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The adoption of nanodoped membranes in the areas of gas stream separation, water, and wastewater treatments due to the
physical and operational advantages of such membranes has signiﬁcantly increased. The literature has shown that the surface
structure and physicochemical properties of nanodoped membranes contribute signiﬁcantly to the interaction and rejection
characteristics when compared to bare membranes. This study reviews the recent developments on nanodoped membranes, and
their hybrids for carbon capture and gas separation operations. Features such as the nanoparticles/materials and hybrids used for
membrane doping and the eﬀect of physicochemical properties and water vapour in nanodoped membrane performance for
carbon capture are discussed. The highlights of this review show that nanodoped membrane is a facile modiﬁcation technique
which improves the membrane performance in most cases and holds a great potential for carbon capture. Membrane module
design and material, thickness, structure, and conﬁguration were identiﬁed as key factors that contribute directly, to nanodoped
membrane performance. This study also aﬃrms that the three core parameters satisﬁed before turning a microporous material
into a membrane are as follows: high permeability and selectivity, ease of fabrication, and robust structure. From the ﬁndings, it is
also observed that the application of smart models and knowledge-based systems have not been extensively studied in nanoparticle-/material-doped membranes. More studies are encouraged because technical improvements are needed in order to
achieve high performance of carbon capture using nanodoped membranes, as well as improving their durability, permeability, and
selectivity of the membrane.

1. Introduction
The carbon dioxide (CO2) volume in the atmosphere has
increased since the industrial age, and this can be attributed
to the anthropogenic activities. CO2 is an eﬀective greenhouse gas from the literature, due to its ability to absorb
Earth’s surface infrared radiation emission. The higher the
concentration of carbon dioxide in the atmosphere, the
more infrared accumulates and the average temperature of
the lower layers of the Earth’s atmosphere increases. This
process is called global warming [1]. Carbon Capture Utilization and Storage (CCUS) technology is evolving in response to global warming and climate change. CCUS is the
process of extracting CO2 from a variety of high-

temperature treatment plants and processes using a variety
of technologies [2]. Along with the introduction of CCUS
technology, CCU aims to use CO2 as a source of carbon to
create value from readily available raw materials [3].
Carbon capture technologies can be applied at diﬀerent
process stages and these include precombustion, postcombustion, and oxyfuel combustion. Technologies used in
postcombustion CO2 capture are as follows: absorption by
chemical solvent, pressure/vacuum swing adsorption, adsorption by solid sorbent, cryogenic separation, membrane
separation, and more recently microbial/algae separation
[4]. Although cryogenic separations are energy-intensive,
chemical absorption and physical adsorption are becoming
increasingly important, while most membrane separation
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technologies are progressively developing. Those of precombustion include absorption by chemical solvents, absorption by physical solvents, and adsorption by porous
organic frameworks [4]. Oxyfuel combustion technologies
from the literature include chemical looping combustion,
combustion in pure oxygen, and chemical looping
reforming. Some issues aﬀecting carbon capturing technology eﬃciency include low adsorption capacity at high
temperatures, poor absorption, low mass transfer coeﬃcient,
and so on [5].
Nanotechnology is being used to enhance and optimize
the eﬃciency of the existing membrane technologies for CO2
capture [6]. The part of nanomaterials in CO2 capture shows
great potential because of its large surface area and excellent
performance. This study reviews the application of nanocomposites in diﬀerent process stages, trends in the absorption and adsorption of CO2, inﬂuence of
physicochemical properties, nanoparticle/material type, and
water vapour on carbon capture eﬃciency; moreover, an
emphasis is placed on the use of nanodoped membranes in
carbon capture. Finally, it highlights the challenges in
nanodoped membrane technology for carbon capture process and therefore proposes areas for future research.

2. Carbon Capture Background
Precombustion technology captures CO2 before the combustion process occurs resulting in cleaner fuel through the
combustion process and eases the separation of CO2 after the
operation; thus, producing less CO2 emissions [7]. Two (2)
examples are ammonia production and gasiﬁcation of coal
in power plants. In ammonia production, the CO2 coformed
with hydrogen through the steam reforming process are
detached before the ammonia synthesis occurs [8]. In the
gasiﬁcation process, fuels such as natural gas are converted
directly into syngas by reforming. Precombustion technologies include absorption by chemical solvents such as
amine-based solvents, which for instance are alkali compounds [9].
In oxyfuel combustion, inert gases are removed from
the ﬂue gas combustion. In this technique, fuel is burned
with highly pure oxygen as a substitute of air to achieve
complete combustion. This results in the formation of high
concentrations of carbon dioxide and a small amount of
water vapour in the ﬂue during combustion. Currently, the
oxygen used in the combustion process is provided by
cryogenic air separation equipment. In the cryogenic air
separation unit, oxygen is separated from the air by
cryogenic condensation at low temperatures [10]. As
shown in Table 1, oxygen fuel alternatives include chemical
looping combustion and remodeling. Both use metal oxides
to selectively transmit oxygen to the combustion chamber
from the air. As chemical looping remodeling uses less
stoichiometric oxygen volume, it produces syngas; thus, it
can be seen as a suitable technique for syngas production or
generation. One challenge, however, is to use the system at
the high pressure required to realize the eﬃciency comparable to modern oxyfuel or postcombustion capture
processes [8].
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The postcombustion method is based on the separation of
CO2 after the fuel is burned. This approach is feasible because
it can be installed in existing industries without excessively
changing its operating structure. The technology of carbon
dioxide capture after combustion is principally based on ﬂuid
absorption, solid adsorbent adsorption, and membrane
separation [4]. Between these knowledge, the utilization of
solid adsorbents for capture sequestration is considered
cheaper and easier than the scientiﬁcally advance ﬂuid absorption process. However, chemical absorption is reported to
be the most appropriate physical adsorption method for
postcombustion capturing of carbon dioxide in power plants
[11]. The choice of adsorbent is vital in determining the ﬁnal
eﬃciency of the adsorption technology used to selectively
remove and capture CO2. Various types of adsorbents have
been exploited for carbon dioxide, such as zeolites, activated
carbon, and organometallic frameworks [5].
Changes in temperature or pressure promote adsorption,
leading to temperature oscillation (TSA) adsorption and
pressure oscillation (PSA) adsorption, respectively [7]. The
main focus in this direction is on porous materials, including
microporous, mesoporous, zeolites, carbonate materials, organometallic frameworks, and related amino-functionalities.
Zeolite has a high adsorption capacity for higher CO2 partial
pressure, when compared with other adsorbents. However,
due to competitive adsorption, low CO2 adsorption capacity
in the presence of water is often observed due to high aﬃnity
of these materials for water [12]. Membranes, on the other
hand, provide better performance due to their properties and
processability, but eﬀorts to improve permeability are usually
made to the detriment of selectivity and vice versa [7].
Membrane separation is a comparatively new technology for
CO2 separation. It uses diﬀerent gas solubility, diﬀusion
coeﬃcient, adsorption, and absorption diﬀerences of various
materials for separation.
Membrane separation is one of the most eﬃcient separation methods where high-purity products are not required, as they are highly eﬃcient contrasted with other
separation systems. Membrane separation is currently being
studied in detail due to its many merits in terms of technical
aspects, in addition to cost factors, compared to other
separation methods. In addition, its application is very
ﬂexible because it can be used in precombustion and
postcombustion approaches [7]. The main limitation of
separation after combustion by membrane technique is the
need for very high selectivity for the extraction of relatively
low CO2 concentrations from exhaust gases. Therefore, the
development of a suitable membrane material is very important to meet the requirements set by the International
Energy Agency (IEA). Therefore, selectivity is very important and low selectivity is a serious problem in the commercialization of this process, as membrane properties such
as porosity, wettability, and pore size are vital to the process
eﬃciency [13].
According to the literature, nanomaterials are considered more eﬀective due to their excellent properties, which
highlights them to be used in doping membranes as potential
for CO2 capture technique with its thermal stability advantages [14, 15].
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Table 1: CO2 capture membranes.
Type of membrane

Membrane preparation

Temperature
range (°C)

Polymer-based

Phase inversion process

<100

Etching method

400–700

Sequence of extrusion, and sintering technique

>700

CO2 separation after combustion

Extrusion, and sintering technique
Vacuum-assisted coating process
Interfacial polymerization technique
Ozone functionalization-based etching and poremodiﬁcation chemistry

<100
<100
<100

CO2 absorbed in a solvent
Separation of CO2 from biogas
CO2 capture from ﬂue (stack) gas

—

Postcombustion CO2 capture

Crosslinked thermally rearranged polymer

<100

CO2 removal

Polymerization reaction based on a double-aromatic
nucleophilic substitution mechanism

<100

CO2 removal

Impregnation and coating

>70

In situ hydrothermal synthesis method
Spin coating

>100
<100

Dual-phase
Oxygen ion-conducting
ceramics
Membrane contractors
Carbon-based
Air liquid hollow ﬁber
Single-layer graphene
Thermal rearranged
polymer
Polymers of intrinsic
microporosity
Perﬂuoro-polymer
Zeolite-based inorganic
Mixed matrix

