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1. Introduction sions at their source, thereby preventing their release into
the atmosphere and their contribution to global warming
[4, 5]. Figure 1 represents a closed loop aimed at reducing
atmospheric CO; levels while promoting the creation of
useful products through innovative technologies.

The significance of CO, capture goes beyond merely com-
bating climate change; it also supports the shift towards a
more sustainable energy landscape [6]. By incorporating
CO; capture technologies into current industrial practices
and energy generation systems, we can greatly diminish
emissions while ensuring energy production and economic
viability [7, 8]. Furthermore, innovations in CO, utilization,
which involve transforming captured CO, into valuable

The rising levels of carbon dioxide (CO3) in the atmosphere,
largely credited to human activities like the burning of fos-
sil fuels, deforestation, and various industrial operations,
have emerged as a major factor in climate change [1]. As a
powerful greenhouse gas, CO; is instrumental in the planet’
s warming, resulting in detrimental environmental conse-
quences such as increased sea levels, severe weather pat-
terns, and disruptions to natural ecosystems [2, 3]. This ur-
gency for effective mitigation strategies has led to a growing
interest in carbon capture and storage (CCS) technologies.
These approaches focus on capturing and storing CO; emis-
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Figure 1. Carbon cycle and role of CO; capture.

products like fuels, chemicals, and construction materials,
offer additional avenues for resource recovery and economic
growth [9—11]. As global initiatives to reach net-zero emis-
sions gain momentum, CO, capture and storage will be
essential in achieving climate objectives and promoting a
sustainable, low-carbon economy [12].

Background of CO; capture technology

Carbon capture technology has emerged as a viable ap-
proach to mitigate atmospheric carbon emissions [13-15].
This innovative solution addresses a significant challenge
confronting the world: the increase in global temperatures.
Carbon capture, utilization, and storage (CCUS) involves
the extraction of CO; from diverse sources, including power
generation facilities, industrial plants, and natural gas pro-
cessing sites [17]. Once captured, the CO, can be trans-
ported and securely stored in underground geological for-
mations. Numerous methods exist for capturing carbon and
tackling the issue of global climate change, with the ten
most effective strategies outlined below [18, 19] I) Direct
Air Capture (DAC): DAC technology employs air filtration
systems to extract CO; directly from the atmosphere. Once
the CO2 is captured, it is concentrated and subsequently
transported for either conversion or storage into valuable
target products. Although still in its nascent phase and as-
sociated with high costs, DAC presents significant promise
for reducing atmospheric carbon emissions as research and
development progress [20]. 1) Carbon Capture at Power
Plants: This technology focuses on capturing carbon emis-
sions produced by power plants prior to their release into
the atmosphere. The captured CO; is compressed and then
either stored or utilized for enhanced oil recovery. Despite
certain limitations, this method is now the most prevalent
form of carbon capture technology, and its widespread im-
plementation can play a crucial role in lowering carbon
emissions [21]. IIT) Enhanced Rock Weathering (ERW): En-
hanced Rock Weathering (ERW) involves the application of
rocks, and crushed silicate minerals such as glauconite, to

soil and basalt. This process accelerates the natural weather-
ing that typically occurs over extensive time frames, thereby
increasing the amount of CO; sequestered in the soil. A
key advantage of this approach is its efficiency and cost-
effectiveness, as it also contributes to improved soil fertil-
ity [22]. IV) Aqueous Amine-Based CO,R Capture: This
approach utilizes amines to capture CO, from industrial
method before it is emitted into the air. The CO; is subse-
quently isolated from the amine and moved for either reuse
or storage. While this approach is well-established, it does
face challenges, involving significant energy utilization and
high operational costs [23, 24]. V) Membrane Gas Separa-
tion: Membrane gas separation method employs permeable
substances to isolate CO, from other gases. Its operation at
low pressures and temperatures makes it both economically
viable, and energy-efficient. Although still largely experi-
mental, this technology shows significant potential for the
CO; capture, separation, and storage of CO, [25]. VI) Car-
bon Capture and Conversion: This approach focuses on the
capture CO, and providing of CO, into valuable products,
including fuels, industrial chemicals, and polymers. While
it is still in the early steps of development, carbon capture
and conversion represent a sustainable method for mini-
mizing carbon emissions while generating useful materials
[26]. VII) Bioenergy with Carbon Capture and Storage
(BECCS): BECCS captures CO, produced during biomass
energy generation and stores it effectively. This method
not only mitigates emissions but also provide electricity,
resulting in a carbon-negative outcome. As a low-carbon
energy source, BECCS has the potential to significantly aid
in the decarbonization of the economy [27]. VIII) Chem-
ical Looping: This method utilizes particles of metal in a
reaction with CO;. The metals serve as catalysts, facilitat-
ing the separation of CO; from the fuel. Following this,
the captured CO» is stored while the fuel remains available
for further combustion. Although still in the experimental
phase, chemical looping technology displays promise in
decreasing carbon emissions from industries that heavily
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depend on fossil fuels [28]. IX) Cryogenic Carbon Capture
(CCC): CCC is an emerging carbon capture method that uti-
lizes cryogenic cooling to extract and eliminate CO; from
gas streams. It offers a higher extraction rate compared to
traditional systems and allows for the storage of CO, at a
reduced volume. While its applications are currently lim-
ited, the technology has significant potential for reducing
carbon emissions as it continues to develop [29]. X) Car-
bon Capture Utilizing Nanotechnology: This approach uses
nanomaterials, like carbon nanotubes, to effectively store,
and capture CO; at significantly lower pressures compared
to traditional methods [30]. It requires fewer resources and
energy while generating less waste than other carbon cap-
ture methods. Although the application of nanotechnology
in carbon capture is still in the experimental phase, it shows
considerable potential for efficiency, and scalability. Each
of these methods presents unique challenges and advantages,
making them more or less suitable for various applications.
Nonetheless, they share a common goal: to serve as vital
tools in mitigating the emission and concentration of green-
house gases, which pose a significant threat to humanity’s
long-term survival.

