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Abstract: One important application of polymer/graphene nanocomposites is in membrane technol-
ogy. In this context, promising polymer/graphene nanocomposites have been developed and applied
in the production of high-performance membranes. This review basically highlights the designs, prop-
erties, and use of polymer/graphene nanocomposite membranes in the field of gas separation and
purification. Various polymer matrices (polysulfone, poly(dimethylsiloxane), poly(methyl methacry-
late), polyimide, etc.), have been reinforced with graphene to develop nanocomposite membranes.
Various facile strategies, such as solution casting, phase separation, infiltration, self-assembly, etc.,
have been employed in the design of gas separation polymer/graphene nanocomposite membranes.
The inclusion of graphene in polymeric membranes affects their morphology, physical properties, gas
permeability, selectivity, and separation processes. Furthermore, the final membrane properties are
affected by the nanofiller content, modification, dispersion, and processing conditions. Moreover,
the development of polymer/graphene nanofibrous membranes has introduced novelty in the field
of gas separation membranes. These high-performance membranes have the potential to overcome
challenges arising from gas separation conditions. Hence, this overview provides up-to-date coverage
of advances in polymer/graphene nanocomposite membranes, especially for gas separation applica-
tions. The separation processes of polymer/graphene nanocomposite membranes (in parting gases)
are dependent upon variations in the structural design and processing techniques used. Current
challenges and future opportunities related to polymer/graphene nanocomposite membranes are
also discussed.
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1. Introduction

Membrane technology has been applied to achieve the selective separation of noxious
or desired gas molecules [1,2]. Polymeric membranes have gained significance for gas
separation purposes [3]. Graphene is a unique type of nanocarbon nanostructure that can
be oxidized to form graphene oxide [4]. Pristine porous graphene nanosheets demonstrate
high selectivity and permeability for the purposes of gas separation [5]. Similar to other
nanocarbons (carbon nanotube, fullerene, nanodiamond, etc.), graphene and graphene
oxide can function as effective nano-reinforcements for polymeric membranes [6]. Conse-
quently, polymer/graphene nanocomposite membranes have been used for the efficient
separation of gas molecules [7-9]. High-performance gas separation membranes have been
developed using facile processing techniques [10]. Polymer/graphene-based gas separation
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membranes with nanoporous, ultrathin, and mixed-matrix properties have mainly been
fabricated using solution routes, infiltration, phase inversion techniques, and other facile
strategies [11-13]. Polymer/graphene membranes have been developed using polysulfone,
polyimide, poly(methyl methacrylate), poly(dimethyl siloxane), polyamide, and other poly-
meric matrices. The high selectivity and molecular diffusivity of gas separation membranes
are affected by their pore size, pore distribution, graphene dispersion, and fabrication route.
Homogeneous graphene dispersions produce tortuous pathways for the selective diffusion
of gaseous molecules [14]. Due to their ability to efficiently separate gaseous pollutants,
gas separation membranes have been applied in chemical industries [15]. Moreover, gas
separation membranes have also found significant application in fuel cells, gas sensors,
and in other technical fields [16].

To achieve the efficient fabrication of graphene-based gas separation membranes, the
mechanisms of gas transport through these membranes need to be thoroughly understood.
Supported, self-standing, and nanocomposite membrane materials need to be studied in
light of new design innovations [17]. In addition to graphene, graphene derivatives such as
graphene oxide, reduced graphene oxide, etc., could broaden the application potential of
these membranes. Gas molecules can pass through defects in nanosheets or through the
interlayer spacing between graphene oxide or modified graphene nanosheets. Graphene
oxide-based membranes offer high values of flux due to their ultimate thinness [18]. More-
over, graphene oxide offers high selectivity through molecular sieving or diffusion as a
result of its narrow pore size distribution and unique surface chemistry. The interlayer
spacing between graphene nanosheets can be tailored to achieve optimal transportation of
the desired molecules through the membrane [19]. Graphene derivatives could potentially
be used to overcome the limitations whereby permeability must be sacrificed to obtain
better selectivity [20]. In particular, the interlayer spacing between graphene derivative
layers could be controlled in order to selectively separate out the desired gases from a gas
mixture. The selection of appropriate graphene derivative-based support materials could be
a research focus for the development of high-performance nanocomposite membranes [21].
Such support materials may allow the membranes to tolerate challenging process condi-
tions such as high temperature, high pressure, corrosive environment, humidity, etc. [22].
Consequently, such membranes are able to achieve high selectivity and high flux. These
efforts could facilitate the development of high-performance graphene-based membranes
that are able to fill the gaps between basic membrane designs, large-scale production, and
commercialization.

This review fundamentally focuses on the design, fabrication, and properties of
polymer/graphene nanocomposite membranes with respect to gas permeability and
selectivity. The use of graphene nanofillers has widened the scope of gas permeation
membranes. This review systematically presents the advancements in the field of poly-
mer/graphene nanocomposite membranes for the purposes of gas separation. Poly-
mer/graphene nanocomposite membranes demonstrate the ability to overcome the chal-
lenges presented by gaseous mixture environments in the separation of desired gases/
contaminants. To the best of our knowledge, such a specific and up-to-date review of
polymer/graphene nanocomposite gas separation membranes has not previously been
seen in the literature. There have been significant recent literature reports (i.e., between
2018 and 2023) on the polymer/graphene nanocomposite membranes for the purposes of
gas separation, as discussed in this article. Thus, this state-of-the-art review highlights the
novelties of high-performance gas separation polymer/graphene nanocomposite mem-
branes. Moreover, future attempts by scientists/researchers to achieve progress in the
field of polymer/graphene nanocomposite membranes will not be possible without prior
knowledge of the reported literature compiled here.