Experimental synthesis of various nanoparticles has been
proven to eﬀectively capture carbon dioxide at high temperatures, and various nanocomposite materials have been
used in membrane separation processes to optimize carbon
capture eﬃciency. Figure 1 shows the carbon capture
technology, and the analysis is based on three identiﬁed
carbon capture process paths [14].
One of the main problems with postcombustion combustion is the separation of relatively low CO2 concentrations
(usually about 3–15% by volume) from large amounts of nitrogen in the exhaust. The process also requires a lot of energy
for solvent regeneration. The largest postcombustion operating
unit has a capacity of about 800 tones CO2 per day [15]. Several
postcombustion CO2 exist, amongst which include absorption
(which is the most widely used in oil and chemical industries
and involves use of solvent to remove the CO2 from the ﬂue gas)
and membrane (involving physical or chemical interactions
between membrane material and gases) [16]. In precombustion
process, the CO2 content is in the range of 15–60 mole percentage at high pressure. Precombustion technique is used for
hydrogen large-scale production to manufacture fertilizer and
ammonia manufacture. This capture technique is more eﬃcient,
but the base gasiﬁcation process’s capital costs are often more
expensive because of its complicated installation than the traditional pulverized coal power plants [17]. Oxyfuel combustion
usually results in gas with high CO2 concentration, often higher
than 80% by volume. This technique often entails the separation
of oxygen from air with an estimated oxygen purity greater than
95%. The oxyfuel combustion system is still being proven.
The choice of technical conception is largely determined
by the conditions of the process under which it must operate.
Higher collection eﬃciency can be achieved, although this
will considerably require larger separation devices and more
energy and cost. Theoretically, oxyfuel combustion systems

Area of application
CO2 capture from natural gas,
biogas, and ﬂue gas
CO2 and oxygen from various gas
mixtures

CO2 removal from raw natural gas
treatment
CO2 separation and removal
CO2 separation and removal

can capture nearly all the CO2 produced. This capture
technique needs additional gas treatment systems to remove
nitrogen and sulfur pollutants [18].

3. Membranes
Membrane engineering is a physical process that often involves the use of a semipermeable barrier in containment
and permeability ﬂows to separate gas mixtures of two or
more components. Membrane separation allows certain
molecules to pass through while blocking some speciﬁc
molecules from passing through the membrane (Figure 2)
[19]. Membrane technology in carbon capture and storage
(CCS) has advantage over other technologies because of ease
of installation, and compatibility (such as oﬀshore). In
addition, it oﬀers ﬂexibility of operation and maintenance,
reduced capital cost and energy consumption, and it requires
less chemicals when related to other separation processes.
In membrane engineering, the desired components selectively permeate, and unwanted components are retained, thus,
separating the mixture. Various membranes have been developed for the capture of CO2 with energy eﬃciency and low cost
to mitigate carbon emission [20], and the membrane separation
technology has been identiﬁed as one of the most eﬃcient
solutions for carbon sequestration. Ji and Zhao [21] highlighted
that gas stream separation using membrane technology is still
evolving and has attracted intensive research into CCS in recent
years. The selectivity of a particular membrane with respect to
the gas stream ratio of permeabilities is dependent on the type of
membrane, molecular weight and size, aﬃnity to membrane
material, membrane thickness, and so on [22].
Membrane material has their strengths and shortcomings in terms of material cost, separation properties, and
durability. To reduce carbon recovery costs, it is important
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Carbon capture technologies by process stage

Oxyfuel

Precombustion

Postcombustion
Adsorption by solid sorbents

Chemical looping
combustion

Absorption by chemical
solvents
(i) Amine-based solvents, e.g.,
monoethylene amine (MEA)
(ii) Ammonia
(iii) Alkali compounds

(i) Amine-based solid sorbents
(ii) Alkali earth metal-based
solid sorbents, e.g., CaCO3
(iii) Alkali metal carbonate solid
sorbents, e.g., Na2CO3

Combustion in pure oxygen
Chemical looping reforming

(iv) Aminosalts, etc.

Absorption by chemical
solvents

Absorption by physical
solvents

(i) Amine-based solvents

(i) Selexol; Ifpexol; Rectisol
(ii) Pressurized water, etc.

(ii) Alkaline solvents, e.g., NaOH
and Ca(OH)

Adsorption by porous organic
frameworks

Pressure/vacuum swing
adsorption

(i) MOFs

(i) Zeolites
(ii) Activated carbon

(ii) Porous organic framework
membranes, etc.

Cryogenic separation

Membrane separation
(i) Polymeric membranes, e.g.,
polymeric gas
(ii) Permeation membranes
(iii) Metallic membranes
(iv) Inorganic membranes, e.g.,
zeolites, silica
(v) Hybrid membranes, etc.

Figure 1: Carbon capture technologies by process stage.

Feed

Retentate
Membrane

Permeate

Figure 2: Membrane for gas stream separation.

International Journal of Chemical Engineering
to develop advanced membrane materials to increase
proﬁtability. Various membranes such as polymer ﬁlms,
carbon molecular sieve membranes, mixed matrix technology, microporous organic polymers, and inorganic
membranes (metal, zeolite) can be used for separation of
CO2-associated gas streams [23]. To achieve a high ﬂow rate,
the supply gas is compressed and the permeable gas is
combined with a vacuum to achieve an advanced driving
force. Subsequently, the membrane is only a few hundred
nanometers to a few micrometers thick, and most membranes in their natural form cannot resist the force of the
pressurized feed gas [24]. Therefore, the membrane is
generally coated or doped on a thick and permeable substrate to obtain suﬃcient mechanical strength. Some of the
membrane features are that it must have minimal ﬂow resistance and contain large pores to allow free ﬂow of gas
through the cover layer [25].
Koros and Mahajan [26] used the mechanism of separation to classify gas separation membranes into sorption
diﬀusion, complex sorption diﬀusion, and ion-conducting
membranes. Most commercial gas separation membranes
are currently cheaper to produce than inorganic materials
and oﬀer some attractive properties, such as ﬂexibility in
both ﬂat and hollow ﬁbers. Organic membranes or polymeric membranes are the mainstream. In practice, it has
been shown in the literature that polymeric membranes used
operate mainly according to the solution diﬀusion mechanism [27]. By this mechanism, the gas molecules in the feed
stream are ﬁrst absorbed by the membrane, diﬀused through
the membrane matrix, and then absorbed from the permeable
side. Dense/tight membranes are often used as a selective
barrier between the supply stream and the permeable gas
stream. The eﬃciency of a membrane selectivity depends on
the matrix of the membrane diﬀusibility and solubility. In
order to obtain the desired properties, the material for synthesizing the type of membrane to be adopted must be selected correctly [28]. For this reason, diﬀerent types of
membranes have been specially designed for CO2 removal.
Table 1 shows the diﬀerent types of membranes for
separating CO2-related gas streams before or after combustion processes and their temperature ranges. The literature shows that ceramic membranes can be used for higher
temperature in catalytic membrane reactors [29, 30]. He
et al. [31] developed a single-layer graphene membrane that
exceeds postcombustion capture targets by some margin.
The functionalized CO2-selective polymer chains in the
nanoporous graphene allowed for the production of CO2selective membrane thickness on the order of nanometers.
The two-dimensional nature of the membrane signiﬁcantly
increases the permeability to CO2, which makes the
membranes even more attractive for carbon capture. Siagian
et al. [19] conducted a review on membrane gas separation
and contactor. Their study compared both technologies that
use features, such as carbon capture performance, characteristics, and techno-economic assessment. They highlight
the need to develop novel generation of membrane with
optimal pressure, temperature, and mechanical stability, as
well as high selectivity and permeability. In order to prepare
membranes for separation, two aspects should be
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considered: the morphology of the developed ﬁlm and the
nature of the material used (whether inorganic or organic).
The selective membrane must not only be able to process
organic vapors at high temperatures, but all other components within the module must also be durable. A number of
separations problems have been clearly shown in the literature to deviate from isothermal conditions and therefore
cannot be ignored [32]. When the carbon dioxide is separated from the gas stream, the temperature of the permeate
drops as a direct result of the Joule–Thomson (JT) eﬀect. The
temperature drop observed on the high-pressure side is an
indirect result of the JT eﬀect, which is caused by mass
permeation through the membrane as heat is transferred
through the membrane along with the enthalpy due to the
mass passing through the membrane. It can be seen that the
temperature change in the unit depends largely on the stage
cut and the concentration of CO2 in the feed. In some cases,
a gas mixture containing more CO2 in the supply will have a
larger temperature diﬀerence than the supply in the rest of
the unit. This is because the composition of the raw material
not only changes the amount of osmotic gas passing through
the membrane wall, but also the thermodynamic properties
of the residue and the gas mixture in the ﬁltrate [33]. It is
generally assumed that the value of gas permeability is
temperature independent and separates the eﬀects of gas
phase composition and gradual cuts on temperature changes
caused by expansion. However, the temperature variation in
the unit is observed to vary greatly. Most membranes undergo thermal degradation in a wide temperature range.
Depending on the type of membrane separation process,
operating conditions may include hydraulic pressure, osmotic pressure, feed cross ﬂow velocity, and temperature.
Operating conditions can aﬀect both solute rejection and
permeate ﬂux. Between these parameters, the ﬁltrate ﬂow is
very sensitive to the temperature of the feed material. The
ﬁltrate ﬂow increases as the feed temperature increases. This
is mainly due to the decrease of feed viscosity with an increase in the raw material temperature. More speciﬁcally
permeate ﬂux typically increases as temperature increases in
a linear relationship with viscosity. Furthermore, under ﬁxed
temperature condition, the concentration ratio has a ﬁxed
distribution Coeﬃcient-Ostwald coeﬃcient [34]. The literature has shown that temperature has a great inﬂuence on
permeability coeﬃcient, that is, with a rise in feed gas stream
temperature, the permeability coeﬃcient of the membrane
material increases. This relationship is so, because with an
increase of temperature, the kinetic energy of gas molecule
becomes greater, so also the diﬀusion coeﬃcient and
moreover the solubility coeﬃcient also becomes greater with
the increase of temperature [34]. Since the permeability
coeﬃcient is obtained as a function of solubility coeﬃcient
and diﬀusion coeﬃcient, it naturally increases with increasing temperature, which aﬀects the penetration process.
Normally, the solubility decreases with increasing temperature and the diﬀusion coeﬃcient increases.
Various membrane designs have been proposed as costeﬀective CO2 capture options [35, 36]. To improve the
performance of polymeric membranes, various resolutions
have been proposed with particular importance on
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exploiting the selectivity size or shape provided by dispersed
nanoporous materials in combination with the polymer
processability and mechanical stability. To this end, various
polymers were modiﬁed with inorganic ﬁllers to evenly
disperse the ﬁller particles in a polymer matrix to give a
mixed matrix membrane (MMM) [12]. Glassy-polymers
generally lead to MMMs with improved release characteristics, while highly permeable and poorly selective gummy
polymers are unlikely to be eﬀective as MMMs when inorganic ﬁllers are used. Some of the limitations of MMM are
the porosity of the polymer blocked ﬁller, ﬁller and polymer
poor compatibility, and segregation of the ﬁller.
Porous inorganic microporous membranes have generated considerable interest in the investigation of H2 separation in both experimental and potential industrial
applications. The main inorganic microporous membrane
transfer mechanisms in the literature are as follows [4]:
(1) Knudsen diﬀusion due to collisions between different gases,
(2) Surface diﬀusion, due to gas adsorption on the pore
walls, and
(3) Molecular sieve, where small molecules pass through
and large molecules are blocked by the sieve.
Silica membranes have the potential to be applied at
industrial stage due to their high selectivity, optimum
temperature stability, and their low cost. As a general rule,
membranes based on silicon dioxide obtained by chemical
vapour deposition or chemical vapour phase impregnation
have an H2/CO2 selectivity of up to 50, which is signiﬁcantly
higher than the Knudsen values [37, 38].
One of the drawbacks of silica membranes is their susceptibility to large amounts of water vapour, as this contributes to reduced performance. New research focuses on the
creation of hybrid silica membranes that can improve hydrothermal stability and separation eﬃciency in the presence
of signiﬁcant water vapour [39]. Niobium-doped silica
membrane shows enhanced hydrothermal stability in almost
practical conditions. Silica membranes doped with about 17%
or 33% niobium gave stability of 300 hours in the presence of
water vapour while maintaining H2/CO2 selectivity of about
1500 [40]. Carbon membranes are produced by carbonization
at extreme temperatures (700–1200 K) in an inert atmosphere, creates a microporous membrane that acts as a
molecular sieve that provides surface diﬀusion [3]. According
to Favvas et al. [41], this leads to a signiﬁcant improvement in
selectivity and permeability.
The carbon molecular sieve membrane obtained by carbonizing the hollow ﬁber copolyamide membrane BTDA-TDI/
MDI (R84) has a H2/CO2 selectivity of 17. Numerous endeavors have been made to improve the chemical and hydrothermal steadiness of the layer [42]. Metal membranes are
best suited for CO2 separation prior to combustion due to their
inﬁnite selectivity. Metal membranes are often palladiumbased, and the hydrogen separation process is accomplished by
hydrogen decoupling chemisorption at the membrane surface.
Hydrogen then diﬀuses through the wire mesh due to the
partial reduction in pressure on the opposite side of the ﬁlm [8].

