causing the aggregation phenomenon. The TEM results confirmed that GA flakes with
0.4 wt.% concentration were dispersed successfully uniformly in the PEPA matrix [35].

3.2. Chemical Composition of the Synthesized Membranes

Figure 6A,B displays the FTIR spectra and XRD pattern of the pristine PEBA and composite
membranes, respectively. FTIR results (Figure 6A) showed that the pristine sample exhibited several
strong bands: 1092 cm−1 corresponding to the –C–O–C– group (Segment I), 1640, 1730, and 3270 cm−1

indicating the –HNCO–, O–C=O, and –NH– groups (Segment II), 2858 cm−1 representing –CH2–
(Segment III), respectively. These existing segments corresponding to poly (ethylene oxide) (PEO),
polyamide 6 (PA-6), and soft and hard segment in PEBA are considered to be the main components
in PEGA. All the samples had the same peaks and groups [47]. All these groups did not alter in
all the samples, even after having been mixed with PL. However, after mixing with GA, very weak
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peaks appeared at 3311 cm−1 and 1726 cm−1, corrosponding to hydroxyl and carbonyl groups of GA,
respectively, which means that GA integrated with PEPA [39,44].
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XRD pattern was used to confirm the FTIR results and to check crystallization peaks of the
synthesized membranes. As mentioned before, PEPA is a semicrystalline copolymer that composed of
crystal PA-6 and amorphous PEO segments. As displayed in XRD results (Figure 6B), an intensive
crystallization peak notes in the XRD pattern of virgin PEBA in the scope from 14◦ to 27◦, related to the
hydrogen bonding between PA-6 chains (larger crystalline region) [48,49]. Also, no other characteristics
were noted when PL was added to “PEBA1”, which means that crystallinity of virgin membrane
was not affected by PL added to “PEBA1”. Interestingly, when GA was added, a single sharp peak
belonging to GA was appeared at 26.4◦ and the intensity of this peak increased significantly by
increasing the GA content. Also, PEBA nanocomposite membranes show reduced peak intensity of
PA-6 segment with the increases of GA concentration, pointing to the smaller crystalline phase in the
synthesized membranes [31]. In addition, incorporation of GA led to reduce crystallinity of these
polymer segments by the disturbing arrangement of PA-6 chains, thereby providing a probability
to improve gas permeation performance [50]. The presence of these peaks in XRD pattern of the
synthesized membranes confirms that the developed approach helped strongly to distribute GA
uniformly inside the matrix [35,51].

3.3. Thermal Properties of the Synthesized Membranes

Figure 7 showed DSC curves and calorimetric data of the synthesized membranes and explored
effect of GA and PL fillers on glass transition temperatures, melting temperature (Tm), and crystallinity
(Xc) of the pristine membrane. As shown, DSC measurements contained two soft domains in the range
from −39 to 29 ◦C for PEO part and in the range from 93 to 161 ◦C for PA-6 part, while melting enthalpy
was in the range of 24.3–30.8 J/g for PEO fraction and in the range of 10.9–13.8 J/g for PA-6 fraction.
Meanwhile, the melting temperature for each fraction was not affected significantly by adding PL
and GA [52,53]. With regard to crystallinity degree (Xc), it was noted that the average crystallinity of
PEO and PA-6 (Xc12) of the pristine membrane did not change by adding PL. This means that pristine
membrane was prepared successfully by extrusion and casting process without any fusion defects [38]
and these results compatible with XRD results. Also, it was noted that by adding GA to PL/PBPA
membrane, Xc12 increased significantly up to 0.4 wt. % of GA and thus improving by ~52% (from 9.9%
to 21.2%) for both domains (PEO and PA-6). This increase due to GA resulted in high surface area to
volume ratio, leading to fast interaction and better incorporating of GA with PEO and PA molecules.
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This led to reduced friction between PEBA chains and GA, meaning better bonding between their
molecular structures, and thus improving the crystallinity degree of the obtained membranes [38].Polymers 2020, 12, x FOR PEER REVIEW 9 of 15 
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Figure 8 shows TGA and DTG results of the synthesized membranes, where PEBA showed
one-stage decomposition corresponding to the random-chain disengage mechanism of the basic PEO
and PA-6 chain located in the range (378–493 ◦C). As PL/PEBA and GA/PL/PEBA showed two-step
decomposition, the first step represents PL decomposition in the range 218–377 ◦C with average weight
loss of 2% (the exact amount added during the mixing process) [54], while the second decomposition is
related to PEO and PA-6 in the range (378–493 ◦C). However, all samples had the same total weight loss,
thus indicating that the presence of GA nanofiller does not affect significantly the thermal degradation
behavior in the synthesized membranes; however, thermal stability in the form of mass loss was
improved and this result is in agreement with results in the literature [41].
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3.4. Mechanical Tensile Properties of the Synthesized Membranes

