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Abstract: The membranes’ role is of supreme importance in the separation of compounds under
different phases of matter. The topic addressed here is based on the use of membranes on the gases
separation, specifically the advantages of mixed-matrix membranes (MMMs) when using carbon
nanotubes as fillers to separate carbon dioxide (CO2) from other carrier gas. MMMs consist of a
polymer support with additive fillers to improve their efficiency by increasing both selectivity and
permeability. The most promising fillers in the MMM development are nanostructured molecules.
Due to the good prospects of carbon nanotubes (CNTs) as MMM fillers, this article aims to concentrate
the advances and developments of CNT–MMM to separate gases, such as CO2. The influence of
functionalized CNT or mixtures of CNT with additional materials such as zeolites, hydrogel and,
graphene sheets on membranes performance is highlighted in the present work.

Keywords: MMM; CNT; permeability; CO2 separation

1. Introduction

The massive emission of greenhouse gases, especially carbon dioxide (CO2), has a
serious impact on the natural environment; consequently, the capture and storage and
or treatment of CO2 become crucial to minimize its damages on nature [1–4]. In current
separation methods, such as cryogenic distillation, absorption and adsorption, the gas-
separation membrane technology has gained significant importance due to its lower energy
consumption, a reduced footprint, a reduced amount of capital investment, greater energy
efficient and environmental viability [5–9].

The membranes are categorized into metallic, inorganic and polymeric [10]. Metal-
lic membranes have excellent performance, but the cost of precious metals significantly
influences the membrane selection. Inorganic membranes are good alternatives, as they
have better chemical stability with lower fabrication cost. Nevertheless, a high temper-
ature, from 200 to 900 ◦C, is needed to operate inorganic membranes [11]. Nowadays,
polymeric membranes dominate the industry because of the outstanding economy and
competitive performance. These polymeric membranes can be operated at ambient tem-
perature and they have good mechanical and chemical properties; however, they have
limited efficiency [12,13]. To overcome those disadvantages, mixed-matrix membranes
(MMMs) have been technologically advanced, and they are heterogeneous membranes
with additive fillers dispersed in a polymer base. In particular, MMM combines the high
thermal and chemical stability of inorganic membranes and the mechanical strength of
polymeric membranes at moderate operating costs.

MMMs, have a unique structure, surface chemistry and mechanical strength. When
fillers (dispersed phase) are added to the polymer matrix (continuous phase), the properties
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of these membranes become better than polymeric membranes [14–17]. Generally, MMMs
are easier to prepare and process, they are commonly synthesized by dispersing a polymer
solution into the inorganic phase, and, by evaporating the solvent, a dense membrane
is obtained. The MMMs have higher gas permeability and selectivity, presenting good
mechanical and chemical properties [18], allowing them to be easily scaled up to an
industrial level and to be straightforwardly commercialized [19,20].

A separation membrane acts as a thin interface typically in the range of 1 nm to a
few microns that functions as a selective separation barrier in two phases. Generally, the
intrinsic gas permeation and separation property of the selective-layer material are the main
elements of the gas-separation membrane performance [21–24]. A gas-separation event
involves the partial separation of a mixture of two or more components with a membrane
acting as a semi-permeable barrier that allows one component to freely permeate the
membrane, while delaying the permeation of other components [25,26].

Membrane separation has been recognized as a viable and effective technology at
both, laboratory and industrial scale; therefore, processes involving them are rapidly
growing, and they have attracted remarkable attention as the major paradigm for separation
processes in key areas. A higher selectivity has a positive impact on the separation efficiency
and operating costs, whereas higher fluxes lead to lower membrane area requirements and,
therefore, lower general costs of the membrane system [27].

Concerning the separation performance of polymeric membranes, it is generally
limited by the speed at which any compound penetrates through a membrane, this depends
on a thermodynamic factor and a kinetic factor [28,29]. Typically, the properties of a
gas-separation membrane are characterized in terms of gas permeability and selectivity,
respectively, represented by Equations (1) and (2) [30].

The permeability (P) is the rate of passive diffusion of molecules through the mem-
brane and is defined as follows:

P = Q
l

A (p2 − p1)
(1)

where Q is the volumetric flow rate (mol/s), l is the film thickness (m), A is the membrane
area (m2) and p1 and p2, respectively, are the downstream and feed pressures.