Disadvantages, such as embrittlement of the membrane
because of low temperature phase transitions, can reduce the
eﬀectiveness of the membrane for large-scale operations.
Mixed matrix membranes contain microstructures with
inorganic material in the form of nanoparticles in a discrete
phase, embedded in a continuous polymer matrix [43]. This
concept combines the strong points of each stage: alluring
mechanical properties, eﬃcient interaction capacity of
polymers, and high selectivity of the dispersed ﬁllers.
Usually, inorganic materials are added to a polymer matrix,
which helps to enhance on the thermal and mechanical
properties of the membrane hence increasing its adaptability
in changing chemical and physical environments.
The applicability of membrane technology in carbon
capture can be achieved at three stages, at the precombustion, postcombustion stage, and oxyfuel combustion
stage. During the precombustion phase, these membranes
are used to separate carbon dioxide from the exhaust gases
before entering the combustion chamber [44]. In this
process, the gaseous fuel is converted to a mixture of syngas
(H2 and CO) and CO2, and then a gas-water substitution
reaction is performed to reduce the CO content (equation
(1)). The remaining H2 and CO2 is then separated using
membrane technology:

Gas
Oil
Coal
Biomass

Steam
reforming
partial
Oxidation
gastiﬁcation

Synthesis
gas
CO + H2
(syngas)

Synthetic
fuels

(1)
The temperature range for precombustion membrane
application is between 300 and 700°C and pressures of up to
80 bar. During postcombustion, these membranes are used
to separate CO2 after fuel combustion has occurred [45]. The
ﬂue gas often consists mainly of CO2, N2, and H2O. Postcombustion membranes separate CO2 and N2 gas at moderate temperatures and ambient atmosphere pressures. This
is the most widely applicable CO2 separation method [46].
Some postcombustion membranes that have been commercially applied in CO2 include polymer-based and mixed
matrix membranes. Oxyfuel combustion involves the utilization of pure O2 for combustion instead of air [47]. The
ﬂue gas composes mainly of CO2, water vapour, and SO2
impurities. Condensation process is used to eliminate the
water and other process impurities. Examples of membranes
used for oxyfuel combustion include ﬂuorite-based and
perovskite-based membranes.
The performance of membrane technology for gas
separation is generally measured by its selectivity and permeability [48]. In order realize the anticipated performance
(that is, high selectivity and permeability), appropriately
selection of membrane material is vital. To achieve good
mechanical strength, nanoporous membranes can be coated
with a thick and porous substrate [49]. The supporting
substrate should have large pore sizes to allow free gas ﬂow
through and oﬀer low ﬂow resistance. Kim et al. [50]
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highlighted that multistage membrane process is needed to
capture and recover high-purity CO2 from oﬀ-gas with low
CO2 concentrations with “no-mixing-loss.”

J�S×D×

ΔP
Δp
�P× ,
l
l

(2)

where ΔP represents the transmembrane diﬀerential pressure, P is the coeﬃcient of permeability, l is the membrane
thickness, D is the diﬀusivity coeﬃcient, and S is the solubility coeﬃcient.
For a region with limited membrane selectivity, the
process of membrane separation will signiﬁcantly beneﬁt
from a high selectivity, while in the region of limited
pressure ratio, the advantage of high membrane selectivity
is limited [51]. The design membrane process can be
controlled by limiting concentration by separating the
separations into stages. If the required gas concentration
exceeds the critical concentration and the membrane selectivity is high enough, a single-stage unit can be used. If
the needed gas concentration is below the limit, it becomes
advisable to divide the process into two stages. The
membrane in the ﬁrst stage treats the gas up its limiting
concentration, and then in the second stage, the membrane
treats the gas to the desired purity. The ﬁrst step is in the
area of limited selectivity and can greatly beneﬁt from the
high selectivity of the membrane. The second step is a
limited range of pressure ratios, and a membrane with
moderate selectivity can be applied [54].

Gas selectivity

3.1. Membrane Gas Separation Selectivity and Permeability.
The purity of the product and recuperation rate are two key
necessities for pragmatic gas separation. Ding [51] concluded that high membrane penetrability has restricted eﬀect
for applications in practical scenarios, while the same report
highlighted the basic requirement for high membrane selectivity. For gas separation sets, practically all information
points are underneath the clear line called “upper limit” in
majority of the penetrable gas selectivity and permeability
log-log plots (Figure 3). As new materials are created, the
upper bound is raised. The upper bound theory generally
shows that there is a hedge between selectivity and membrane performance. A highly penetrable membrane will in
general be less selective and vice versa. The capacity to
control the thickness of the partition layer and the conduct
of the membrane material in the presence of impurities
assumes a signiﬁcantly more important part in the selection
and improvement of new commercial membranes [52].
Equation (2) shows that membrane productivity is indirectly related to the thickness of the membrane layer. To
manage the reduction in pressure across the ﬁlm, it is in
some cases important to build the thickness of the membrane division layer to decrease the productivity of the
membrane, thus diminishing the measure of gas coursing
through the cartridge. In addition to the pressure reduction
on the gas supply side, the ﬁltrate pressure accumulates on
the permeate side of the membrane. This may be enough to
have a serious impact on the performance of the membrane
[53]:

High impact, more efficient process, and
higher product purity

Up
pe
rb
Current
commercial
membranes

ou Marginal impact
nd

Minimum or no impact

Gas permeability

Figure 3: Relationship between membrane gas separation selectivity and permeability [51].