Recent developments in CO, capture technology have be-
come essential in combating climate change, particularly
through the creation of various catalytic materials that im-
prove the efficiency of CO, absorption and conversion pro-
cesses. Traditional CO; capture techniques, which often de-
pend on chemical absorption with amines, are increasingly
being enhanced or replaced by advanced catalysts capable
of selectively transforming CO; into worthwhile products
such as chemicals, polymers and fuels, [31-33]. These cata-
lysts, which may include metal-organic frameworks (MOFs)
[34], zeolites [35], and bio-inspired materials [36], exhibit
superior performance in selectivity, reaction rates, and en-
ergy efficiency, positioning them as promising solutions for
lowering atmospheric CO; concentrations. The investiga-
tion of novel catalytic methods not only seeks to enhance
CO; capture efficiency but also plays a significant role in
fostering a circular carbon economy. By optimizing the use
of captured CO,, these innovations convert a detrimental
waste product into valuable resources, addressing both en-
vironmental and economic issues. Furthermore, ongoing
research in this area aims to improve the stability and scala-
bility of these catalytic systems for industrial applications
[37-39]. As countries work towards achieving ambitious
climate goals, leveraging these cutting-edge catalytic tech-
niques will be crucial for enabling large-scale CO, capture
and conversion, ultimately aiding global decarbonization
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initiatives. In recent years, several significant review articles
pertaining to CO;, capture technology have been examined
[40-45].

Functionalized graphene for CO, capture

Monolayer graphene, often referred to as pure graphene, can
be understood as a single layer of graphite that has been suc-
cessfully isolated and consists exclusively of sp? hybridized
carbon atoms [46, 47]. Its structure resembles a network
of interconnected benzene rings. Consequently, a graphene
sheet serves as the essential building block of graphite. The
sp? bonding present in graphene contributes significantly to
its advantageous physicochemical properties, rendering it a
preferred material for a wide range of applications [48-50].
Nevertheless, a significant limitation to the broader adoption
of graphene lies in the challenges associated with its syn-
thesis. Due to its atomic thickness, developing a synthesis
method that yields defect-free graphene has proven to be a
formidable task for researchers over the years. Oxygenated
functionalities are incorporated into the graphite structure
as illustrated in Scheme 1 [16].

Functionalized graphene presents a highly effective solution
for CO, capture, attributed to its substantial surface area,
remarkable adsorption capabilities, and adjustable chemi-
cal characteristics [51-53]. The advantages of employing
functionalized graphene for CO, capture are as follows: 1)
Enhanced Adsorption Capacity: The extensive surface area
of graphene facilitates the capture of significant amounts
of CO,, positioning it as a powerful material for lowering
greenhouse gas levels. II) Targeted Adsorption: Through
functionalization, graphene’s ability to selectively adsorb
CO; over other gases is improved, thereby increasing the ef-
ficiency of capture methods and broadening its applicability.
IIT) Reusability: Functionalized graphene can frequently be
regenerated for multiple cycles of CO, capture, offering a
sustainable alternative with reduced long-term operational
expenses. 1V) Adaptability: The introduction of various
functional groups allows for the customization of graphene’s
properties, enabling it to be optimized for specific capture
scenarios, such as extracting CO; from industrial emissions
or the atmosphere. V) Lightweight and Durable: The com-
bination of mechanical strength and lightweight properties
of graphene materials allows for seamless integration into
existing systems without significant weight addition or the
need for extensive alterations. The application of function-
alized graphene for CO; capture merges efficiency with
adaptability, representing a promising strategy for address-
ing climate change and fostering sustainability. Figure 2

*]
Graphene Oxide Nanosheets

Scheme 1. Depiction of graphite, graphite oxide, and graphene oxide [Royal Society of Chemistry, copyright 2017, with permission] [16].
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Figure 2. Meta-analysis of published original research paper (a) Number of published papers between 2025-2011 (b) distribution of published papers in

different countries.

shows more information regarding to the number of pub-
lished papers between 2025 — 2011 and distribution of pub-
lished papers in different countries.