An accepted unit of the permeability is 1 barrer unit, which equals the following:

1 barrer = 10−10 ×
cm3

STP·cm
cm2·s·cmHg

= 3.35 × 10−16 mol·m
m2·s·Pa

where cm3
STP is the amount of gas in standard cubic centimeter.

Selectivity (α) is a crucial parameter to achieve high product purity and is defined as
follows:

α =
YA/YB
XA/XB

(2)

where Y and X are the molar fractions of the gases A and B in the permeate and the feed,
respectively. An increase in the gas permeability of a membrane typically corresponds to a
decrease in its selectivity and vice versa [7]. To obtain a high gas-diffusion selectivity in
several gas pairs (O2/N2 and CO2/CH4), a size distribution of the elements based on the
effective size of the molecules is required [31].

The Robeson’s upper limit determines the permeability factor that membranes can
achieve [32,33]. As an example of Robeson’s upper limit, a diagram is depicted in Figure 1,
where a selectivity-versus-permeability plot is presented. In general, the separation perfor-
mance of MMM is superior to that of organic polymers membranes [34].
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Figure 1. Diagram of the trade-off between selectivity and permeability.

Numerous researchers have explored inorganic membrane materials; some of them
exhibited outstanding separation performance surpassing the Robeson’s upper-bound
plots [35,36]. Ideally, the composite membranes should take advantage of both the filler
and a rapid and selective gas transport [37,38]. The required characteristics to correctly
choose the embedded phase typically contains a chemical adaptation for the dispersion in
the polymeric matrix, a specific particle shape and morphology, and suitable properties on
the overall transport performance.

Currently, the most studied membranes for gas separation are those with a polymeric
base with additive fillers such as zeolites [39], metallic organic structures (MOF) [40], carbon
molecular sieves [41,42], silica [43], carbon nanotubes (CNT) [44] and graphenes [45–48].
These membranes have been shown to overcome the permeability gradient that can com-
bine the benefits of superior properties of gas transport and thermal resistance of molecular
sieves with the mechanical properties and, also, good processing capacity [49–51].

An important key to obtain the best properties in MMM is the correct selection of
the polymer materials and the fillers. In particular, this paper focuses on using CNT as
fillers of MMM, since CNT are most attractive due to their superior properties compared to
conventional ones and potentially provide a solution to the trade-off issues of the polymeric
membrane. The present contribution intends to take into consideration different polymeric
bases and mechanisms used in the separation of CO2 gas. Contributions from theoretical
and experimental results found in the literature are discussed in order to understand the
synergistic effect between CNT and MMM.

2. Mixed-Matrix Membranes with CNT as Fillers

A representation of the transport mechanism in MMMs, assuming a sieving effect
of the inorganic phase, is depicted in Figure 2a. CO2/N2 separation is taken as a refer-
ence, but similar arguments can be made with other penetrant pairs. In Figure 2b, the
separation performances are improved by increasing the so-called diffusivity–selectivity
of the different penetrants in the membrane matrix. Well-defined microporous cavities
in CNT offer high gas-diffusion coefficients, whereas their ultramicroporous apertures
contribute to high diffusion selectivity. In this view, the geometry of the inorganic phase
plays an important role. High-aspect-ratio structures can indeed lead to a better separation
performance compared with conventional fillers. However, an ordered morphology for
high-aspect-ratio nanoparticles is more difficult to achieve, and it can easily lead to defects
and nonselective regions, thus decreasing the overall performance.
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Polymers are normally used as membrane materials because of their low cost and
ease of preparation. The diffusion of gas molecules through the polymeric matrix mainly
depends on the characteristics of the free volume, such as the static cavities created by
inefficient packaging of the chain and the transient spaces generated by the rearrangement
of the thermally induced segment of the chain [52]. Researchers have significantly explored
the different ways to change the polymer-chain packing to improve the performance of the
membrane in terms of permeability and selectivity [53].