Poly (ethylene oxide) (PEO) containing polymeric
membranes are highly CO2-selective and thus attractive for
the separation of CO2-bound gases. However, the development of a membrane with a high PEO content is often
diﬃcult due to its low mechanical properties, the high
tendency for PEO to crystallize and form a barrier to gas
transport in the membrane [55]. The copolymers are considerably more stable mechanically, than those without
pentiptycene and eﬀectively suppress the crystallization of
PEO due to the mechanism of ampliﬁcation of the supramolecular chain and the exclusion of interactions caused by
the structure of pentiptycene, leading to completely amorphous structure. The transportation of gas in PEO containing polymeric membrane depends on both the weight
content of the PEO and the length of the PEO chain. Due to
the competition between dissolution and diﬀusion coeﬃcients, a nonlinear correlation is observed between CO2
permeability and PEO mass content, producing a copolymer
that changes from solubility to size-selective [55].
In the case of multicomponent membranes, the detailed
morphology of the microparticles, such as the shape of each
phase and the dimensional arrangement (that is, connectivity), determines the properties of the membrane, which
are sensitively inﬂuenced by the copolymer composition, the
segment sequence length, and the interaction between the
components [56]. Compared to diﬀusion-controlled transport, the solubility-selection process is mainly thermodynamic, with polymer aﬃnity permeation interactions and
penetration concentrate dominating the transport process.
Despite the fact that the membrane for the most part
provides the surface area for mass exchange, it has a signiﬁcant eﬀect on the execution of the process. Since the
entire mass exchange occurs in the pores of the ﬁlm, porosity
and pore size enormously impact the productivity [57].
3.2. Selectivity Mechanism of the Membranes towards CO2
Separation. Membrane separation process has several advantages over other conventional separation methods.
Firstly, the membrane process is a viable and energy-eﬃcient
alternative to carbon capture because it does not require
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phase conversion. Secondly, the required processing
equipment is very straightforward and has no moving parts
and it is compact, relatively simple to operate and handle; in
addition, it is easily expandable [58]. The gas permeability of
the membrane is a function of the properties of the
membrane (physical and chemical structure), the properties
of the permeable particles (size, shape, and polarity), and the
interaction between the membrane and the permeable
particles [59]. The ﬁrst two, which are the properties of the
membrane and the properties of the penetrating particles,
determine the diﬀusion properties of a particular gas passing
through a particular membrane. The third property, the
interaction between the membrane and the permeable
material, refers to the adsorption capacity or solubility of the
gas in the membrane [60].
There are four main transport mechanisms that can be
employed to calculate gas separation using porous membranes [61]. The basis of this molecular weight transfer
(Knudsen diﬀusion) must be separated by surface interaction (surface diﬀusion and capillary condensation) and
molecular size (molecular sieving). The movement of
molecules within the thin pore channels of the membrane
material occurs because the diﬀused molecules collide with
the surface (wall) and not with each other. Since the partial
pressure of the gas is the driving force of the transfer, the
Knudsen transfer can be caused by concentration or by a
pressure gradient. The relative permeability of every segment
is not directly related to the square root of its molecular
weight [62]. In the surface diﬀusion mechanism, the diffusing gas is adsorbed on the pore walls of the ﬁlm and
afterward transported easily over the surface towards diminishing the surface concentration. Various models have
been utilized to portray the transport mechanism in thick
membranes, for example, the solution diﬀusion model
[63, 64], the pore ﬂow model [65], and the thermodynamic
irreversible model [66]. The solution diﬀusion model is by all
accounts recognized by a greater part of membrane researchers. In this model [67], the process of mass transport
consists of the three following steps; (1) sorption of gas from
raw material to the membrane; (2) molecular diﬀusion of gas
in the membrane; and (3) removing gas from the membrane
on the downstream side of the membrane. In addition, the
solution diﬀusion model is commonly used to describe the
transport mechanism of polymer membranes. In polymer
membranes, one very vital parameter is penetrating condensation. Normally, penetrants with higher critical temperatures are easily condensable and, in this way, more
soluble in polymers. The diﬀusion coeﬃcients are usually
less than the solubility coeﬃcients of penetrants in most
polymeric membranes. Thus, the relative gas permeability
coeﬃcients in these membranes are dictated by the gas
dissolvability and not by the gas diﬀusion coeﬃcient, except
if the penetrant is a little molecule whose diﬀusion coeﬃcient is suﬃciently high to make up for its lower solubility.
To achieve high separation ratios in systems such as CO2,
the interaction between one of the gases in the feed stream
and the membrane surface can be caused by chemical
modiﬁcation of the separation layers. Chemical modiﬁcation
creates stronger base centers in the membrane, which leads
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to a stronger binding of CO2 to the modiﬁed surface,
rendering the surface partially irreversible [68]. The more
bound CO2 is less mobile, and this results in a lower permeability of CO2 through the membrane. Cho et al. [69]
concluded that surface diﬀusion can be used as a separation
mechanism in a membrane when the membrane pore size is
very small and the temperature is low. Kusakabe et al. [70]
observed a decrease in separation factors and permeability
with increasing penetration temperature. Furthermore, the
CO2 molecules adsorbed on the surface of the membrane
micropore synthesized by the zeolite prevented penetration
during the separation process.
Stern et al. [71] found that the permeability properties of
a given penetrant can be notably enhanced by replacing an
appropriate functional group in the polymer that will incite
speciﬁc interactions with the penetrant. Such interactions
mostly increase the solubility of the penetrant in the
polymer.

4. Membranes Doped with Nanocomposites
Membrane technology has emerged as one of the promising
approaches for eﬃcient puriﬁcation, and the use of hybrid
materials and interfacial control are the main mechanisms
used to improve ﬁltration optimization eﬃciency [72].
Wang et al. [73] emphasized that the changes in the
properties and structure of the membrane due to the
presence of nanoparticles depend on the dispersion of
nanoparticles in the casting solution. Gao et al. [74] noted
that modifying the membrane surface (i.e., changing the
structure and properties of the surface) can further enhance
its ﬁltration performance. One of the routes for further
improvement in membrane performance is the development
of multifunctional materials, whereby the structure of these
unique materials will naturally combine with the surface
reactive moieties [75]. Incorporating nanoparticles or
nanomaterials into host framework using substitution
doping is an eﬀective strategy to modulate the features of a
membrane [76]. Ideal materials need to have an optimal
surface area, tailorable porous structure, high thermal stability, and easy surface functionality [40]. Figure 4 shows a
pictorial explanation of polymer nanocomposite membrane
for gas stream separation.
Membrane-based gas separation has shown great potential in carbon capture owing to its merits of high energy
eﬃciency, low capital cost, and small environmental footprint. However, the development of novel membrane materials with a combined high selectivity and permeability is
in demand [77]. He [23] also concludes in his research that
signiﬁcant improvements on membrane material performance, process eﬃciency, and module are needed for advancement of membrane technology in CO2 capture. The
adoption of nanocomposite-doped membranes has signiﬁcantly increased due to their reduced operational footprint,
high removal eﬃciency, and relatively low energy intensity.
Researchers have devoted eﬀorts to improve these membranes’ performance by introducing new materials, novel
nanoadditives, and developing new processes [78]. Copper
oxide, carbon nanotube, polymeric nanoparticles, zinc
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Figure 4: Polymer matrix forming nanocomposite membranes
with enhanced gas permeability.

oxide, aluminum oxide, silicon oxide, zirconium dioxide,
and titanium dioxide, for example, are among the nanoparticles/materials used for surface modiﬁcation to overcome fouling issues [79]. However, poor dispersibility has
been identiﬁed as one of the drawdowns in using the metal
or metal oxides nanoparticles as a membrane surface
modiﬁer.
The membrane gas separation performance is dependent
on several factors including membrane material, structure,
thickness, and conﬁguration (for example, hollow ﬁber and
ﬂat ﬁlm), as well as module/system design. Various materials
have been developed for CO2 capture membrane, including
organic, inorganic, and organic-inorganic compounds, each
with their own typical advantages and disadvantages [80].
Thus, Arumugham et al. [81] proposed the use of hybrid
nanomaterial/particles as a modifying agent due to their
extraordinary physicochemical properties, improved interfacial interaction, thermal stability, and mechanical strength.
These hybrid nano-based particles/materials are receiving
ever-growing attention in membrane separation process
technique. Two commonly used control strategies for regulation and optimization of membrane layer channels include crosslinking adjacent sheets to reduce interlayer
spacing to the size of a molecular sieve and functionalizing
interlayer channels to increase physicochemical aﬃnity or
introduce light transport carriers [77]. Additional crosslinking or intercalating agents are generally required to
achieve channel optimization. In addition, the literature has
identiﬁed interlayer channel size as another dominant parameter that governs membrane separation eﬃciency [82].
Membranes can be synthesized by using a variety of
methods, depending on the physical and chemical properties
to be achieved and the resources available. Processes that
include minimal product loss, controlled operating conditions, simple or ﬂexible parameter control, high reaction
rates, economical, and environmentally friendly conditions
are desirable [83].
4.1. Nano-Based Particle/Material-Doped Membranes.
Nanodoped membrane has shown a good eﬃciency in most
cases for CO2 capture or separation approach from ﬂue gas
streams. These nanoparticles/materials play a vital part in the
formation of an eﬃcient gas transport path in the membrane
so as to increase solubility. According to Sreedhar et al. [7],
there are three ways to reduce CO2 emissions, and they
include improved carbon capture and sequestration,