2. Polymer Nanocomposite-Based Membranes

Various polymeric materials and design strategies have been used for the development
of advanced membranes [23]. Numerous nanofillers (carbon nanoparticles, metal oxide,
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metal nanoparticle) have been reinforced in matrices to form the polymeric nanocom-
posite membranes [24-26]. Incorporation of nanoparticles in polymers enhanced the
mechanical, thermal, and durability properties of the membranes [27-29]. Moreover,
nanoparticles affect the membranes morphology to develop a nanoporous structure for gas
separation [30-32]. The membrane properties and performance depend on the nanofiller
type, contents, and reinforcement conditions [33]. Consequently, the polymer/inorganic
nanoparticle nanocomposite membranes have been designed for gas separation having fine
selectivity, permeability, and superior physical properties [34]. In this context, interactions
between polymer-nanofiller and separation mechanisms of the nanocomposite membranes
have been investigated [35,36].

Among inorganic nanoparticles, silica nanoparticles have been reinforced in the nanocom-
posite membranes [37-39]. Matavos-Aramyan et al. [40] produced the polyurethane/silica
and polyesterurethane/silica nanocomposite membranes. The membranes were fabri-
cated using the solvent casting and solvent evaporation methods. The membranes were
tested for the permeation of CO,, O,, and N, gases. The nanocomposite membranes
revealed efficient CO, /N, and O, /N, separation performance [41]. Khdary et al. [42] de-
signed the poly(vinylidene-fluoride-hexafluoropropylene)/amino-silica nanoparticle-based
nanocomposite membranes. Phase separation method was adopted for the membrane
fabrication. The surface area of the poly(vinylidene-fluoride-hexafluoropropylene)/amino-
silica nanocomposite was higher (116.4 m?/g), as compared with the pristine polymer
(3.8 m?/g). Figure 1 shows the poly(vinylidene-fluoride-hexafluoropropylene) membranes
with well dispersed amino-silica nanoparticles. Adding 40 wt.% nanofiller content revealed
high CO, uptake of 33.75 mg/g. Consequently, the nanoporous membranes were efficient
for CO;, separation. Adding silica nanoparticles formed phase separated structure that is
suitable for parting or capturing the CO, molecules. Gas separation properties were depen-
dent on the diffusion-sorption mechanism. Consequently, polymer/silica nanocomposite
membranes have high gas permeability characteristics due to fine nanofiller dispersion
and matrix-nanofiller compatibility [43]. Gas selectivity and permeability depend upon
the nanofiller dispersal properties, thus leading to the development of gas diffusion path-
ways [44]. In this regard, modification of polymeric backbone could enhance the membrane
flexibility, durability, and permeation properties [45]. Moreover, large-scale production of
these membranes has been a focus for commercial applications [46].

Figure 1. Schematic of CO; separation by poly(vinylidene-fluoride-hexafluoropropylene)/amino-
silica nanoparticle based nanocomposite membranes [42]. Reproduced with permission from Elsevier.
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In addition to silica, titania nanoparticles have also been used as the polymeric mem-
brane reinforcements [47]. The polymer/TiO, membranes revealed fine structural stability
and physical characteristics for gas or water purification [48]. Furthermore, zinc oxide
nanoparticles have been filled in the polymeric membranes for gas separation [49]. The
cellulose acetate/zinc oxide nanocomposite membranes with 0.7 wt.% nanofiller contents
revealed CO,/H; selectivity of 2.77. Besides, the nanocarbon nanoparticles such as carbon
nanotube [50-52], fullerene [53-55], and nanodiamond [56-58] have been reinforced in the
polymeric membranes for gas separation. The polymeric nanocomposite membranes have
found applications in water treatment [59], gas separation [60], and fuel cells [61].

3. Graphene

Graphene is a two-dimensional (one atom thick) nanosheet made up of sp? hybridized
carbon atoms [62]. Graphene was discovered in 2004 [63]. Various facile synthesis routes
have been used for developing single-layer graphene such as graphite exfoliation, me-
chanical cleavage, chemical vapor deposition, plasma method, and organic synthesis
approaches [64-66]. Graphene has been identified as a thin and transparent nanocarbon
nanostructure [67]. Young’s modulus of a single graphene nanosheet was significantly
high, i.e., ~1 TPa, so it is >200 times stronger than steel [68]. High thermal conductiv-
ity was observed in the range of 3000-5000 W/mK [69]. Moreover, it has high electron
mobility of 200,000 cm?-V~1.s71. Graphene has a wrinkling tendency due to van der
Waals forces [70]. Therefore, graphene has been functionalized to form graphene oxide
nanosheet having hydrophilic groups (hydroxyl, carboxylic, epoxide, and carbonyl) on
the surface. An important use of graphene has been observed in the nanocomposites [71].
The graphene-based nanocomposites revealed remarkable mechanical stability, electrical
conductivity, thermal conductivity, thermal stability, chemical stability, and other physical
properties. Applications of the graphene-derived nanocomposites have been observed in
membranes [72], coatings [73], energy devices [74], fuel cell [75], sensors [76], batteries [77],
and tissue engineering/drug delivery [78].

Graphene is no doubt the mother of graphitic forms of carbon with sp? hybridized
carbon atoms in a honeycomb hexagonal arrangement [79]. Graphene has several derived
forms such as graphene oxide and reduced graphene oxide [80]. Graphene oxide is a
derivative of graphene that is formed by an oxidation-exfoliation process. Graphene oxide
is a two-dimensional crystalline structure with a hexagonal pattern and functional oxygen
groups on the surface [81]. Graphene oxide has sp? hybridization, 7— interactions, and
versatile conjugation with other molecules [82]. Due to oxygen functional groups on
the surface, graphene oxide has the ease of dissolution in water and other solvents [83].
Graphene oxide has facile large-scale production and commercialization. Figure 2 shows
a graphene nanosheet, graphene oxide, and reduced graphene oxide nanostructures [84].
Graphene oxide is obtained by the oxidation of graphite, while reduced graphene oxide
can be synthesized by the reduction of graphene oxide. The reduced graphene oxide has
layered nanosheets without any oxygenated groups on the surface. In this regard, chemical
and electrochemical reduction routes have been used to reduce the surface carboxylic
acid and oxygen functional groups [85]. Graphene quantum dot is also an interesting
form of graphene. Its size is less than 10 nm. The graphene quantum dot has fine optical
absorption and electroluminescence properties [86]. Graphene derivatives have been
applied in membrane technology.
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Figure 2. (a) Graphene oxide obtained by graphite exfoliation; (b) is presented in the reduced
graphene oxide structured, as the graphene oxide defect. (¢) Reactive groups present in graphene
oxide and reduced graphene oxide [87]. Reproduced with permission from Springer.