The diffusion coefficient in the polymeric membrane is related to the free volume
available within the membrane matrix. In the case of porous membranes, the diffusivity of
the molecules can be directly related to porosity (pore size and distribution) and tortuosity
of pathways available for the molecules. A fine-tuning of these two characteristics can help
in increasing the flux without affecting the membrane selectivity [54,55]. On the other side,
in nonporous membranes, the free volume represents the space between the polymeric
chains available for the permeation in the membrane matrix [56,57]. For this reason, over
the last decade, polymer research has focused on the development of high free volume
polymers that are capable of achieving large transmembrane fluxes.

At the beginning of the 21st century, the synthesis of new and attractive polymeric ma-
terials (e.g., polymers of intrinsic microporosity (PIM) and thermally rearranged polymers),
together with the development of new nano-sized particles, opened up a completely new
field for hybrid membranes. Fillers such as MOFs, zeolite imidazolium frameworks (ZIF),
CNT and other spherical and layered nanostructures were dispersed in several polymeric
materials, showing promising results in gas separation [58,59].

Therefore, mixed-matrix membranes (MMMs) are heterogeneous membranes which
consist of a polymer based MOF with additive fillers and can be developed in different
shapes, such as flat sheets and hollow-fibers. Inorganic materials, which are used as the
dispersed phase in MMMs, have a unique structure, surface chemistry, and mechanical
strength [60]. Among different fillers, CNTs have good separation and mechanical prop-
erties for applications of gas-separation processes [61]. These fillers have been widely
implemented because of their conductivity; their affinity to small molecules, such as CO2,
CH4 and others gases; and because their ability to endure high temperatures and aggressive
chemicals [62].

The use of fillers in the membrane matrix can improve the selective features of highly
permeable polymers and consequently have different effects on the transport properties;
they can also increase the stability of the membrane layers operating under high-pressure
conditions [63]. There is a research trend related to MMMs to obtain high gas-separation
efficiencies with new support materials and fillers. To select the polymeric matrix for the
MMMs, it is necessary to know the main physicochemical factors that influence perme-
ability, such as mobility of polymer chains, intersegmental spacing and interactions of the
polymer with the penetrating gas [64–67].
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Fillers are classified according to their morphology and transport mechanisms, such as
zero dimensional (0D), one dimensional (1D) and two dimensional (2D), these nanofillers
participate in the packaging of the polymer chain and improve the free volume characteris-
tics [68]. One-dimensional fillers are renowned in nanocomposites for enhancing structural
stability of the polymeric matrices due to their high aspect ratio (length-to-diameter ra-
tio) [69–71].

Fillers dispersed at a nanometer level in a polymer matrix have been identified to
potentially provide a solution to the trade-off issues of the polymeric membrane, as well
as solving the inherent brittleness problems found in polymeric membranes [72–74]. The
polymer and filler determine the morphology and performance of the MMMs. Figure 3
shows two configurations of MMMs with fillers. These membranes can be composed of
symmetric and flat sheets with fillers or of hollow-fiber with a dense skin with fillers in an
asymmetric arrangement.
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The incorporation of CNT in polymeric membranes has received attention for the
development of new gas-separation membrane technologies, such as MMMs [75]. CNT
fillers have an affinity for CO2 absorption and transport capabilities contributing to a greater
interest in membranes for gas separation [76]. CNTs are 1D nanomaterials with excellent
mechanical and thermal properties and, generally, are classified in function of the number
of walls, into single-walled carbon nanotubes (SWCNTs) and multi-walled nanotubes
(MWCNTs). The increased use of CNTs in membrane applications can be attributed to
unique separation properties, such as their surface area and ability to improve mechanical
strength with small filler content and a good control of pore size at the nanoscale [77,78].

SWCNTs consist of a rolled sheet of graphite that has a cylindrical shape with a
diameter of up to 1.5 nm. They possess a high surface area with interstitial channels,
while providing an increase of adsorption sites with high binding energy. On the other
hand, MWCNTs consist of two or more concentrically formed cylinders with a distance of
0.35 nm, similar to the basal plane separation in graphite. They can have lengths of tens
of microns and diameters between 2 and 100 nm [79]. They contain interlayer spaces that
might act as adsorption sites for smaller molecules [80]; in general, the application of CNT
improves the gas-separation behavior of MMM.