9
reducing carbon footprint, and energy intensity. Julian [84]
observed that the widely applied material for CO2 removal
or separation for membrane technology in the industry is
polymer-based. The choice of polymer is because their
manufacturing processes are not complex when compared
to other materials, and the material cost is relatively inexpensive. The incorporation of nanosilica into polymeric
membrane showed a signiﬁcant increase in permeability
which did not decrease the membrane selectivity [85]. This
phenomenon can be attributed to the gas-permeable
nanospace formed by the addition of the nanosilica particles.
Wu et al. [86] improved molecular sieving eﬃciency of
polyimide membrane by embedding nanocomposites. This
was achieved by using organic polymer and inorganic
material to develop an inexpensive membrane that provides
molecular sieving eﬃciency.
Monocrystalline magnetite nanoparticles can respond to
an external magnetic ﬁeld, allowing for potentially easy
placement/retrieval, thus reducing the need for separation
energy and material consumption. Furthermore, magnetite
is abundant and relatively stable in the environment.
According to Li et al. [84], magnetic-based nanocomposites
were also developed and evaluated for their sorption
properties with respect to CO2 removal. Under high pressure, every magnetic nanocomposites showed a huge improvement in CO2 adsorption limit, due to sorption
processes of both the functional groups (from the carbon
substrates) and the iron oxide nanoparticles. When contrasted with other high selectivity membranes, the nanocomposite-doped membranes, having more well
characterized structure, and can keep up their selectivity
under high pressure and ultrahigh gas penetration properties [87].
Copolymer-doped nanocomposite membranes were
studied at various feed pressures and compared to other
membranes. According to Sreedhar et al. [7], the observed
results were very positive and the resistance to contamination by these membranes makes them a good option for
real systems. When compared to a typical membrane, the
inclusion of nanomaterial/particle has been widely reported
to signiﬁcantly change the physicochemical properties of the
membrane (hydrophilicity, porosity, charge thickness, layer
toughness, warm, compound, and mechanical soundness)
and has extraordinary potential in settling the compromise
between permeability and selectivity. Despite signiﬁcant
advances in development of nanocomposite membranes,
some problems must be solved before its practical large-scale
applications. These problems include poor dispersibility of
nanomaterials in polymer-based membranes, aggregation
and weak chemical interactions between the nanocomposites and polymer matrix, incompatibility of nanomaterials with the polymer, and control alignment of
nanocomposites in the active layer [7]. Several innovative
approaches have been proposed to resolve these challenges,
such as the modiﬁcation of the nanocomposite surfaces or
optimization of the embedding process, the development of
new nanocomposite with speciﬁc pore structure/charge
properties, and the optimization of the loading concentration and the durability of the nanocomposites membranes.
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The selection and use of suitable nanocomposite for the
production of nanocomposite-doped membranes must
depend on the technical properties of the feed to be processed, since there is no universal application of nanocomposites to dope any existing membrane for all types of
applications. Membrane technology has a multidimensional
character, which implies a high mass transfer rate and high
selectivity in relation to a particular gas. In spite of the
synthesis and assessment of hundreds, maybe even thousands of new materials, over 90% of the present commercial
membranes are produced using less than 10 membrane
materials, and the vast majority of which have been utilized
for decades [88]. The literature has also shown that freshly
prepared thin composite membranes usually lose 25% of
their permeability in a few days and another 25% in the next
week or two. In manufacturing useful membranes, one of the
most important trade-oﬀs is the choice between product
purity and recovery. A single-pass membrane process can
have a high-purity product or high product recovery, but
achieving both requires a decent comprehension of the
process. In some cases, chemical stability is an issue, while
physical stability is more normal. Multilayer composite
membranes contain many layers of various polymers. This is
valuable on the grounds that the backing membrane makes
up the most of the membranes and can be made of a relatively cheap material. How gases and vapors inﬁltrate
through membranes is dependent upon the layer material
and the structure of the gas. In the pore ﬂow model, gases go
through the layer through small pores and gas combinations
are isolated by some type of molecular ﬁltration; while the
solution diﬀusion model expects that there are no lasting
pores and that the gas dissolves in the membrane material as
in a ﬂuid. The dissolved gas at that point diﬀuses through the
membrane by random diﬀusion in the concentration gradient [89]. Using a nanocomposite as a ﬁller, Son et al. [91]
created a new type of TFN membrane, into which a substrate
with CNT was incorporated. The CNTs were ﬁrst functionalized by oxidation before adding the polymer to the
solution to form a support layer mixed with the CNTs. The
interfacial polymerization process was used to create an
active polyamide layer for the development of TFN membranes. Kononova et al. [92] emphasized that PI nanocomposites ﬁlled with silicate nanotubes and carbon
nanoﬁbers have shown a higher elastic modulus with an
increase in the volume concentration of the nanocomposites
without a catastrophic decrease in elongation at rest.
The eﬀect of several nanoparticles, such as carbon
nanoﬁbers, nanocones/discs, halloisite hydrosilicate nanotubes, and yttrium-doped quasispherical zirconia particles,
embedded in the Ultem-1000 polyetherimide was investigated by Gofman et al. [93]. The introduction of nanocomposites into a polymer increases the modulus of
elasticity and the elastic limit of the base materials relative to
unﬁlled polymeric material. Polyimide nanocomposite ﬁlms
(PI-PM), obtained from poly (amino acid) which has an
optimized concentration of nanocomposites showed an
increase in the modulus of elasticity with an increase in the
concentration of nanocomposites of the order
montmorillonite > SNT > ZrO2. PI-PM ﬁlms with 10% by
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volume SNT and ZrO2 showed higher fracture strains of the
sample compared to PI-PM/montmorillonite ﬁlms. This
eﬀect suggests that SNT and ZrO2 could more eﬀectively
improve the ductility of polyimide nanocomposites when
relatively brittle polyimide montmorillonite ﬁlms are not
suitable [91]. The results conﬁrm our expectations that the
morphology of nanocomposites and, in particular, their
height-to-width ratio strongly inﬂuence the viscoelastic
properties of nanocomposites in solid and liquid state.
Yudin et al. [94], considered the inclusion of magnesium
hydrosilicate NT in the polymer ﬁlms enhanced their mechanical properties without signiﬁcant increase in the
brittleness. An increase in mechanical properties was also
observed for composites containing up to 15% by weight of
NT magnesium, along with an increase in thermal stability.
Nanocomposite-doped membranes with improved performances such as high selectivity, ﬂuxes, and good surface
morphology have been achieved by integrating nanocomposites into a polymer matrix [94]. The modiﬁed
membrane can exhibit excellent stability, high selectivity for
target feed streams, and high molecular weight penetrant
ﬂux with low driving force under a wide scope of process
conditions. The right decision of material for the matrix and
sifter stages is fundamentally signiﬁcant [95].
4.2. Hybrid Nanocomposite-Doped Membrane. Current
studies have focused on developing hybrid membrane and
application of nanoparticles/materials in the polymer matrix
for gas separation and CO2 removal. Progress in improving
membrane output with this hybrid theory is an idea for gas
separation and morphological investigations of prevailing
asymmetric and composite slim membranes [96–98]. Kusworo et al. [37] proposed the mix of UV illumination,
thermal annealing, and ethanol-CH3)2CO to improve the
exhibition of PES-TiO2 nanohybrid membrane for carbon
capture. The experimental results showed that the nanohybrid-PES-nano-TiO2 with a 0.5% loading by weight of
nanoparticles had the best properties in terms of gas permeability [99, 100]. The results also informed the fact that
the combinations of UV irradiation, immersion in a mixture
of ethanol-acetone, and combined thermal annealing
treatments have shown the best performance.
Li et al. [101] highlighted the progress made in nanocomposite/hybrid CMS membranes for gas separation, and
the hybrid nanoparticles were dispersed in a solvent to
obtain a suspension by ultrasonic treatment. Hybrid ferrocene/PAA CMS membrane showed a higher gas permeability than pure CMS membrane due to the diﬀerence in the
developed pore structure as a result of incorporation and
pyrolysis of ferrocene. It was also observed that gas permeability improved as selectivity decreases with increasing
ferrocene content. The best gas separation property in these
hybrid ferrocene/PAA SMD membranes was observed with
a precursor ferrocene content of 15% by weight, which has a
gas permeability 22 times higher than that of a pure CMS
membrane. In addition to surface modiﬁcation and technology optimization, multicomponent composite and hybrid nanocomposites are becoming increasingly popular in
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membrane manufacturing due to the diﬀerent options and
properties oﬀered by diﬀerent combinations of nanocomposites. In terms of ﬁltration performance, the hybrid
nanocomposite membrane exhibited superior ﬂux and
solute repellency for mixed feed streams [102].
Some critiques indicate that hybrid nanocomposites
commonly used in membrane manufacturing have high
intrinsic costs for their raw materials and manufacturing
technologies. Thus, more research is still needed to reduce
the cost of hybrid nanocomposites and identify new hybrid
nanocomposites at lower manufacturing costs.