4. Gas Separation Membranes Derived from Polymer/Graphene Nanocomposites

Graphene has been used to develop the nanoporous membranes for gas molecules
transportation [88,89]. Lee et al. [90] fabricated the graphene-based membrane to separate
CO, from the mixture of gases (CO,/0,, CO,/Ny, and CO,/CH,). Figure 3 depicts
interaction between CO, molecules and graphene nanosheets. The size of graphene pores
facilitated the passage of CO, molecules. Moreover, graphene was found to have greater
affinity towards the CO, molecules [91]. Flux and selectivity of CO,/O,, CO,/Nj, and
CO,/CHy are given in Table 1. Higher CO,/O; flux (0.43) was observed due to an optimum
diameter of the gas molecules, compared with other gas mixtures [92]. Selectivity of
CO, /0O, was also found to be optimum. Consequently, the pristine graphene nanosheet
was successfully used for thin high performance gas separation membranes [93].

Koenig et al. [94] developed the graphene membranes on silicon oxide substrate. The
small H, molecules were easily separated through the nanoporous membrane. However,
after etching, large size molecules were also allowed to pass through the membrane and
small H, molecules were leaked out of the chamber (Figure 4). Figure 5 compares the leak
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rates (—dd/dt) of the pristine graphene membrane and the etched membrane. The —dd/dt for
gases depends on the molecular sizes of the gas molecules. The results suggested that the
etched membrane affected the transport mechanism of H, and CO, gases due to bulging
and membrane distortion.
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Figure 3. Configuration of CO, molecule in graphene pore [90]. Reproduced with permission
from Elsevier.

Table 1. Separation of CO, from different gas mixtures using graphene membrane [90]. Reproduced
with permission from Elsevier.

. CO;, Flux (No. of . . Size of Gas Molecules
Gas Mixture or Gas Molecules) Selectivity Kinetic Diameter (pm)
CO,/0, 0.43 4 0.04 954 0.7 -
CO,/N, 0.23 = 0.06 144+ 14 -
CO,/CHy4 0.35 +0.12 99 +0.7 -
H, - - 289
CO, - - 330
O, - - 346
N, - - 364
CHy - - 384

The nanoporous gas separation polymer/graphene membranes have been fabri-
cated [95]. Li et al. [96] formed the polymer/graphene nanocomposite membranes having a
pore size of 1 nm. The nanocomposite membranes revealed high selectivity for Hy /N3 (900)
and H, /CO; (3400). The graphene-based nanocomposite membranes have been developed
with a pore size of ~0.34 nm [97,98]. In addition to graphene, graphene oxide has also been
used to form nano-galleries in the membranes for the molecular sieving of CO, and other
molecules [99]. Polysulfone membranes have been developed for gas separation [100-102].
The polysulfone matrix was used to form the symmetric mixed-matrix membranes [103].
These membranes have been applied for separating CO, and other noxious gases from the
gas mixture [104]. Zahri et al. [105] fabricated the polysulfone/graphene oxide nanocom-
posite membranes. Graphene oxide was embedded in the polysulfone matrix forming
a hollow fiber mixed matrix membrane. Dimethyl acetamide solvent was used for the
dispersion of polymer and nanofiller. Spinning and dry-wet phase inversion techniques
were applied for fabricating the asymmetric hollow fiber membranes. Figure 6 shows
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the scanning electron microscopy cross section images of pristine polysulfone and poly-
sulfone/graphene oxide-based mixed matrix membrane, including 0.25 wt.% graphene
oxide-produced multi-layered structure with dense skin layer, porous sponge-like sub-layer,
and large macro-void structure. However, the layered morphology was not found in a
neat polymer membrane. Incorporating nanofiller in polysulfone enhanced the CO,/CHy
separation from 19 to 25. The CO, permeance was also increased from 64.47 to 86.80 GPU.
Effect was observed due to better interactions of CO, gas molecules with the graphene
oxide nanofiller in the polymer matrix. Moreover, the graphene dispersion limited the
permeation of large gas molecules, while allowing the passage of small molecules. In
another attempt [106], the selectivity of CO,/N, and CO,/CHy4 was increased by 158%
and 74%, respectively, for polysulfone/graphene nanocomposite, compared with the neat
polysulfone membrane.

e o Pe-Po dPPim-Per04 |D
° oo o o ® o o
. o ® o °

L N
Vo+Vs N, pim<p0

e o o
® 7y N, [.7m:=P0.

Figure 4. Measuring leak rates in porous graphene membranes: (a) schematic of microscopic graphene
membrane on silicon oxide substrate; (b) after removing graphene membrane from pressure chamber,
the membrane is bulged upward; (c) upon etching of graphene membrane, pore(s) bigger than that of
Hp are introduced allowing Hj to leak rapidly out of microchamber through graphene membrane;
and (d) after all H, molecules have leaked out of microchamber, the membrane will be bulged
downward [94]. Red spheres = small H, molecules; green spheres = larger CO, gas molecules.
Reproduced with permission from Nature.

Sainath et al. [107] developed the polysulfone/graphene oxide nanocomposite-based
hollow fiber mixed matrix membrane for gas separation. In solution route, the polymer
and 0.25 wt.% graphene oxide were dispersed in the N-Methyl-2-pyrrolidone solvent. The
membrane has CO,/CHyj selectivity of 45, i.e., 3.3 times higher than the selectivity of
neat polymer membrane. Membrane properties were observed due to better graphene
dispersion and diffusion path formation in the nanocomposite membranes. Zhu et al. [108]
fabricated the polyphenylsulfone-pyridine/graphene oxide nanocomposite membranes
using the vacuum infiltration technique. Figure 7 demonstrates the nanoporous membrane
formation. Transmission electron microscopy and scanning electron microscopy images
of the nanocomposite membranes were analyzed. The graphene oxide formed uniformly
dispersed layered arrangements in the polymer matrix. Figure 8 displays the pore structure,
size distribution, and morphology according to the transmission electron microscopy.
Increasing nanofiller contents enhanced the graphene dispersion in the matrix. Moreover,
the pore distribution and pore sizes were enhanced with the nanofiller loading. The grafting
of polymer membrane with phosphotungstic acid formed homogeneous dispersion of
nanofiller and polymer chain alignment. Hence, considerable research attempts have
been observed regarding the polysulfone/graphene nanocomposite membranes for gas
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separation. However, more research efforts must be performed on modified polysulfone
matrix-based nanocomposite membranes that could enhance the selectivity and permeation
through the membranes.
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Figure 5. Comparing leak rates between pristine and porous graphene membranes [94]. Reproduced
with permission from Nature.