To improve the distribution of CNT as fillers in MMMs, different dispersion techniques
adding polar groups to the CNT side walls have been explored, such as direct suspension
in polymer solution by sonication or by surface oxidation, and insertion of hydrophilic
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functional groups on the surface to disperse them uniformly in the polymer matrix and to
improve adhesion [81,82]. Covalent and non-covalent functionalization is used to improve
the dispersion of CNTs in polymeric matrices [83]. The covalent functionalization is based
on the bond between carbon and other functional groups; it can take place in the defects and
at the end of the caps or in the side walls, improving the solubility in solvents with different
chemical structures [84]. The non-covalent functionalization improves the dispersion of
CNTs by the adsorption of functional groups on the nanotube surface, making them soluble
in organic and aqueous solvents; additionally, it does not damage the side walls and,
therefore, it does not affect the final properties of the material [85].

3. Application of CNT–MMM in CO2 Separation

The nanotubes have a vast range of applications due to their inherent properties that
can improve the own chemistry, mechanical and electrical properties [86]. In this section,
MMM applications for CO2 separation, with a focus on the influence of the addition of
functionalized and no-functionalized CNT to MMM, are depicted, and, also, some results
about the combination of CNT and other compounds added to MMM are discussed.

3.1. Influence of CNT as Fillers in MMM

Several researchers have studied the influence of CNT to improve MMM, in general
they found that CO2 permeability rises with an increase in the CNT content, which im-
proves, the mechanical strength without impairing the gas-separation performance. For
instance, in Reference [87] researchers found better results by adding to a brominated poly
(2,6-diphenyl-1,4-phenylene oxide) (BPPOdp) membrane 9 wt% of SWCNT and 5 wt% of
MWCNT. Another investigation [88] demonstrated a better permeability by adding only
2 wt% of MWNT to a N-methyl-2-pyrrolidone membrane (at higher quantities of MWNT
the membranes deteriorates due to the formation of agglomerates); the authors attributed
this performance to the effective dispersion of the nanotubes in the polymer. The addition
of carbon nanotubes to the polyimide membranes matrices improves their properties due
to the uniform dispersion achievement of the nanotubes in the polymer matrix, which
could play the role of a polymeric-chain crosslinker.

Furthermore, MWCNTs accelerate the transport of easily condensable gases, such
as CO2 and O2, which increase the gas permeability by diminishing the gas diffusion
resistance; for example, results obtained in Reference [89] demonstrate a separation factor
of CO2/N2 of 2 to 4 times higher than that of pure carbon membrane prepared under same
procedure and experimental conditions. The CNT-enhanced gas permeability could be
attributed to the increase in gas diffusivity, which came from the increase in free volume
and gas transportation inside the nanotubes [90].

3.2. Influence of Functionalized CNT as Fillers in MMM

The functionalization of CNTs was studied in order to improve their deposition in
the polymeric matrix, and to improve their efficiency, several functional groups were
tested, such as hydroxyl (•OH), carboxylic (-COOH), amino (•NH2) and isocyanate (-NCO)
groups.

The influence of functionalized MWCNT in MMMs based on PC fabrication was
studied in Reference [91]; the results show that functionalized nanotubes provide better
performance and also an increase of CO2/N2 selectivity. Moreover, the authors have
observed that an increase in feed pressure resulted in an acceptable improvement in
permeability and selectivity of test gases. Additional studies of the influence of pressure
and of temperature on the performance of MMM with functionalized MWCNT mixed with
Triton X100 was reported in Reference [92]. They found that the gas-separation performance
of the prepared membranes remarkably depends on the properties of permeating gas
molecules and the operating pressure and temperature; by slightly increasing those factors
to 3 bar and 30 ◦C, they obtained a better performance in gas separation, surpassing the
Robeson’s upper bound for CO2/N2 separation with 4 wt% of MWCNT.
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Concerning the influence of amino group in MWCNT–MMM, Reference [93] demon-
strated the limited effect of the •NH2 group on gas selectivity; nevertheless, they have
observed a remarkably increase (almost 3 times) on CO2 permeability when 25 wt% of
functionalized CNT were used in MMM. Similar results were obtained by Reference [94],
where the •NH2 group showed its positive impact on CO2 permeability over pristine
nanotubes or even over nanotubes functionalized with •OH groups.