5. Physicochemical Properties of Membranes
The characterization of a membrane to evaluate various
properties is of great importance in research and development, since the design of various processes and membrane
systems depend on reliable data on the properties of the
membrane. Diﬀerent membranes have various constructions that are answerable for their extraordinary functionality. The decision of a membrane for a particular partition
process can be made dependent on its construction, porosity, surface movement, surrenders, mass exchange
properties, morphology, compound design, and mechanical
properties [7]. Porous micro/ultraﬁltration membranes are
ordinarily described by membrane ﬂux, pore size and pore
circulation, and molecular weight limit. Some physical and
physicochemical properties of nanodoped membranes include surface area, density, interconnectivity, temperature,
porosity, morphology, carbon capture sites, adsorption capacity, ability to withstand stress/strain, ﬂexibility, selectivity, defects, and CO2 reduction performance are discussed
below. Porosity is one of the main considerations which
directly impacts the CO2 adsorption performance of the
membranes [40]. Zainab et al. [40] built up a successful
spider web like polyamide/carbon nanotube composite
nanoﬁbrous membrane impregnated with polyethyleneimine (PEI) for CO2 capture. The physicochemical
properties were characterized using N2 adsorption/desorption, scanning electron microscopy (SEM), thermal gravimetric analysis (TGA), and Fourier transform infrared
spectroscopy (FT-IR) techniques. The resultant nanoﬁbrous
membrane showed composite structure comprising of ﬁne
nanoﬁbers and nanonets. This composite construction acts
as a vessel for the storage of CO2 while the –NH2 sites of
CNTs act as a device to pull in and catch CO2. The created
membrane was then impregnated with PEI to upgrade the
quantity of the CO2 capturing sites (that is, –NH2) on the
surface. Notwithstanding, the presence of PEI-hindered
inter- and intraﬁber pores prompting decreased surface area
and total pore volume. The integrated nanoﬁber composite
membrane showed phenomenal mechanical qualities as well
as remarkably tough adaptability contrasted with delicate
sorbents [103].
Aside from single atom doping, heteroatom doping can
essentially improve CO2 reduction performance because of
the synergistic impact of various heteroatoms. The dopants
cause variety in control thickness of the nanosheets that
upgrade synergist action [76]. Among various polymers
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utilized for corrosive gas partition, the polyvinyl amine
(PVAm) has the most promising potential. Because of the
presence of large amine gathering and high level of hydrophilicity, it provides high permeability and selectivity for
CO2 [104]. Thermodynamic properties of polymers assume a
crucial part in the separation performance of membranes.
Flory–Huggins hypothesis depicts the thermodynamics of
polymer blends and solutions. It is a cross-section model
that clariﬁes the nonideality of polymer combinations.
The 2D material membranes with very much characterized interlayer nanochannels possess extraordinary potential for precise molecular separation, where the size and
surface synthetic property of the channel decide the separation eﬀectiveness. The currently reported 2D material
membranes for eﬃcient CO2 separation are primarily built
by introducing cross linkers or intercalators into the interlayer channel. The unique breathing eﬀect and sizesieving eﬀect jointly contribute to the high membrane
separation performance with CO2 permeance of 150 GPU
and CO2/CH4 selectivity of 33 [78]. The high selectivity of
LDH membranes can be explained by the synergy of
breathing eﬀect to CO2 and size-sieving mechanism. For
most membranes, the separation factor of mixed gas is
typically lower than the ideal selectivity of single gas due to
the competitive sorption eﬀects or CO2 plasticization, but
the LDH membranes instead exhibit slightly higher gas
selectivity for mixed gas separation [78]. The higher selectivity in CO2/CH4 mixture of LDH membranes is attributed
to the intrinsic breathing eﬀect of LDH material towards
CO2 which renders the preferential adsorption and transportation of CO2, thereby hindering the transport of another
component in gas mixtures [105].
The development of gas transmission channels using
channel-like assembly such as nanoparticles has increased
nanoparticle concentration reliance and MMM dependence
on CO2 permeability without compromising CO2/N2 selectivity and also increased overall performance. The signiﬁcance of the surface-modiﬁed structures has been
investigated by comparing other silica nanoparticles without
dendritic structures. The Maxwell model calculation ﬁrst
revealed the ultrahigh permeation of CO2 via the nanospace
on the surface of the nanoparticles. MMMs are composed of
gas-permeable nanoscale particles with excellent potential as
large-scale and highly eﬃcient CO2 separation membranes
[106]. Surface modiﬁcations of the dendritic nanoparticle are
another important approach to enhance their properties,
which include but not limited to hydrophobic nature or
hydrophilic or aﬃnity between the substituent of the surface
and CO2. Therefore, nanoparticles play an important role in
the formation of eﬃcient gas transport channels in polymeric membranes or in their interaction with CO2 and are
expected to be signiﬁcantly more soluble than other gases.
The proposed approach for determining the nanostructures
and physicochemical properties of nanosheets is believed to
provide an alternative to the creation of membranes based
on 2D gas separation materials [107].
Recently, a novel class of polymers, so-called “polymers
of intrinsic microporosity (PIMs),” has emerged as a
promising membrane material for gas separation. PIMs
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possess high free volumes and high surface areas, which can
be mainly ascribed to their rigid and twisted aromatic
ladder-like structures.

6. Structure-Property
Relationship in Membranes
Expanding the structural variety of nanoparticles/materials
is desirable to better understanding the structure-property
relationships. Particle-shaped sorbent materials have been
identiﬁed from the literature as a potential energy-eﬃcient
carbon capture and separations technology [76]. In addition,
transformation of nanomorphologies on the membrane
surface has been highlighted as novel approach for permeability improvement [108]. The performance of membranes is aﬀected by the operating conditions such as
temperature and pressure. Wu et al. [109] proposed a
combination of covalent organic frameworks and mixed
matrix membranes to improve the selectivity of membrane
during gas separation process. The experimental results
showed an enhancement of 116% in CO2 permeability and
27.6% improvement in selectivity of CO2/CH4 stream. The
literature has also shown unselective pore in some mixed
matrix membranes, and this has been attributed to an agglomeration of inorganic materials which can be disadvantageous in gas separation eﬃciency.
The agglomeration of nanoparticles deforms the active
surface of the membrane due to the creation of a nonselective void that occurs between the polymeric material of
the membrane and its inorganic particles. These cavities
were created as a result of detachment from the surface of the
nanoparticles and matrix. The void causes a Knudsen diffusion mechanism with a high permeability, but the selectivity is poor. Thus, inclusion of inorganic particles in the
membrane (organic) is a crucial step for gas separation [110].
Rezakazemi et al. [111] and Zou et al. [112] observed that
thermal annealing process helps both the inorganic particles
and polymer membrane material to unify, thus improving
the overall membrane performance in terms of selectivity
and permeability. Kusworo et al. [85] also observed that UV
light does improve the surface structure of membrane by
reducing the available nonselective voids present between
the inorganic particles and polymer materials. The exposure
time also contributes to the selectivity output of the produced membrane; that is, the longer the irradiation time of
the UV rays, the greater the likelihood of rearranging the
existing surface structure of the membrane.
For idea morphological structure when considering
some class of nanodoped membranes, a joint solvent that
will increase the formation of a bridge between the inorganic
and polymer compounds might be needed to provide much
better permeability performance. Maxwell’s model showed
that dense ﬁlled membranes with ﬁllers (such as nanomaterials/particles) will decrease gas permeability through
some nanohybrid membrane [113]. According to observation by Suleman et al. [114], high concentration of nanoparticles/materials can decrease nanodoped membrane
selectivity, while membranes doped with optimal concentrations of nanoparticles will most likely have a more stable
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membrane structure and surface dimensions that will improve its performance. Liu et al. [99] observed that avoiding
the tendency of direct particle-particle contact will simplify
separation processes for material collected and recycling as
well as saving energy. Brinkmann et al. [115] described the
temperature dependence of the transport properties of
various multilayer membranes. Temperature aﬀects both
selectivity and permeability because permeability increased
with temperature increase, whereas selectivity decreased.
The impact of membrane structure and thickness has been
studied by Schuldt et al. [116]. Their study showed that at
higher CO2 volatility (above 8 bar), membrane swell with CO2
leading to a selectivity decrease. Brinkmann et al. [115] examined pressure distribution in the membrane modules with
membrane separation layers. Experimental data from previous work were compared with simulations based on
modular ﬂow trends and the free-volume model. For diﬀerent
operating conditions, diﬀerent types of integrated membrane
modules were used to simulate a virtual power plant. The
energy consumption of the entire process was evaluated, and
the membrane separation process could only compete with
absorption when a 70% recovery and a 95% CO2 purity were
required and when a counter-current jacket design is applied.
Another important issue that must be addressed before using
membrane materials to separate gases is physical aging.
Aging process is common in glassy-polymers with defective chain packing structures, where the unbalanced elements having excessive free volume become encapsulated
between the chains and act as a driving force for physical
aging [117]. After aging, the collapsed membrane material
chain structure contains less interstitial free volume for
carbon atoms to move through. The aging-resistant properties
of nanocomposite-doped membranes can be veriﬁed by the
pure-gas permeation test over time, to observe the changes in
normalized CO2 permeability of membranes upon aging. The
most common way to address this problem is to use covalent
bonds to cross the polymer network. Speciﬁc methods include
thermal crosslinking, ultraviolet crosslinking, esteriﬁcation,
azide-based crosslinking, and carbon-induced crosslinking
[118]. These methods often require special chemical modiﬁcations of the polymer with crosslinked functional groups.
However, the introduction of small molecular fragments
reduces the free volume of the polymer matrix that forms the
rigid skeleton, which adversely aﬀects the permeability of the
membrane [119]. Thermal rearrangement polymer (TR) is a
special case that increases the rigidity of the polymer chain
through an intramolecular cyclization reaction. The resulting
membrane exhibits a strong antiplasticization property.
However, it often comes at the expense of mechanical stability, especially ductility. The incorporation of an inorganic
ﬁller into the polymer matrix to form a hybrid membrane is a
promising alternative to improving the plasticization resistance of the membrane [120].

7. Effect of Water Vapour on the
Membrane Performance
A membrane performance is quantiﬁed by its permeance,
selectivity, and permeability. The permeability (PA ) depends
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on the sorption coeﬃcient (SA ) and the diﬀusion coeﬃcient
(DA ) according to a simple relationship for the membrane
material:
PA � S A D A .