The stress-strain curves and mechanical properties of the synthesized membranes are presented
in Figure 9. It seems that by adding PL, tensile strength and elasticity modulus were reduced by 7%
and 6%, respectively, while the strain increased a little by 4% due to plasticity effect [55]. By adding
GA to PL/PEBA samples, tensile strength and stain decreased when compared to a virgin sample,
while the elasticity modulus increased and membranes became of more rigid and hard structure than
the virgin PEBA membrane. This happened because mixing of GA with PEPA restricted the molecular
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rearrangement of polymer chains during the casting and solidification process [41]. The nanocomposite
membranes manifested less changes in mechanical properties when compared to pure membrane
because of good miscibility and higher interaction between GA nanofiller and PL/PEPA composite.
Meanwhile, mechanical properties of membranes were enhanced and became more elastic, and the
elastic modulus increased drastically.
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3.5. Gas permeation Performance

Figure 10 illustrates the effect of PL adding and GA loading on the permeability of CO2 and
CH4 gases and on the ideal CO2/CH4 selectivity of the synthesized membranes at 2 bar and various
temperatures (25 and 55 ◦C). As shown in the figure, at the lowest temperature (25 ◦C), the permeability
of CO2 and CH4 gases of the neat PEBA are estimated by 66 and 3.1 Barrer, respectively. These results
agree with the literature, where polymer membranes, including PEBA are characterized by their
high-free volume, which considers the main responsible for permeability [56]. Also, the amount and
distribution of free volume in the substrate may influence the way of molecules pack together and
its permeability [57]. In addition, it seems that permeability of the specified gases was not affected
significantly by PL addition, as a result of the molecular structure of PEBA chain, which is composed
of compact homochiral sheets. This form makes it difficult for molecules to pack and rearrange and fill
space [17], even at the lowest concentration of GA (PEBA2). When GA loading was increased from
0.05 to 0.4 wt.%, permeability of CO2 and CH4 gases increased from 88.12 to 197.86 Barrer (increasing
by ~56%) and from 3.74 to 6.10 (increasing by ~39%) Barrer, respectively (Figure 10A), where the
presence of GA restricts the conformational freedom of PEBA chains in its vicinity, which may frustrate
PEBA chain ability to group together and cause a curvature of the surface at the nanoscale [58],
thus increments of the PEBA amorphous structure, fractional free volume and chain mobility as a
result of decreasing in the crystallinity of the synthesized membranes (confirmed by the XRD and FTIR
results), which causes a significant increase in CO2 permeability and a little in CH4 permeability of the
synthesized membranes [59]. This can contribute to better affinity of GA to CO2 than CH4 and also
to create selective voids at GA/PEBA interface, improving by 54% in the ideal CO2/CH4 selectivity
when compared to pure membrane (Figure 10B). When the biggest GA amount was loaded (PEBA7),
GA started to cluster together in the form of aggregated particles that the obstructed permeability
of CO2, and CH4 gases inside the PEBA matrix [42]. These results agree with SEM and TEM results.
At the highest temperature (55 ◦C), the permeability of CO2 and CH4 gases of the virgin and the
nanocomposite membranes, increased almost similar to the membranes tested at a lower temperature.
It is because synthesized membranes became more elastic under the applied temperature, which led to
changing the dense structure into a fibrous structure, thus gases could pass smoothly, especially in
case of polymer nanocomposite [60]. Also, the ideal CO2/CH4 selectivity at the high temperature was
improved significantly from 21.10 (PEBA0) to 32.43 (PEBA7), improving by ~35%.
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Figure 10. (A,B) CO2 and CH4 permeability and (C) Ideal CO2/CH4 selectivity of the synthesized
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As mentioned in the introduction section, recently, several types of polymer membranes have
been developed for CO2/CH4 separation (e.g., PDMS, Pebax 1657, Pebax, PIM-1, Matrimid®, PSF, PI,
SPEEK, PSF, etc.) [59]. Among the reviewed membranes, PDMS exhibited a lowest CO2/CH4 selectivity
enhancement (3.2) [61], while Pebax 1657 gave a higher CO2/CH4 selectivity enhancement (9.3) [15].
For other polymer types, there exist conflicting results in CO2/CH4 selectivity. For example, the obtained
results by Castro-Muñoz al. (2019) showed that the CO2/CH4 selectivity of Matrimid® membrane is
estimated by ~17 [62], while the obtained results by Abdollahi al. (2018) was ~31 [63]. Since Pebax
membranes have a chemical structure and composition similar to PEBA with reasonable and accurate
CO2/CH4 selectivity values, therefore Pebax was used in the present research for comparison.