Carboxylic and hydroxyl groups have a strong interaction with CO2, they increase
the solubility coefficient of polar gases and also the CO2 permeability coefficient, as was
demonstrated in Reference [95]. Results obtained herein showed that the functionalized
MWCNTs, added in 3 wt% to MMM, were cut into short ropes containing •OH and -COOH
functional groups on the surface of MWCNTs. The influence of -COOH functional groups
were also demonstrated in Reference [96], where functionalized SWNT–MMM exhibited
the best separation performance at 2 wt% filler content, which can be attributed to the
improved interfacial affinity with carboxylic acid functionalized surface of SWNTs. In
this case, the remarkably improved performance could be attributed to the CNT with
smaller aspect ratio that had more open ends for gas molecules to pass through, as well as
functionalized surface of carbon nanotubes improving the solubility selectivity and finally
to the higher purity of the modified carbon nanotubes as fillers.

The functional group -NCO on MWCNTs could be used to overcome the filler aggre-
gation in the membrane and to increase gas permeation and CO2/CH4 and CO2/N2 gas
selectivity, as confirmed in Reference [97]. The high performance of the MWCNT–NCO
membrane could be explained because of the high polarity of -NCO and better compatibil-
ity with polymer chains of MMM (i.e., polyurethane). Additional results that support such
data were reported in Reference [98]; their results demonstrated that using 0.3 wt% loading
MWCNT–NCO had the best performance over nanotubes functionalized with -COOH
and -NH2 and, additionally, significant CO2/N2 and CO2/CH4 exceeding Robeson’s up-
per limit. In summary, MWCNT–NCO have high polarity and better interaction with
polymer chains, as well as better physicochemical properties and a higher gas-separation
performance.

Techniques of synthesis of MMM also have an influence on membrane characteristics,
here, are analyzed only those who exceeded Robeson’s upper limit. In particular, results
reported in References [90,98,99] used PEBAX-1657 as a polymeric base, comprising 40 wt%
Nylon 6 PA6 segment and 60 wt% polyethylene oxide (PEO) segment. This is a thermoplas-
tic elastomer that combines linear polymer chains that provide mechanical strength with
flexible polymer interlayers. Pebax-1657 copolymers showed particularly high selectivity
for polarizable/non-polar gas pairs, such as CO2/N2, making it a better choice than other
polymers as a polymeric matrix for MMMs.

To obtain the desirable attributes of a single composite, (i.e., flexibility, process-
ability, high selectivity for polarizable/non-polar gas separation, and the mechanical
strength and thermal stability of CNT) of Pebax-1657, the authors of results reported
in References [92,97,100] used different techniques, such as solution casting method and
solvent evaporation method, where they disperse the functionalized MWCNTs in sol-
vents and then mix them with the polymeric base by ultrasonic technique. For example,
Reference [101] prepared MMMs by using the solution-casting method and solvent evap-
oration method. Pebax pellets (0.8 g) were dissolved in the ethanol-and-water mixed
solvent (12 mL, mass ratio of 7:3), with stirring at 80 ◦C for 4 h. The MWCNTs–ZIF-8
were added into another ethanol-and-water mixed solvent (11.5 mL, mass ratio of 7:3)
with ultra-sonication and stirring. Then the fillers solution was added into the Pebax
solution to get a uniform mixed solution by stirring and ultra-sonicate. Subsequently, the
mixed solution was poured into a plastic Petri dish and dried at room temperature for 24 h.
Finally, the prepared membranes were dried again at 25 ◦C, in a vacuum oven, to remove
the solvent. The functionalized MWCNTs improved the compatibility between Pebax
and ZIF-8, which contributed to the improvement of CO2/N2 selectivity of MMMs. The
insertion structure was the key to solve the aggregation problems of ZIF-8 particles, which
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could improve the dispersion of ZIF-8 particles. It is found that the MWCNTs could be
used as a bridge of rapid transmission for CO2 molecules, contributing to the improvement
of CO2 permeability of MMMs.