(3)

It has also been found that fabrication parameters and
water vapour strongly aﬀect membrane performance. The
presence of moisture and other contaminants will aﬀect the
performance of the membrane, thereby aﬀecting the operating costs of the plant and this may aﬀect the separation
eﬃciency of the membrane [121]. Scholes et al. [122] applied
a commercial membrane at a coal-ﬁred power plant for
carbon capture. The ﬂow rate of the dry ﬂue gas entering the
membrane module at 45°C was 3.5 kg/h. Water condensation was observed on the membrane during the operation.
After several hours of membrane operation, the permeability
and selectivity decreased dramatically, which was attributed
to the plasticization of the membrane and the membrane
swelling due to the presence of water vapour. After some
time, the permeability and selectivity recovered but did not
reach their initial values [123]. Thus, humidity is one of the
biggest challenges in the membrane transport properties.
The membrane used for gas stream separation process
often suﬀers from membrane wetting, and as such,
membrane for carbon capture is no exception. These
phenomena severely limit membrane performance and the
application of predictions based on ideal scenarios. Wetting the membrane signiﬁcantly increases the resistance to
mass transfer and leads to a signiﬁcant decrease in the
absorption capacity [124]. Liquid inlet pressure is commonly used to estimate the wettability of an absorbent
liquid on a membrane [125]. Methods for reducing
membrane wettability include using hydrophobic membranes, a dense surface layer composite membrane,
selecting high surface tension liquids, and operating at a
pressure lower than the liquid inlet pressure [126]. Saeed
et al. [104] in their research improve the water aﬃnity and
mechanical properties of PVAm membranes to enhance
CO2 separation at pressures that are moderately high. A
PVAm matrix was incorporated with CNC in order to get
results that are beneﬁcial. The composite membrane used
for CO2 permeation testing was specially designed with
ability to work at moderately high pressure under humid
conditions.

8. Membrane Reusability and
Capture Efficiency
Membrane fouling is highly dependent on the membrane
material, its structure, and the properties of the ﬁltered
suspension. This is considered more serious if the streams
contain solid particles, such as traces of ﬂy ash in the gas
[127]. In comparison to membrane wetting, membrane
fouling eﬀect on performance is however less signiﬁcant.
Alharthi et al. studied the eﬀect of ﬂy ash in ﬂue gas ﬂow
[128], and the results of studies show that the inﬂuence of
ﬂy ash on membrane performance is inconsequential
compared to moisture presence in the gas stream. It was

reported that moisture can cause a signiﬁcant decrease in
permeability, while exposure to dry ﬂy ash only slightly
increases the pressure drop across the membrane. In addition to high sorption capacity, sorbents with excellent
regenerability (recoverability) are technically and economically preferred to go through various adsorption/
desorption cycles. In general, by controlling ﬂuctuations in
pressure or temperature, regeneration of absorbents can be
achieved. The temperature change process can be used to
check the suitability of the materials to be treated during
CO2 sorption/desorption and also used to regenerate
sorbents.
Li et al. [86] studied the CO2 recyclability of magnetic
nanocomposites and observed a slight drop in the CO2
sorption capacity compared to the initial capacity. In general, the excellent regenerability of PEI-magnetic nanocomposites can be explained by the low volatile nature of
PEI, good thermal stability, and excellent interaction between PEI and magnetic nanocomposites, [129, 130]. Yuan
et al. [131] deﬁned capture rate as the fraction of the CO2
amount captured from the feed stream. In practice, the
capture rate can be zero, which corresponds to the membrane unit bypass scenario. This assumption would not be
numerically practical for a given set of mass balance
equations for a membrane. Parametric studies have shown
that moderate selectivity and high permeability are desirable
properties of the capture membrane after combustion [132].
The performance, reusability, and eﬃciency of nanocomposite membranes can also be improved by introducing
dehydration unit or process to ensure that only dried ﬂue gas
fed to the membranes (Figure 5).

9. Significant and Scalable Strategy
Diﬀerent membrane types have been developed for speciﬁc
industrial applications yet cannot come around owing to
setbacks arising in scale-up of such membranes to modular
conﬁgurations which is a very challenging task. In the
membrane stage process, there are many variables to consider, such as feed conditions, form pressure at feed and
permeate, process design, and driving force strategy. Numerous articles have presented the eﬀects of these variables
and have suggested conﬁgurations that are useful based on
optimization and parametric studies [133, 134]. Sandru et al.
[135] developed a pilot scale membrane assembly with ﬁxed
carrier separation layers. The ﬂue gas fed to the membrane
unit contained CO2 (12%) O2 (6%), approximately 200 mg/
m3 of NOx and SO2. The permeability values obtained for
CO2 were in the range between 0.2 and 0.6 m3 (STP)/(m2
bar h), and the selectivity for CO2/N2 was in the range
between 80 and 300. Choi et al. [136] launched a pilotmembrane separation system connected to a liqueﬁed
natural gas boiler. The hollow ﬁber membrane module
separation layers were polyethersulfone, and the modules
were initially tested with a model CO2/N2 mixture. The
membrane separation was divided into four stages. The
permeability to CO2 through the membrane used reaches 40
GPU. Under these operating conditions, 90% of the CO2 was
captured with a purity of 99%.
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Figure 5: Flow diagram for proposed nanocomposite-doped membrane separation process.

Yuan et al. [131] highlight two key properties of the
membrane that have a direct eﬀect on the energy and mass
balance during the separation process, and they are CO2
permeability and CO2/N2 selectivity. The permeability is determined by the gas permeability of the membrane and deﬁned
as the average permeability over the thickness of the membrane. Membrane selectivity is the ability to penetrate one
species over another (that is, ratio of permeabilities of the two
species). Huang et al. [137] highlighted that the area of the
membrane required for a speciﬁc separation objective decreases
with increasing permeability for more permeable gases. On the
contrary, the desired membrane area increases with increasing
selectivity. A larger membrane area is required as selectivity
increases so that a positive pressure diﬀerence is maintained
between the feed and permeate sides by the less permeable
gases. A majority of the membranes applied in CO2 capture are
still at the laboratory stage of development and testing.
However, several membranes have been developed and tested
at a pilot scale level by many companies and a few applied for
use in full-scale capacity [138]. The application of membrane
technology in CO2 capture is currently a technologically feasible and yet small-scale industrial practice worldwide.
However, due to certain economic constraints, there is
still uncertainty about how easy it is to use membranes in
certain industries. The CO2 capture system designed in a
laboratory scale could be scaled up, but some of the challenges
for large-scale membrane application in CO2 capture are due
to high membrane manufacturing cost for large-scale applications, lack of incentives, and membrane performance
aﬀected by operating conditions such as temperature and
pressure [138]. Researchers have developed and tested some
membranes for their potential in large-scale industrial applicability. Polymeric membranes such as Polyactive and
Polaris are now commercially available. They are operated at
lower temperatures and have good thermal and mechanical
strength. Table 2 shows that Memfo group at the NTNU
developed a ﬂat sheet ﬁxed site carrier membrane which
showed stable performance for six months when tested on a
pilot scale by EDP power plant in Sines (Portugal) [139]. The
Poly Active membranes developed by Helmholtz-Zentrum
Geesthacht have been tested on a pilot scale with a 12.5 m2
membrane area to capture CO2 in real ﬂue gas [140].
Lin et al. [141] evaluated Polaris TM thin ﬁlm composite
membrane for CO2 separation from syngas. The membrane
system processed about 227 kg/h of syngas and reported 95%
of liquid CO2 produced. Possible design variables in scaling
membrane activities are the permeability and selectivity of the
membrane, surface area of the membrane, and performance
of vacuum pumps, compressors, expansion valves, and heat

®

™

™

exchangers. The scalability and signiﬁcant of the design
variables are based on their eﬀect on the objective function.
From this study, it was observed that both nanocomposite- and hybrid nanocomposite-doped membranes
have not been extensively applied at the industrial scale.
The balance and optimization of some parameters such as
the purity requirements, compressor cost, gas rejection
speciﬁcations, and gas ﬂowrates that are highly processspeciﬁc are required for the design of a membrane. Aside
from permeability/selectivity trade-oﬀ, there are other challenges such as membrane aging that signiﬁcantly aﬀect the
membrane industrial viability [142]. Membrane aging slows
over time because the driving force for physical aging is
gradually decreased by the presence of excess free volume.
Thus, the aging of the membrane will lead to a decrease in gas
permeability and a change in other physical properties, which
depend on the thickness of the membrane [143]. There are
many ways to conﬁgure these membranes, but the number of
membrane modules, compressors, and the conﬁguration of
these systems usually depend on the ﬂow rate desired.
Polymer membranes over the last three decades have developed into a feasible gas separation industrial process.
During this time, several polymers have been identiﬁed as
conventional gas separation membranes. Polysulfone is one of
the most heat-resistant and chemically stable thermoplastic
polymers. Thus, due to its excellent mechanical properties, it
is an important industrial membrane material for gas separation [144]. In addition, aromatic polyimide has high intrinsic selectivity and high gas permeability combined with
desired physical properties that makes them attractive
membrane materials for various gas separation applications.
Thermally rearranged polymer is another promising highperformance membrane material for gas separations [145].
As membrane technology research continues to grow,
the range of applications also expands. However, in the case
of oleﬁn/paraﬃn separation, ﬁnding an actual polymeric
material of high performance that will operate under
practical feed condition is essential [146]. Economical study
by Peters et al. [147] and He et al. [148] to compare the
membrane technology with amine scrubbing for natural gas
puriﬁcation of gas feed containing up to 10 mol% of CO2
showed that amine scrubbing can be replaced by membranes
for gas feeds containing 10 mol% CO2 and lower.