It is obvious that the results of the present work are very similar to the results listed in the literature,
which reported that the adding of GA to Pebax membranes can be enhanced CO2/CH4 selectivity upto
28% [59]. According to the presented results, the suggested approach can be classified as a promising
cost-quantitative technology for producing nanocomposite membranes with uniform dispersion and
high ideal CO2/CH4 selectivity upto 32% and improved from 25 to 48% (based on the type of polymer
and filler materials), when compared to results in the literature [59]. Also, the developed membranes are
characterized by good CO2/CH4 selectivity stability even at high temperatures, which were estimated
by 29% at 25 ◦C and 32% at 55 ◦C, which means that these membranes can be used in warm and cold
ambient with the same selectivity performance.
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4. Conclusions

In the present research, the authors introduce novel Graphene/PEBA nanocomposite membranes
that were first prepared to improve Carbon Dioxide permeability and CO2/CH4 selectivity. The extrusion
process in presence of paraffin liquid was employed to produce GA/PEBA granules with uniform
dispersion. Also, the crystallinity degree and fractional free volume of the fabricated GA/PEBA
membranes were controlled preferentially, resulting in larger interchain spaces leads to achieve the
better Carbon Dioxide permeability. The results show that only the addition of 0.4 wt.% of graphene
could enhance the permeability of CO2 and CH4 gases effectively, which indicates great economic
effects. The highest Carbon Dioxide permeability of 387 Barrer and CO2/CH4 selectivity of 32 was
occurring at the optimal graphene loading of 0.4 wt.% at 55 ◦C. Finally, the developed membranes
can provide a potentially suitable strategy to solve the limited application in boronate ester-linked
graphene, and also it can be used to purify biogas obtained from pyrolysis and fermentation process.
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to the evaluation of natural gas replacement by syngas in burners of the ceramic sector. Energy 2019, 185,
15–27. [CrossRef]
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37. Sarwar, Z.; Yousef, S.; Tatariants, M.; Krugly, E.; Čiužas, D.; Danilovas, P.P.; Baltusnikas, A.; Martuzevicius, D.

Fibrous PEBA-graphene nanocomposite filaments and membranes fabricated by extrusion and additive
manufacturing. Eur. Polym. J. 2019, 121, 109317. [CrossRef]

38. Yousef, S.; Visco, A.; Galtieri, G.; Nocita, D.; Espro, C. Wear behaviour of UHMWPE reinforced by carbon
nanofiller and paraffin oil for joint replacement. Mater. Sci. Eng. C 2017, 73, 234–244. [CrossRef]

39. Yousef, S.; Mohamed, A.; Tatariants, M. Mass production of graphene nanosheets by multi-roll milling
technique. Tribol. Int. 2018, 121, 54–63. [CrossRef]

40. Yousef, S.; Tatariants, M.; Bendikiene, R.; Denafas, G. Mechanical and thermal characterizations of non-metallic
components recycled from waste printed circuit boards. J. Clean. Prod. 2017, 167, 271–280. [CrossRef]

41. Shin, J.E.; Lee, S.K.; Cho, Y.H.; Park, H.B. Effect of PEG-MEA and graphene oxide additives on the performance
of Pebax®1657 mixed matrix membranes for CO2 separation. J. Membr. Sci. 2019, 572, 300–308. [CrossRef]

42. Azizi, S.; Azizi, N.; Homayoon, R. Experimental Study of CO2 and CH4 Permeability Values through
Pebax®-1074/Silica Mixed Matrix Membranes. Silicon 2018, 11, 2045–2057. [CrossRef]

43. Yousef, S.; Visco, A.; Galtieri, G.; Njuguna, J. Flexural, impact, rheological and physical characterizations of
POM reinforced by carbon nanotubes and paraffin oil. Polym. Adv. Technol. 2016, 27, 1338–1344. [CrossRef]