This type of MMMs-making process was similarly used by References [98,102]; their
variables were the concentration of the CNTs and functional groups (MWCNT–COOH or
MWCNT–NCO), which lead to good interfacial adhesion, allowing higher dispersion and
obtaining a high efficiency to overcome the Robenson’s upper limit. Additional results
with MMMs elaborated by the solution casting method with a PU membrane and different
amounts of MWCNTs (with functionalized groups -COOH and -NCO) have shown that the
presence of MWCNT–NCO led to an increase in CO2/CH4 and CO2/N2 selectivity up to
14% and 51%, respectively, due to the high polarity of -NCO and its improved compatibility
with polymer chains [97].

Another example that exceeded Robenson’s upper limit was reported in Reference [92],
where they combined different fillers. The high performance of the membrane was due
to the high polarity of -NCO and better compatibility with polymer chains with Triton
X-100 to modify MWCNTs. Two-layer Pebax/PES mixed-matrix membranes containing
CNT–COOH, CNT–NH2 and CNT–X100 as fillers were prepared via solvent-evaporation
phase-separation technique. For this purpose, a 12 wt% Pebax solution in formic acid
was prepared by dissolving the polymer in the solvent, and then a certain amount of the
filler samples was dispersed into the polymeric solution. To avoid agglomeration of the
MWCNTs, the obtained solution was periodically stirred for 15 min and sonicated for
30 min at least 3 h. The gas-separation performance of the prepared membranes was found
to be significantly dependent on the properties of the permeant gas molecules and the
operating pressure and temperature. In the case of CO2/N2 separation, the membrane
containing 4 wt% CNT–X100 filler exceeded the Robeson upper limit and exhibited the
highest gas-separation performance.

3.3. Influence of CNT and Other Compounds Added to MMM

In order to increase the performance of MMMs with CNTs as fillers, additional com-
pounds could be mixed with CNTs; some of these materials could be graphene oxides
(GO), zeolites or PIM). Additional supports have been studied, such as hydrogel (i.e., N-
isopropylacrylamide hydrogel, NIPAM) or the addition of SiO2 nanoparticles in liquid-like
hybrid materials.

Incorporation of similar quantities (i.e., 1:1 wt%) of CNT and GO into an MMM was
studied in Reference [103]. Results showed that MMMs containing CNTs had higher CO2
permeability but lower selectivity. Meanwhile, MMMs containing GO nanosheets had
higher selectivity but lower permeability. MMMs using both CNTs and GO as fillers
had both improved CO2 permeability and CO2/CH4 and CO2/N2 selectivity over pure
polymer membrane. The addition of GO nanosheet also improve the dispersion of CNT
in a membrane as described in Reference [100]. It was observed that the nanomaterials
properties, such as dispersion and hydrophilicity, could affect the reactivity of interfa-
cial polymerization, which, in turn, altered the characteristics of selective layer. Results
showed that the incorporation of GO and CNT modified with amino acids improved
CO2 permeability and CO2/N2. Moreover, this study demonstrated that GO nanosheets
serve as good dispersants for nanotubes in aqueous solution and prevent the latter from
aggregating attributed to the GO high dispersion. Deposition of the nanotubes onto the
basal plane of GO also reduced the nanotube agglomeration tendency. Synergy between
the nanotubes and GO combinations boosted both the permeance and selectivity of the
thin-film nanocomposite membrane.

Relating to the use of zeolites to increase MWCNT–MMM performance, some studies
showed high separation performance of CO2 [101]; these results were confirmed in an addi-
tional study involving CO2 removal from post-combustion flue gas. An additional advantage
of using zeolites is the fact that MMMs can operate in wet conditions compared to usually
dry conditions having, at the same time, selectivity above Robeson’s upper limit [104].
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The intrinsic porosity of some polymers with functionalized MWCNTs has been
studied, and good results on CO2 separation performance were attained, as detailed in
Reference [102]. This work reported the structure of PIM, as well as the effect of nanofillers
obtaining high CO2 permeability with a desirable CO2/N2 separation factor with 7.5 wt%
of functionalized MWCNTs, placed on the special microporous structure of the PIM.
The functionalized carbon nanotubes had a uniform dispersion owing to the presence of
functional groups, such as the hydroxyl groups, carboxyl groups and amino group.