Figure 6. Scanning electron microscopy cross section images of (A) pristine polysulfone; (B) polysul-
fone/graphene oxide mixed matrix membrane (magnification x1.5k); (C) pristine polysulfone; and
(D) polysulfone/graphene oxide mixed matrix membrane (magnification x10k) [105]. Reproduced
with permission from Creative Commons Attribution 3.0 license.
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Figure 7. Schematic of heterogeneous membrane with asymmetric structure (a) fabrication process of
membrane: copolymer spin-coated on GO nanosheets prepared by vacuum filtration; (b) transmission
electron microscopy image of PPSU-Pyx that was marked with phosphotungstic acid (PTA); middle
image is scanning electron microscopy observation of cross section of heterogeneous membrane; on
right is photo of heterogeneous GO/PPSU-Pyx membrane; (c) schematic of heterogeneous structure
with 3D pores (self-assembly into interconnected pores by ionomers) and 2D pores (self-assembly into
nanosheets by GO); (d) illustration of GO nanosheets with spacing of ca. 0.84 nm; and (e) chemical
structure of PPSSU-Pyx (upper) and configuration change of polymer in response to pH (lower) [108].
PPSSU-Pyx = polyphenylsulfone-pyridine; GO/PPSU-Pyx = graphene oxide/polyphenylsulfone-
pyridine; GO = graphene oxide. Reproduced with permission from ACS.

Poly(dimethyl siloxane) has been applied as matrix materials for gas separation mem-
branes [109-111]. The separation efficiency of these membranes was investigated for CO,
and other gases. However, the ultrathin poly(dimethyl siloxane)-based membranes have
the challenges of low gas permeance and weak interfacial properties [112]. Therefore,
nanofillers have been incorporated in the poly(dimethyl siloxane) membranes to attain
the desired gas separation properties. Berean et al. [113] prepared the poly(dimethyl
siloxane)/graphene nanocomposites via solution route in p-xylene solvent. Graphene
nanosheets were obtained through chemical vapor deposition. Ultrasonication was per-
formed for better graphene dispersion and developing 7-rt interactions between the matrix-
nanofiller. Figure 9 shows a schematic of diffusion paths through the poly(dimethyl
siloxane) and poly(dimethyl siloxane)/graphene nanocomposites, including graphene
nanofiller in the matrix which led to interfacial voids and long diffusion paths formation for
gaseous species. High passive surface and bulk diffusion of gas molecules through the neat
poly(dimethyl siloxane) membrane were observed. On the other hand, the poly(dimethyl
siloxane)/graphene nanocomposites have selective passive surface and bulk diffusion of
gases due to dispersed graphene nanosheets. The 0.2 wt.% graphene loading revealed
high gas permeation of up to 60% for Np, CO,, Ar, and CHy, relative to neat poly(dimethyl



Processes 2023, 11, 927

10 of 26

siloxane) membrane. At this nanofiller content, better graphene dispersion and diffusion
path formation were suggested. Moreover, the CO, /CHy, selectivity of the nanocomposite
membrane was found to be higher (4.2), compared with the neat polymeric membrane (3.6).

a)

n
o
N
o

I porosity of the membrane
[ diameter of the pores

-
o
2

-
o

-
o

o
1
o

Porosity of polymer membrane (%)
S
A
Diameter of the nanopore (nm)

o
L
o

PPSU-Py20 PPSU-Py60  PPSU-Py100

Figure 8. Pore structure and size distribution with different pyridine moiety proportions in PPSU-Pyx.
(a—c) Transmission electron microscopy images of PPSU-Pyx. Dark areas refer to pores and white
areas represent hydrophobic backbone along the copolymer chain. The polymer is marked with
PTA, which reacted with pyridine moiety. (d) Porosity and diameter of copolymer membrane with
different pyridine moiety proportions, indicating improved porosity while pore size stays almost the
same [108]. PTA = phosphotungstic acid; PPSU-Pyx = polyphenylsulfone-pyridine; GO = graphene
oxide. Reproduced with permission from ACS.