44. Dai, Y.; Ruan, X.; Yan, Z.; Yang, K.; Yu, M.; Li, H.; Zhao, W.; He, G. Imidazole functionalized graphene
oxide/PEBAX mixed matrix membranes for efficient CO2 capture. Sep. Purif. Technol. 2016, 166, 171–180.
[CrossRef]

45. Subadra, S.P.; Yousef, S.; Griskevicius, P.; Makarevicius, V. High-performance fiberglass/epoxy reinforced
by functionalized CNTs for vehicle applications with less fuel consumption and greenhouse gas emissions.
Polym. Test. 2020, 86, 106480. [CrossRef]

46. Yousef, S. Polymer Nanocomposite Components: A Case Study on Gears. In Lightweight Composite
Structures in Transport: Design, Manufacturing, Analysis and Performance; 2016; Available online: https:
//doi.org/10.1016/B978-1-78242-325-6.00016-5 (accessed on 7 April 2020).

47. Chen, J.; Wang, J.; Ni, A.; Chen, H.; Shen, P. Synthesis of a Novel Phosphorous-Nitrogen Based Charring
Agent and Its Application in Flame-retardant HDPE/IFR Composites. Polymers 2019, 11, 1062. [CrossRef]

48. Li, M.; Zhang, X.; Zeng, S.; Bai, L.; Gao, H.; Deng, J.; Yang, Q.; Zhang, S. Pebax-based composite membranes
with high gas transport properties enhanced by ionic liquids for CO2 separation. RSC Adv. 2017, 7, 6422–6431.
[CrossRef]

49. Sridhar, S.; Suryamurali, R.; Smitha, B.; Aminabhavi, T.M. Development of crosslinked
poly(ether-block-amide) membrane for CO2/CH4 separation. Colloids Surf. A Physicochem. Eng. Asp.
2007, 297, 267–274. [CrossRef]

50. Peng, D.; Wang, S.; Tian, Z.; Wu, X.; Wu, Y.; Wu, H.; Xin, Q.; Chen, J.; Cao, X.; Jiang, Z. Facilitated transport
membranes by incorporating graphene nanosheets with high zinc ion loading for enhanced CO2 separation.
J. Membr. Sci. 2017, 522, 351–362. [CrossRef]

51. Jamil, N.; Othman, N.H.; Alias, N.H.; Shahruddin, M.Z.; Roslan, R.A.; Lau, W.J.; Ismail, A.F.; Azwa, R. Mixed
matrix membranes incorporated with reduced graphene oxide (rGO) and zeolitic imidazole framework-8
(ZIF-8) nanofillers for gas separation. J. Solid State Chem. 2019, 270, 419–427. [CrossRef]

52. Yousef, S.; Khattab, A.; Zaki, M.; Osman, T.A. Wear Characterization of Carbon Nanotubes Reinforced
Polymer Gears. IEEE Trans. Nanotechnol. 2013, 12, 616–620. [CrossRef]

53. Dong, L.; Zhang, H.; Chen, M.; Wu, X.; Shi, D. Multi-functional polydopamine coating: Simultaneous
enhancement of interfacial adhesion and CO2 separation performance of mixed matrix membranes. New J.
Chem. 2016, 40, 9148–9159. [CrossRef]

http://dx.doi.org/10.1016/j.jechem.2018.02.020
http://dx.doi.org/10.1016/j.compositesb.2018.11.084
http://dx.doi.org/10.1016/j.jechem.2018.04.013
http://dx.doi.org/10.1016/j.mset.2018.11.002
http://dx.doi.org/10.1016/j.eurpolymj.2019.109317
http://dx.doi.org/10.1016/j.msec.2016.11.088
http://dx.doi.org/10.1016/j.triboint.2018.01.040
http://dx.doi.org/10.1016/j.jclepro.2017.08.195
http://dx.doi.org/10.1016/j.memsci.2018.11.025
http://dx.doi.org/10.1007/s12633-018-0021-z
http://dx.doi.org/10.1002/pat.3801
http://dx.doi.org/10.1016/j.seppur.2016.04.038
http://dx.doi.org/10.1016/j.polymertesting.2020.106480
https://doi.org/10.1016/B978-1-78242-325-6.00016-5
https://doi.org/10.1016/B978-1-78242-325-6.00016-5
http://dx.doi.org/10.3390/polym11061062
http://dx.doi.org/10.1039/C6RA27221E
http://dx.doi.org/10.1016/j.colsurfa.2006.10.054
http://dx.doi.org/10.1016/j.memsci.2016.09.040
http://dx.doi.org/10.1016/j.jssc.2018.11.028
http://dx.doi.org/10.1109/TNANO.2013.2264902
http://dx.doi.org/10.1039/C6NJ02013E