Finally, interesting research of new phases, such as hydrogels to enhance MMM
efficiency, is detailed in Reference [105]; here the researchers showed results of MMMs
fabricated by incorporating NIPAM-CNTs composite filler into poly (ether-block-amide)
(Pebax-1657) matrix for efficient CO2 separation. MMM containing 5 wt% NIPAM-CNTs
exhibited the highest CO2 permeability and high CO2/CH4 and CO2/N2 selectivity, tran-
scending 2008 Robeson upper bound line. The extraordinary smooth one-dimensional
nanochannels of CNTs and super water hygroscopicity of NIPAM hydrogels are key factors
contributing the efficient CO2 separation in MMM.

A mixture of CNT with SiO2 nanoparticles under a liquid-like phase incorporated
into a Pebax-1657 matrix for CO2 capture was studied by Reference [99]. Specifically,
the prepared membrane presented optimal performance regarding CO2 permeability and
CO2/N2 separation factor, whereas improvements in CO2 permeability are obtained by
overcoming the Robeson upper bound. In this study, the liquid-like CNT/SiO2 nanopar-
ticles contributed to the formation of good interfacial compatibility, owing to their good
dispersion properties, which significantly improved the gas permeability.

A comparison of permeability and selectivity is summarized in Table 1, where the
appearing values are those obtained by the works of the authors previously described. This
table also specifies the membrane type and the CNT quantities utilized under different
temperature and pressure conditions.

Table 1. Permeability and selectivity values of different CNT–MMM used in gas-separation processes.

Fillers Polymer Matrix CNT
wt%

Pressure
(Bar)

Temperature
(◦C)

Permeability
(Barrer) CO2

Selectivity
(CO2/N2)

Selectivity
(CO2/CH4) Reference

CNTs

Brominated
poly(2,6-diphenyl-1,4-

phenylene
oxide)

5 0.689 25 153 28 - [87]

CNTs Polyimide 15 1 25 866.6 4.1 - [89]
C-MWCNTs PC/PEG 10 2 25 20.32 52.10 36.64 [91]

SWNT PEBA MMMs 5 2.3 21 102 63 - [90]
MWNTs–NH2 Pebax 1657 23 7 34.85 320 52 14 [93]

CNTs-GO Matrimids 5 4 × 10−5 25 38.07 81 84.6 [103]
CNTs Pebax 2 25 567 70 35 [105]

MWCNTs-COOH-4 Pebax 4 3 30 24 81 - [92]
MWCNTs-X100 Pebax 4 3 30 65 103 - [92]
MWCNTs-NH2 Pebax 4 3 30 44 108 - [92]

MWNT-COOH-OH polyimide (PI) 3 1 15 9.06 37.74 24 [95]
MWNT Pebax 5 7 34.85 202 50 - [94]
MWNT Pebax 10 7 34.85 310 44 - [94]
MWNT Pebax 15 7 34.85 680 41 - [94]

CNTs

Brominated
poly(2,6-diphenyl-1,4-

phenylene
oxide)

5 0.689 25 153 28 - [87]

CNT/ZIF-301(6) PSF 10 2 25 16 38 - [104]
CNTs/ZIF-301(12) PSF 8 2 25 17 37 - [104]
CNTs/ZIF-301(18) PSF 6 2 25 18 44 - [104]
CNTs/ZIF-301(24) PSF 4 2 25 17 48 - [104]
CNTs/ZIF-301(30) PSF 2 2 25 16 34 - [104]

CNTs–GO TFN

Ratio
CNT
and
GO
1:1

4 70 66.3 47.1 - [100]
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Table 1. Cont.