Koolivand et al. [114] designed the poly(dimethyl siloxane) and graphene oxide-based
nanocomposite membranes. For this purpose, graphene oxide was prepared using Hum-
mers’ method [115]. Solution and ultrasonication methods were used for the fabrication of
membranes in tetrahydrofuran solvent. Scanning electron microscopy and spectroscopic
analysis have been used to study the interfacial interactions between the polymers and
nanofillers. The poly(dimethyl siloxane)/graphene oxide nanocomposite membranes were
investigated for the CO, /CHyj separation and CO, permeability. Including 5 wt.% graphene
oxide contents resulted in high CO, /CHy selectivity at 112% and CO; permeability at 29%.
Ha et al. [116] also prepared the poly(dimethyl siloxane)/graphene oxide nanocomposite
membrane using solution casting method in tetrahydrofuran solvent. Adding 8 wt.%
graphene oxide reduced the permeability of Hy, O,, N, CHy and CO, gases by 99.9%. It
was observed that the gas transportation and permeation properties were due to nanofiller
dispersion in the matrix. Compared with the neat poly(dimethyl siloxane) membrane, the
selectivity of gases (CO,/0O,, CO, /Ny, and CO;,/CH,) was enhanced with the graphene
oxide loadings and dispersion (Figure 10). Selectivity also depends upon the difference in
kinetic diameters of CO,/0,, CO, /Ny, and CO, /CHy (0.16, 0.34, and 0.50 A, respectively).
Additionally, the successful research attempts, new poly(dimethyl siloxane)/graphene and
poly(dimethyl siloxane)/graphene oxide nanocomposite membranes, need to be developed
and studied. The morphological and interfacial properties of these membranes also need to
be investigated for gas diffusion and separation mechanisms.
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in green; (b) a schematic depicting the difference between passive surface and bulk diffusion of
gas molecules in pristine PDMS and PDMS/ graphene nanocomposite membranes [113]. PDMS =
poly(dimethyl siloxane). Reproduced with permission from ACS.
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posite [116]. Reproduced with permission from Elsevier.
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Poly(methyl methacrylate) has been used as a matrix for gas separation
membranes [117-119]. Baldanza et al. [120] fabricated the poly(methyl methacrylate)/
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graphene nanocomposite membranes using wet deposition method. This technique in-
volves the ‘lift-off /float-on’ process for developing membranes [121]. Single-layer graphene
was grown using the chemical vapor deposition technique. Figure 11 shows the perme-
ability coefficients measured for the pristine poly(methyl methacrylate) and poly(methyl
methacrylate)/graphene nanocomposite membranes using pure and humidified CO; and
O; (at different R.H. levels) (Table 2). It has been observed that including graphene
nanofiller decreased the permeability coefficient of CO, and O; to 1.30 x 10~'7 and
0.21 x 10~ mol'm-m~2-Pa!-s71, respectively, compared with the neat polymeric mem-
brane. Decreasing gas permeability was attributed to the formation of diffusion paths,
due to graphene nanofiller dispersion in the matrix. The permeability coefficients of
the gases were found comparable to the reported commercial poly(methyl methacry-
late) membranes [122]. Few studies have been reported so far on poly(methyl methacry-
late)/graphene nanocomposite-based gas separation membranes. Here, more focused
research efforts are required in this field.

10-17 1~17
30x 8x 0
j‘n 25 .;u—) 7
& e 6
e 20 e 5
£ E
g s s 4
2 10 g3
3 3 2
E 5 E |
@ &
0 0

(b)

Figure 11. Gas permeability coefficients at 25 °C through poly(methyl methacrylate) (PMMA) (blue
bars) and Gr-PMMA (poly(methyl methacrylate/graphene nanocomposite)) (red bars) for (a) CO, and
humidified CO, and for (b) O, and humidified O, [120]. Reproduced with permission from MDPIL.

Table 2. Permeability coefficients of CO, or O, through the nanocomposite at different R.H. lev-
els [120]. PMMA = poly(methyl methacrylate); Gr-PMMA = poly(methyl methacrylate/graphene
nanocomposite). Reproduced with permission from MDPL

Nanolaminate/Permeating Gas P [mol'm-m~—2.Pa—1.571] P [Barrer]
PMMA /CO, 21.9 (+£0.8) x 10717 6.5 (£0.2) x 1071
Gr-PMMA /CO, 1.30 (£0.1) x 10~17 0.39 (+0.03) x 101
PMMA /O, 4.79 (£0.01) x 10~17 1.434 (+0.003) x 107!
Gr-PMMA /O, 0.21 (+0.01) x 10~ Y7 0.063 (£0.003) x 101

Polyimide-based nanocomposite membranes have been developed for gas separa-
tion [123-125]. Melicchio et al. [126] prepared the polyimide/graphene oxide nanocom-
posite membrane using a knife casting technique. The commercial polyimide Matrimid®
5218 was used as a matrix along with dimethylformamide solvent. Figure 12 shows the
dispersion of graphene oxide nanoflakes in the polyimide chains. The graphene oxide
nanoflakes were dispersed in a particular arrangement in the matrix that enhanced the
polymer chain rigidity. Moreover, the nanofiller dispersion affected the membrane perme-
ability properties. Figure 13 presents the gas permeability apparatus used in this study.
Variable pressure of up to 70 bar was applied. The apparatus consists of a permeation cell,
a high-pressure side, and a low-pressure side. Including 0.57 vol.% graphene oxide led to
H, and CO; permeability of 28 and 8 Barrer, respectively. Moreover, the ideal selectivity
(3.5) was observed for Hy /COs.
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Figure 12. Possible configurations of graphene oxide nanofiller in polyimide membrane [126]. MATR
=Matrimid® 5218; TFM = thin film membrane; TIF = thick isotropic film. Reproduced with permission
from Elsevier.

—a-—-(( permeate vessel (1ItD)—%—
vacuum
pump gas D—
circulator
4
G* -3V
i T
differ. gas
f’ess“ft circulator
gas |iransmi MEMBRANE
inlet D—
—i—(( gas feed vessel (5 It) )}—@—

Figure 13. Gas permeability apparatus (operated from high vacuum up to 70 bar pressure condi-
tions) [126]. Reproduced with permission from Elsevier.

The poly(1-trimethylsilyl-1-propyne) matrix was also used for the membrane forma-
tion [127-129]. Olivieri et al. [130] fabricated the poly(1-trimethylsilyl-1-propyne) and
graphene oxide-based gas permeation membranes using chloroform solvent. Includ-
ing 1 wt.% graphene led to better nanofiller dispersion and diffusion coefficient of 25%
for CO,, 14% for Nj, and 9% for CHy. Albertoa et al. [131] also fabricated the poly(1-
trimethylsilyl-1-propyne)/graphene nanocomposite membranes. The 0.05 wt.% loading
revealed CO, permeability of 3.5 x 10% Barrer. The permeability was 39% reduced com-
pared with the neat polymeric membrane. However, few systems have been reported on
the poly(1-trimethylsilyl-1-propyne)/graphene oxide membranes. Poly(2,6-dimethyl-1,4-
phenylene oxide) has also been used as a matrix for these membranes [132-134]. Rea and
co-workers [135] designed the poly(2,6-dimethyl-1,4-phenylene oxide)/graphene mem-
brane with 0.3-15 wt.% nanofiller contents. Figure 14 presents the permeability values with
increasing graphene loading, at 35 and 65 °C. Increasing nanofiller loading level reduced
the gas permeability. A decrease in permeability was observed due to nanofiller dispersion
and development of a polymer-nanofiller interphase. Graphene nanoparticles formed
diffusion pathways for the controlled permeation of gas molecules.
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Figure 14. Gas permeability before (a) 35 °C; (b) 65 °C; and after graphene addition (c) 35 °C; (d) 65 °C,
as a function of graphene loading in poly(1-trimethylsilyl-1-propyne) matrix [135]. Reproduced with
permission from MDPL