Polymers 2020, 12, 831 15 of 15

54. Mianowski, A.; Siudyga, T. Thermal analysis of polyolefin and liquid paraffin mixtures. J. Therm. Anal.
Calorim. 2003, 74, 623–630. [CrossRef]

55. Visco, A.; Yousef, S.; Galtieri, G.; Nocita, D.; Pistone, A.; Njuguna, J. Thermal, Mechanical and Rheological
Behaviors of Nanocomposites Based on UHMWPE/Paraffin Oil/Carbon Nanofiller Obtained by Using
Different Dispersion Techniques. JOM 2016, 68, 1078–1089. [CrossRef]

56. Pazani, F.; Aroujalian, A. Enhanced CO2-selective behavior of Pebax-1657: A comparative study between the
influence of graphene-based fillers. Polym. Test. 2020, 81, 106264. [CrossRef]

57. Thanakkasaranee, S.; Kim, D.; Seo, J. Preparation and characterization of
poly(ether-block-amide)/polyethylene glycol composite films with temperature- dependent permeation.
Polymers 2018, 10, 225. [CrossRef]

58. Althumayri, K.; Harrison, W.J.; Shin, Y.; Gardiner, J.M.; Casiraghi, C.; Budd, P.M.; Bernardo, P.; Clarizia, G.;
Jansen, J.C. The influence of few-layer graphene on the gas permeability of the high-free-volume polymer
PIM-1. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2016, 374, 20150031. [CrossRef]

59. Goh, K.; Karahan, H.E.; Yang, E.; Bae, T.-H. Graphene-Based Membranes for CO2/CH4 Separation: Key
Challenges and Perspectives. Appl. Sci. 2019, 9, 2784. [CrossRef]

60. Szekely, P.; Dvir, T.; Asor, R.; Resh, R.; Steiner, A.; Szekely, O.; Ginsburg, A.; Mosenkis, J.; Guralnick, V.;
Dan, Y.; et al. Effect of Temperature on the Structure of Charged Membranes. J. Phys. Chem. B 2011, 115,
14501–14506. [CrossRef]

61. Heidari, M.; Hosseini, S.S.; Nasrin, M.O.; Ghadimi, A.; Ghadimi, S.A. Synthesis and fabrication of adsorptive
carbon nanoparticles (ACNs)/PDMS mixed matrix membranes for efficient CO2/CH4 and C3H8/CH4
separation. Sep. Purif. Technol. 2019, 209, 503–515. [CrossRef]

62. Castro-Muñoz, R.; Fíla, V.; Martin-Gil, V.; Muller, C. Enhanced CO2 permeability in Matrimid®5218 mixed
matrix membranes for separating binary CO2/CH4 mixtures. Sep. Purif. Technol. 2019, 210, 553–562.
[CrossRef]

63. Abdollahi, S.; Mortaheb, H.R.; Ghadimi, A.; Esmaeili, M. Improvement in separation performance of
Matrimid®5218 with encapsulated [Emim][Tf 2 N] in a heterogeneous structure: CO2/CH4 separation.
J. Membr. Sci. 2018, 557, 38–48. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1023/B:JTAN.0000005203.55828.c5
http://dx.doi.org/10.1007/s11837-016-1845-x
http://dx.doi.org/10.1016/j.polymertesting.2019.106264
http://dx.doi.org/10.3390/polym10020225
http://dx.doi.org/10.1098/rsta.2015.0031
http://dx.doi.org/10.3390/app9142784
http://dx.doi.org/10.1021/jp207566n
http://dx.doi.org/10.1016/j.seppur.2018.07.055
http://dx.doi.org/10.1016/j.seppur.2018.08.046
http://dx.doi.org/10.1016/j.memsci.2018.04.026
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Materials and Methodology 
	Preparation of GA/PEBA Granules 
	Preparation of GA/PEBA Membranes 
	Membrane Characterizations 
	Setup of Gas Permeation and Membranes Holder 

	Results and Discussion 
	Dispersion and Morphology of the Synthesized Membranes 
	Chemical Composition of the Synthesized Membranes 
	Thermal Properties of the Synthesized Membranes 
	Mechanical Tensile Properties of the Synthesized Membranes 
	Gas permeation Performance 

	Conclusions 
	References