Fillers Polymer Matrix CNT
wt%

Pressure
(Bar)

Temperature
(◦C)

Permeability
(Barrer) CO2

Selectivity
(CO2/N2)

Selectivity
(CO2/CH4) Reference

MWCNT–COOH PEBA 0.75 10 25 132.30 85.32 24.18 [98]
MWCNT–NCO PEBA 0.3 10 25 148.86 104.92 28.95 [98]
MWCNT–NH2 PEBA 0.5 10 25 139.53 95.62 26.28 [98]

CNT/SiO2 (NOHM) Pebax-1657 10 20 66.5 148.3 66.5 - [99]

MWCNTs BTDA–TDI/MDI (P84)
co-polyimide 2 1 25 190.5 1.9 - [87]

MWCNTs
ZIF-8–8 Pebax1657 8 5 35 186.3 61.3 - [101]

MWCNT–NCO polyurethane (PU) 0.3 10 30 61.36 119.51 40.87 [97]

f-MWCNTs
bis(phenyl)

fluorene-based PIMs
(Cardo-PIM-1)

7.5 1 25 2.9 × 104 24.2 - [102]

AP-SWNTs 6FDA-TP polyimide 2 16.4 35 81 22 36 [96]

Some key data given in Table 1, related to the upper-bound data for CO2/N2 and
CO2/CH4 separation, are respectively plotted in Figures 4 and 5. Although a large amount
of data has been generated since 2007, a minor shift in the upper-bound relationship is
noted; membrane separation performances are still marginal, with the CO2/CH4 separation
being more difficult to be applied on industrial sector. The ladder polymers, PEBAX, BTDA–
TDI/MDI (P84) co-polyimide, PEBA, polyurethane (PU) and composites with hydrogel,
comprise points on the upper bound as with the two gas pairs noted above.
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Until now the Robeson‘s upper limit has been largely used as a reference in several
papers; in order to make more attractive the separation membranes (i.e., energy and cost
efficiencies), newer parametric estimates were reported in Reference [106]. This upper
limit was also added to Figures 4 and 5 as Comesaña 2019 (green dotted line). As can be
seen from these figures the CNT–MMM used to separate CO2/CH4 are still far from their
industrial application and, concerning the CO2/N2 separation, PEBA polymeric matrix,
Cardo-PIM-1 with functionalized CNT and CNT–MMM with hydrogel, seems to have
better possibilities to be scaled-up. In fact, this last one membrane with hydrogel [105]
seems to have higher possibilities to be enhanced and be applied in both, separation of
CO2/CH4 and CO2/N2.

From the results discussed above, it was found that the gas-separation performance
of the prepared membranes remarkably depends on the properties of permeating gas
molecules and the operating pressure and temperature. The efficiency of the membranes
was improved by adding functionalized CNTs as membrane fillers and additional com-
pounds, such as zeolites or hydrogel. The results also revealed that the uniform CNT
dispersion lead to enhanced gas permeation properties; however, using high concentra-
tion of CNTs results in the deterioration of the final properties of the membranes due to
the agglomerates formation. So, one challenge to improve the MMM performance is to
uniformly distribute the functionalized CNT mixed with other compounds (e.g., zeolites
and MOF) in liquid and hydrogel surfaces. The permeation mechanism is the result of
the cooperativity of the solution–diffusion mechanism of the gas through the polymeric
matrix and the gas diffusion mechanism through the formatted polymeric free volume
and/or filler–polymer interfaces. Concerning the CNT functionalization, the -NCO group
created showed better physicochemical properties and exhibited a high gas-separation
performance; its high polarity and better compatibility with polymer chains can improve
the permeability of CO2/N2.

4. Conclusions

From the review of these results, it is clearly established that the MMM efficiency
can be improved by adding CNT as fillers of those membranes and, even better results
can be obtained if CNT are functionalized and if the additives (GO, zeolites, hydrogel
and liquid-like SiO2 nanoparticles) are used. These conditions allow for an increased
fillers dispersion and stabilization in the matrix, which in turn, a better performance of
CNT–MMM in terms of permeability without sacrificing selectivity can be achieved.

Future research on CNT–MMM should be focused on diminishing the quantity of
CNT or any nanostructure in order to reduce the cost of membranes, enhancing then, their
performance. Research should also focus on obtaining key functional groups with green
methods and thus, for instance, avoiding strong acids. Finally, studies have to be enriched
under real conditions considering for example, higher fluxes, temperatures and relative
humidity, characteristic of natural and gas power plants, in order to determine the lifetime
of the CNT–MMM and their performance.
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