Numerous polymer/graphene and polymer/graphene oxide nanocomposite mem-
branes have been designed for gas separation (Table 3) [136]. Graphene and graphene oxide
nanofillers have been reinforced in polymeric matrices such as polysulfone, polyphenylsulfone-
pyridine, poly(dimethyl siloxane), poly(methyl methacrylate), polyimide, poly(1-trimethylsilyl-
1-propyne), poly(2,6-dimethyl-1,4-phenylene oxide), cellulose, etc., for developing nanocom-
posite membranes. Among facile techniques for membrane fabrication, solution casting,
ultrasonication, wet deposition, phase inversion, dry-wet phase inversion, vacuum infiltra-
tion, and knife casting approaches have been successfully used. The resulting membranes
have high porosity, selectivity, permeability, and other superior properties. Moreover, these
membranes revealed fine interfacial interactions, matrix-nanofiller interlinking, microstruc-
ture, nanofiller dispersion, hydrophobicity, water absorption, wettability, contact angle,
response to pH, chemicals, moisture, flexibility, and mechanical properties. Dispersion
and alignment of graphene or graphene oxide nanoparticles in membranes enhanced the
selective permeation of gas molecules. The polymer/graphene nanocomposite membrane
designs need to be further improved for separating complex gas mixtures.
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Table 3. Specifications of polymer/graphene nanocomposite membranes for gas separation.

Polymer Nanofiller Fabrication Route Physicochemical Properties Membrane Properties Ref.
~ . . H, /N3 selectivity 900;
Polymer Graphene or Solution casting fon-molecule interaction; H, /CO; selectivity 3400; [96]
graphene oxide 1.8-20 nm thickness .
pore size ~0.34 nm
Dry—we.t phase inversion Graphepe ox1d§ own 7-7t stacking 0.25 wt.% nanofiller;
techniques; dimethyl form interaction with CO; gas . .
. . CO,/CHy separation 25;
Polysulfone Graphene oxide acetamide solvent; and polar gas molecules; [105]
- . . CO, permeance 86.80
hollow fiber mixed multi-layered porous structure
. . . GPU
matrix membrane with large macro-voids
Pha'se inversion; ho.llow I\'Ianosm'e synthemz.ed graphene; CO, /N, selectivity 158%;
Polysulfone Graphene fiber mixed matrix interfacial interaction between . o [106]
- CO, /CHy selectivity 74%
membrane graphene and polymer matrix
Physical interaction between
Souion o, Ot ncona ropeet
Polysulfone Graphene oxide N-Methyl-2-pyrrolidone interactions between functional CO, /CHy selectivity ~45 [107]
solvent .
groups of nanocomposites and
gas molecules
Wettability and surface charge
response to pH;
acidic pH = 3 form hydrophilic
state contact angle 63.3°;
Polyphenylsulfone- . Vacuum infiltration alkaline pH =11 form Dispersion;
pyridine Graphene oxide technique hydrophobic state contact angle morphology [108]
106.5°%;
charge-density-tunable
nanoporous;
power of ~0.76 W m~
0.2 wt.% nanofiller;
Pol}_/(chmethyl Graphene Solution casting; T-TC 1n_teract101_15 in N,, CO,, A.r, andDCH4 [113]
siloxane) p-xylene solvent matrix-nanofiller permeation 60%;
CO,/CHy selectivity 4.2
Interfacial interactions between o .
Solution/ functional groups of graphene 5 wt.% nanofiller;
Poly(dlmethyl Graphene oxide ultrasonication methods; oxide and polymer; CO,/CH, (s)electhlty [114]
siloxane) . 112%;
tetrahydrofuran solvent density 1.09-1.12; co bility 29%
thickness 1.9-2.8 nm 2 permeabllity 237
Poly(dimethyl Matrix-nanofiller interactions; 8 wt.% nanofiller;
Y Yy Graphene oxide Solution casting interaction between graphene H,, O3, N, CHy and CO, [116]
siloxane) . - o
oxide and polymer permeability 99.9%
Water adsorption; membrane CO, permeability
wrinkles; coefficient
Poly(methyl degree of dispersion/orientation 1.30 x 10~Y7
o4 4 Graphene Wet deposition method of the graphene nanosheet; mol-m-m~2-Pa—ls71; 0 [120]
methacrylate) - . .
structure organization of permeability coefficient
polymeric chains at the interface 0.21 x 107%7
with graphene nanosheet mol-m-m~2-Pa~1.s71
Graphene oxide nanoflake 0.57 vol.% nappflller,'
S H; permeability 28
anchoring; Barrer:
Polyimide Graphene oxide Knife casting technique Polymer—graphe.ne CO, permeability 8 [126]
interphasedensity; Barrer:
water and testing gas sorption H,/CO, selec tivity 35
Anchoring of graphene oxide 1 wt.% graphene;
Poly(1- . . e .-
trimethylsilyl-1- Graphene oxide Solution casting; nanosheets lowers membrane diffusion coefficient of [130]
ropyne) chloroform solvent flexibility; less free volume; CO, (25%); Ny (14);
propyne covalent cross-linking of polymer CHy (9%)
Poly(1- Interaction between filler and 0.05 wt.% nanofiller;
trimethylsilyl-1- Graphene Solution route polymer matrix; CO, permeability [131]
propyne)

0.93-1.36 MPa; 38—44 MPa 3.5 x 10° Barrer
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Table 3. Cont.

Polymer

Nanofiller Fabrication Route Physicochemical Properties Membrane Properties Ref.