10. Application and Compatibility
The membrane technology is highly ﬂexible for applications
in industries, as it can be used both before and after
combustion. The main setback for postcombustion
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Table 2: Summary of pilot and industrial scale used membrane.
Membrane
Flat sheet FSC membrane
Polyactive
Polyethersulphone (PES)
hollow ﬁber

™

Polaris polymeric
FSC membrane

Industry applied

Scale

Cement plant
Coal-ﬁred power plant

Pilot
Pilot

LNG ﬁred ﬂue gas plant Pilot
Cement plant

Large

Natural gas
combined-cycle power Pilot
plant
FCE electrochemical membrane PC ﬂue gas power plant Large
Nanoporous superhydrophobic
Coal-ﬁred plant
Pilot
membrane contactor
Lab
Polaris
Coal gas power plant
Pilot
Large
Flue gas ligniﬁed power
DOW nanoﬁltration membrane
Pilot
plant
Polaris membrane

™

separation is the high selectivity requirement to recuperate
relatively low CO2 concentrations from ﬂue gases [149].
Therefore, the development of a membrane separation
system that is suitable is very important to meet IEA requirements. Hence, a major challenge in the commercialization of this process is the low selectivity, and since
selectivity is important, membrane properties such as porosity, pore size, and wettability also play a vital role in
separation eﬃciency of carbon dioxide [150]. Although the
membrane acts only as a supplier of the mass transfer
surface, it has a signiﬁcant impact on the performance of the
process. Since all mass exchange occurs in the pores of the
membrane, pore size and porosity have a large impact on
performance [151]. Membrane can be a composite polymer
wherein the cover layer is a thick selective layer clung to a
cheap nonselective membrane. The partial pressure between
the feed stream and the permeate area functions as a driving
mechanism for the permeation of gases through the
membrane [152]. The principle issue with permeation
technology is the compromise among selectivity and penetrability. Indeed, this restricts the wide utilization of
polymeric membranes for carbon capture before combustion because of their low H2/CO2 selectivity [153].
Industrial applications of CO2 separation membranes
require reliable test conditions. The membranes used to
capture CO2 prior to combustion and removal of sulfur from
natural gas require high-pressure conditions. However, CO2
separation before and after combustion requires hightemperature operations. It is also important to conduct
research at a high operating pressure because of the condensable nature of CO2, and at a higher operating pressure,
adsorption of CO2 begins to plasticize the membrane, which
leads to a decrease in membrane selectivity [121]. Physical
aging is a thermodynamic phenomenon that manifests itself,
especially in polymers with low chain packing, due to relaxation and convergence of chains, which leads to a

CO2 purity
(%)
70
60–70

Membrane
surface area
18 m2
12.5 m2

Duration of
application
6 months
740 h

90

(2in, 3in)

4 stages

[76]

99

94400 m2
41300 m2
10300 m2

2-3
stages

[28]

90

8 in diameter

1000 h

2 stages

[35]

90
93.2
2580 GPU

11.7 m2

9 months

1 stage

[34]

1 stage

[42]

2000 h

2 stages

[33]

5h
20 h

1 stage

[90]

3161 cm2

No. of
Reference
stages
2 stages
[106]
1 stage
[107]

2

95
764 GPU

30 cm
1–4 m2
20 m2
7.5 m2
5 m2

decrease in the fraction of the free volume of the membrane.
The performance of nanodoped membrane can further be
improved through the development of multifunctional
thermal and chemical resistance composite materials,
whereby the unique properties of the nanocomposite may be
combined to surface reactive moieties, leading to other
activities [154]. The number of commercial membranes that
can be used to separate carbon dioxide after postcombustion
is limited. Most of the commercial membranes have been
tested in coal-ﬁred power plants [44].
White et al. [155] applied a pilot-membrane sized system
to separate a ﬂue gas stream that contained about a ton of
CO2/day corresponding to approximately 0.05 MWe of a
carbon source ﬁred power plant. The technological design is
made use of a two-step separation process. It ﬁrst used in the
ﬁrst stage a combination of light feed compression and
permeate vacuum to achieve a pressure and capture ratio of
approximately 50% of CO2 in the inlet gas stream. The
second step used combustion air as a purge gas to increase
CO2 recovery to about 90%. Pohlmann et al. [140] used
simulation results published by Brinkmann et al. [156] to
develop a pilot scale unit consisting of envelope modules
containing separation layers, with eﬀective membrane area
of about 13 m2. Flue gas stream containing 14.6% CO2, 6.7%
O2, 51–100 ppm SO2, 75–91 ppm NOx, and 14.5% of H2O
was used, while the input and permeate pressures were 1.265
and 0.05 bar, respectively. The authors highlighted the need
to pretreat the gas stream before entering the membrane.
This pretreatment stage includes removal of condensates,
water vapour, and dust from the gas stream. There are
several factors that can aﬀect a membrane performance in a
gas permeation process, they include, but are not limited to,
changes in feedstock composition which aﬀect directly the
adsorption phenomenon or the swelling degree at the gas
ﬁlm interface as envisage by sorption/diﬀusion principles.
Since the diﬀusion of gas components in the membrane
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depends on the concentration or solubility of the components, feed stock composition greatly inﬂuences the permeation properties. Interaction eﬀects between two or more
species can occur in multicomponent feeds, which can
greatly aﬀect selectivity [157].
Carbon capture and storage involves CO2 separation
from energy-related industrial sources, transportation to
storage sites, and long-term segregation from the atmosphere. The isolated carbon dioxide can then undergo
compression and transported to suitable storage sites such as
in geological formations, oceans, carbonate minerals, and oil
and gas reservoirs, or used in industrial processes. CO2
stockpiling plays an important role in the CCS chain and
falls into two distinct categories: collection using geological
infrastructure and marine base infrastructure. Geological
infrastructure includes coal reserves, gas ﬁelds, oil ﬁelds,
groundwater production, and sedimentary and fresh water
resources [158]. The choice will depend on technology
maturity, cost, diﬀusion, overall capacity, and technology
transfer. Thus, potential technical storage of CO2 includes
ocean storage, geological storage, and industrial conversion
of CO2 to inorganic carbonates [159]. For geological storage,
essential physical trapping mechanism such as caprock is
necessary, in order to prevent CO2 from migrating to the
surface. The potential for industrial use of CO2 is low, and
there is relatively little experience in the literature with
combining CO2 capture, transport, and storage into a fully
integrated CCS system [160]. Although the geological
storage seems to be a more reliable method for large storage
of CO2, however, the orientation of both the formation pores
and mineral grains or fracture along a preferential direction
can also constitute barriers to ﬂow resulting in diﬀerent
elastic response. Therefore, quantifying geological heterogeneity will aﬀect the challenges of deploying large-scale
carbon dioxide storage facilities in geological formations,
which will aﬀect microscopic ﬂuid displacement and tire
integrity [161]. CO2 is also used in greenhouses to improve
plant growth. Today, many companies are developing new
ways to use capture CO2, including its use for the enhancement of concrete, chemicals and fuels, polymers for
plastics, carbon ﬁber, and carbon materials.
The eﬃciency of the membrane gas separation process
largely depends on the transport characteristics of the
membrane, that is, its permeability and selectivity in relation
to speciﬁc gases in the mixture. Materials used or used for
gas separation membranes cover the entire spectrum of
organic and inorganic substances, from polymers to ceramics, metals, and other inorganic materials on the one
hand [162]. Inorganic membranes generally exhibit better
mechanical, chemical, pressure, and thermal stability
compared to other polymer membranes.

11. Considerations for Future Research
(1) Evaluating of the Knudsen diﬀusion mechanism in
membranes by using knowledge-based systems,
developed from artiﬁcial intelligence techniques to
improve performance and carbon capture eﬃciency.

(2) Application of smart models in simulating steady
state process associated with membranes selectivity
and permeability trends in carbon capture.
(3) Identifying optimal and appropriate nanomaterials/
particles for low-cost membrane fabrication and
doping.
(4) Application of less dense hybrid nanocomposites
that will avoid membrane poisoning and increase
membrane performance in terms of selectivity and
permeability.
(5) Doping phase incompatibility and morphological
defects should be considered in developing novel
nanohybrid particles/materials for membrane doping (that is, optimizing compatibility between the
diﬀerent constituent composites).
(6) Development of hybrid nanocomposites that can
break the permeability-selectivity trade-oﬀ for
practical carbon capture and gas separation.
(7) The eﬀect of physical aging on long-term polymericbased membrane doped with nanocomposites
should be evaluated.

12. Conclusion
Diﬀerent membrane materials have diﬀerent separation
characteristic properties, thermal and chemical stabilities,
mechanical strengths, and costs of production, and they have
their diﬀerent own suitable uses. Carbon capture with gas
separation membranes has attracted great interest over the
last ten years; however, there are still problems associated
with postcombustion CO2 capture membranes, such as
limited membrane separation performance (with most
polymer membranes, there is a trade-oﬀ between permeability and selectivity), membrane stability, and durability.
Therefore, the membranes for carbon capture applications
must be speciﬁcally developed with high performance and
relatively low manufacturing costs. The choice of a suitable
membrane material for a particular application depends
primarily on the properties of the membrane material, the
composition/impurities of the feed gas, the operating conditions of the process, and the separation requirements.
Recently, the eﬃciency of membrane separation has been
greatly improved due to the great eﬀorts of researchers.
From this study, it was observed that both nanocomposite- and hybrid nanocomposite-doped membranes
have not been extensively applied on the industrial scale.
Some critiques indicate that hybrid nanocomposites commonly used in membrane manufacturing have high intrinsic
costs for their raw materials and manufacturing technologies. Thus, more research is still needed to reduce the cost of
hybrid nanocomposites and identify new hybrid nanocomposites at lower manufacturing costs.
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