Poly(2,6-dimethyl-

Void formation at interface;

glassy polymer filled with 0.3-15 wt.% nanofiller

1,4-ph§nylene Graphene Solution route graphene;graphene 1nFlus10n reduced permeability [135]
oxide) for physical constraint to
relaxation of polymer chains
Graphene oxide exfoliation in
polymer; 3.66 vol.% nanofiller;
. . physical interactions; oxygen permeability
Cellulose Graphene oxide Solution route tensile strength and Young’s coefficient 1.4 x 1017 [157]
modulus increase by 2 and cm3cm-cm 25~ 1Pa!

57 times, respectively

5. Polymer/Graphene Nanofibers in Membrane Technology

The polymer nanofibers have been used for developing nanofibrous membranes [138].
In this context, thermoplastic polymers including polyamide, polystyrene, polyacrylonitrile,
polyester, and various copolymers have been used [139]. Pristine polymer nanofibers have
light weight, mechanical stability, thermal stability, chemical constancy, and environmental
stability properties [140]. Due to superior physical characteristics, polymer nanofibers
have been applied in membranes, coatings/films, packages, textiles, and biomedical de-
vices [141]. Nanofillers have been reinforced to form the nanocomposite nanofibers having
enhanced physical properties such as mechanical, thermal, chemical, and environmental
stability [142]. An important application of polymer nanocomposite nanofibers has been
observed for developing membranes [143]. In this way, graphene reinforced polymer
nanocomposite nanofibers with superior mechanical and physical properties have been
fabricated [144,145].

The polymer/graphene nanocomposite nanofibers have been fabricated using nu-
merous efficient techniques such as electrospinning [146], wet spinning [147], melt spin-
ning [148], etc. Spinning techniques have been effectively applied to attain uniform
graphene nanoparticle dispersion in nanofibers. For graphene-based nanocomposite
nanofibers, electrospinning has been found as a widely used and effective method [149].
Choice of manufacturing technique, type of polymer, graphene derivative, solvent, concen-
tration, flow rate, applied field and other process parameters, and physicochemical prop-
erties affect the morphology, diameter, and applications of the nanofibers. It is important
to analyze the effect of manufacturing techniques on nanofiber properties. Consequently,
the graphene-based nanofiber properties including flexibility, tensile strength, modulus,
thermal properties, hydrophobicity, chemical features, and other physical properties have
been investigated [150]. The applications of polymer/graphene nanocomposite nanofibers
have been observed in defense textiles, tissue engineering, sensors/actuators, etc. [151].

The polymer/graphene nanofibrous membranes having enhanced electrical conductiv-
ity, mechanical strength, heat stability, permeation, selectivity, and antimicrobial properties
have been fabricated [152]. Nevertheless, polymer/graphene nanofibrous membranes
have been less explored for the gas separation application, as compared to other technical
applications [153]. Ren et al. [137] prepared the cellulose/graphene oxide nanocompos-
ite nanofibers having ultra-low gas permeability properties. According to morphology
analysis, nanofiller nanoparticles were uniformly dispersed and oriented in the nanofiber
matrix. Consequently, the 3.66 vol.% graphene oxide contents reduced the oxygen per-
meability coefficient of the cellulose nanofibers (5.5 x 1071 em3em-ecm 257 Pa~1) to
1.4 x 107" cm3cm-cm™2s7!'Pa~! in the nanocomposite nanofibers. Developing poly-
mer/graphene nanofibers enhanced the surface area and interactions with gas molecules
for separation. Moreover, Young’s modulus of the cellulose/graphene oxide nanocom-
posite nanofibers was 57% higher than the neat cellulose nanofibers. Accordingly, high-
performance polymer/graphene nanofibrous membranes were used for gas permeabil-
ity applications.
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Since the 20th century, the production of nanofiber-based membranes has been fo-
cused [154]. Progress in the 21st century (since the 2000s) has made fiber processes more
commercially viable. Recent progress must focus on improving the current manufacturing
technologies to produce nanofibers with high product consistency and process speed. Con-
sequently, a large number of contract manufacturers can trade successfully. For efficient
trading and commercial viability of nanofibers for technical applications, fibers having a
fine diameter must be produce and be employed in industries.

Consequently, the polymer/graphene nanofibers have a homogeneous surface, large
surface area-to-volume ratio, optimum porosity, flexibility, toughness, and mechanical
strength for membrane application. Depending upon the polymer type and nanofiller used,
physical and chemical properties of nanofibrous membranes can be varied.

6. Advantages/Shortcomings of Graphene Nanocomposites in Membrane Technology

Table 4 shows a comparative performance of graphene, graphene oxide, carbon nan-
otube, and inorganic nanofillers in polymeric gas separation membranes. Two-dimensional
graphene-based materials revealed significance in the formation of new nanocompos-
ite membranes for gas separation. The planar structure has been found suitable for the
fabrication of thin selective layers at low nanofiller loadings. Increasing nanofiller load-
ing enhanced the CO, permeability. The CO, selectivity properties also increased with
the nanofiller contents. Using graphene-based membranes revealed high stability and
intrinsic capabilities for varying polymer chain packing and increased permeability. Sur-
face modification of graphene and derivates offered an efficient approach for improving
matrix-nanofiller interactions and CO; philicity. However, challenges exist in up-scaling of
ultra-thin defect free selective nanocomposites and achieving fine compatibility.

There are several advantages of using graphene nanofiller in polymer nanocompos-
ite membranes, compared with other nanofillers [155]. Adding graphene could result
in lightweight and high-strength nanocomposites. Compared with other nanocarbons,
graphene has a unique atomically thin structure and larger lateral dimensions [156]. Pris-
tine graphene has been used as a promising nanomaterial in liquid barrier applications.
Aligned graphene nanosheets restrict the diffusion of very small liquid molecules through
selective permeation. Graphene and its derivatives have fine capability for developing ion-
selective membranes [157]. Graphene oxide nanosheets possess large interlayer distance
and empty spaces in polymers, compared with carbon nanotube and other nanocarbon
nanofillers. Molecular simulations studies have been reported on graphene-based perme-
ation membranes [158].

Table 4. Gas separation performance of graphene, carbon nanotube, and inorganic nanofillers
based membranes.

Polymer Nanofiller L((v):f :Z)g (E;?ei) « CO,/CHy Refs.
F;é%%er ether ketone Graphene 0-6 292.6-565.3 38.1-42.8 [159]
Polyethylene glycol Graphene oxide 0.5-3 254.2-299.6 48.2-59.3 [160]
Polysulfone Graphene oxide 0-0.25 65.2-74.5 17.3-44.4 [106]
Polyethylene glycol-polyether imide Graphene oxide 0-10 81.9-146 18.7-244 [161]
Polyethylene glycol Carbon nanotube 0-2 23.5-35 18.7-22.7 [162]
Polyether sulfone Carbon nanotube 0-10 2.6-4.4 11.5-22 [163]
Polysulfone Carbon nanotube 0-15 3.9-4.52 16.1-22.9 [164]
Polyether sulfone TiO, 0-10 2-2.9 14-15 [165]
Polysulfone Magnesium oxide 0-10 7.7-9.4 25.4-27.7 [166]
Polyimide SiO, 0-0.92 9.9-21.3 33.2-36.6 [167]
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Using polymeric membranes with nanofillers such as carbon nanotube, metal oxides,
and other inorganic nanoparticles possess the disadvantages of high toxicity, high cost, and
processability [168-170]. On the other hand, graphene nanocomposites have the advantages
of better flexibility, structural stability, and environmental friendliness, and of not using
toxic solvents. The polymer/graphene nanocomposites have fine nanofiller dispersion
and alignment in matrices facilitating the gas molecules diffusion, selectivity, and barrier
properties. Nevertheless, numerous disadvantages of graphene nanocomposites have been
reported such as nanofiller aggregation and dispersion. Major limitations in the membrane
separation processes were idenstified as fouling, shrinkage, and hydrophobicity [171].
Fouling is the phenomena of deposition of molecules inside the pores of membranes. This
could decrease the durability, permeation, selectivity, and membrane life. Hydrophobicity
of membranes has been found responsible for fouling. In general, polymeric membranes
are hydrophobic due to a lack of a functional group in the backbone [172]. Graphene
surface needs to be functionalized for better dispersion in polymers and to form compatible
matrix-nanofiller interfaces. For this purpose, graphene oxide and modified graphene
nanostructures have been designed to form functional membrane nanomaterials since
few combinations of polymer/graphene membranes have been developed. Here, an
exploration of structure-property relationships of polymer-graphene will be essential for
future developments in this field [173].

7. Prospects and Summary

Several current challenges need to be overcome to attain progress in the field of
polymer/graphene nanocomposite membranes. Few polymer/graphene designs have
been developed for gas separation. In this context, numerous polymers still need to be
explored for gas permeation membrane applications. New polymer/graphene design inno-
vations could have remarkable morphology, mechanical/thermal stability, and superior
gas separation performance. Moreover, better graphene dispersion is a challenging factor
for developing high-performance polymer/graphene nanocomposite membranes. The
graphene nanoparticle dispersion and matrix-nanofiller interactions could directly influ-
ence the pore size, shape, pore distribution, surface roughness, and membrane properties.
In this context, using functional graphene could form advanced membrane systems with
better nanoparticle dispersion and physical features.

The development of graphene oxide and other graphene derivative-based membranes
could offer extremely high fluxes due to a thin nanostructure. In addition, graphene
derivatives could result in high selectivity due to fine molecular sieving and narrow pore
size distribution. Using modified graphene nanostructures could result in the optimum
transportation of desired molecules through the membranes. Thus, graphene derivative
membranes can be engineered using advanced ways to improve the membrane perfor-
mance.

Graphene derivative-supported membranes can be fabricated using facile techniques
through deposition of graphene derivative on support materials (porous polymers, porous
ceramic, porous metal, etc.). Graphene-derived forms could offer enhanced gas separation
performance and selectivity of the membrane support materials. Moreover, supported
membranes have better porosity, thickness, wettability, and compatibility with the environ-
ment. Controlled thicknesses of nanocomposite-supported materials could promote gas
transport and flux through the membranes. Consequently, self-standing ultrathin graphene
derivative membranes can be developed having better separation performance, mechanical
stability, and robustness.

Polymer nanocomposite graphene derivative membrane can be an emerging tech-
nology to attain higher permeability and higher selectivity than the pristine polymeric
membranes. However, preparing mechanically stable ultrathin polymer/graphene-based
nanocomposite membranes could be challenging.

Moreover, graphene-based membranes with interlayer spacing of < 1 nm must be
developed. This approach had enhanced the intercalation of gaseous molecules. This
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method could enhance the specific gas separation performance of the graphene-based
membranes.

Another challenge identified is large-scale processing of the polymer/graphene
nanocomposite membranes for gas separation systems. In this context, a choice of suitable
fabrication process and optimum processing conditions are important. Future efforts on
developing polymer/graphene nanocomposite nanofibrous membranes are necessary for
progress in the field of gas separation membranes. Advanced nanofibrous membranes could
resolve the morphological, mechanical, barrier, selectivity, and permeability challenges re-
garding the polymer/graphene nanomaterials. Thus, advanced polymer/graphene designs,
nanofiller dispersion, and fabrication techniques control the morphological, mechanical,
durability, and gas transportation properties of the resulting membranes.

Henceforth, design and gas separation performance of the polymer/graphene nanocom-
posite membranes have been discussed in this state-of-the-art review. Graphene and modi-
fied graphene nanofillers have been reinforced in various polymeric matrices for developing
nanocomposite membranes. Numerous research efforts have been observed regarding the
design, structure, morphology, sturdiness, porosity, and gas separation efficiency of the
polymer/graphene nanocomposite membranes. A choice of polymer, nanofiller modifi-
cation, nanofiller dispersion, polymer-nanocarbon interactions, and fabrication strategies
could be important to broaden the scope of these nanocomposite membranes and resolve
the performance challenges.
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