Literature review on functionalized graphene for CO,
adsorption

The distinctive attributes of atomically thin graphene sheets,
such as their chemical stability, highly specific surface area,
exceptional selectivity, and adjustable adsorption properties,
render them a highly promising material for CO, capture ap-
plications [55-57]. The process of CO, adsorption can take
place through multiple mechanisms, notably physisorption
and chemisorption [59, 60]. Physisorption is characterized
by its reversible nature and dependence on temperature
and pressure conditions [61, 62]. This mechanism involves
relatively weak interactions between CO, molecules and
the graphene surface, primarily mediated by van der Waals
forces [63—66]. Additionally, the affinity for CO; in ph-
ysisorption can be affected by the surface area and porosity
of the adsorbent material. Chemisorption, in contrast, en-
tails a chemical interaction between CO, and the molecules
that have been introduced onto the graphene surface via
various modification techniques. The interaction between
CO; molecules that are chemisorbed on the graphene sur-
face tends to be more robust and less reversible than that of
physisorbed CO,. Researchers are currently investigating a
range of approaches to leverage the capabilities of graphene

HOOC
HO
HO

HOOC

Graphene oxide
nanosheets in pristine
aerogel

N./H, plasma
irradiation

and functionalized graphene, which encompasses the cre-
ation of surface-microporous graphene [51, 52, 68, 69].

In 2025, Navik et al. introduced a sustainable and rapid one-
step N2/H plasma treatment method aimed at producing
graphene-based sorbent materials with improved CO, ad-
sorption capabilities [54] (figure 3). This plasma treatment
effectively enriches amine species, enhances surface area,
and optimizes textural characteristics. The CO, adsorption
capacity was found to increase from 1.6 to 3.3 mmol/g for
flue gas capture and from 0.14 to 1.3 mmol/g for direct air
capture (DAC). Notably, the electrothermal properties of the
plasma-modified aerogels were improved significantly, re-
sulting in faster heating rates and an almost 5-fold decrease
in energy consumption compared to conventional external
heating sorbent regeneration methods. The modified aero-
gels showed selectivity enhancements of 42 and 87 after
plasma treatment times of 5 and 10 minutes, respectively.
Moreover, the plasma-treated aerogels showed high stability,
where only a 17% to 19% capacity loss was observed after
40 cycles of adsorption and desorption. Treatment of adsor-
bent materials with N/H, plasma treatment is expected to
reduce energy costs and help mitigate adverse impacts on
the world economy due to global climate change.

In 2024, Khadiri et al. successfully synthesized highly
porous xerogel beads of CS@HKUST-1 through an in-situ
growth approach under mild conditions [58]. It emphasized
the manipulation of the molar ratio of n(NH;) to n(Cu) (fig-

Graphene sheets in modified
aerogel with C=C vacancies
and amine/nitrogen groups

Figure 3. Rapid one-step N,/H, plasma treatment method using graphene-based sorbent materials [Elsevier, copyright 2025, with permission] [54].
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Figure 4. CS@HKUST-1[n(NH;):n(Cu)] xerogels. From left to right: CS@HKUST- 1[2:1], [1:1], [1:2], and [1:3]. [Elsevier copyright 2024, with

permission] [58].

ure 4) and the synthesis temperature, since both parameters
played a crucial role in determining the specific surface area
and crystalline integrity of the synthesized materials. It was
observed that lower temperatures were favorable to obtain
a pure HKUST-1 phase embedded in the CS matrix, which
enhanced the surface area. Due to the moisture sensitivity of
HKUST-1, graphene oxide was incorporated under optimal
conditions to generate highly porous CS-GO @HKUST-1
composites with surface areas as high as 878 m?/g and sig-
nificantly enhanced water stability compared to unmodified
HKUST-1 and CS@HKUST-1. Investigations of nitrogen
adsorption showed that 45% of the original textural prop-
erties were maintained after a two-day immersion of CS-
GO @HKUST-1 in water, whereas the microporous structure
of CS@HKUST-1 fully collapsed with a 94% reduction in
SBET after just one day. In addition to improving the chem-
ical stability, graphene oxide also had a beneficial effect on
the mechanical stability of the beads. The CO; sorption per-
formance of the composites was evaluated and an average
uptake of 2.68 mmol/g at 298 K and 1 bar was obtained for
CS@HKUST-1 beads, which showed stable performances
over more than 10 cycles of adsorption-desorption. Further
comparative studies on CO; sorption in humid conditions
should be performed to understand thoroughly the role of
graphene oxide in the stabilization of HKUST-1 framework.
In 2024, Safaei et al. examined how different graphite oxida-
tion conditions influence the hierarchical porous structure of
graphene aerogel for CO, adsorption [72]. The researchers
found that a graphene aerogel, which exhibited high meso
and micro surface areas, as well as the highest Sm/ST ratio

(micro surface area divided by the sum of micro and meso
surface area) of 33%, was synthesized by using a large
amount of H,SOy in the oxidation process. This configu-
ration gave an optimum CO, adsorption capacity of 1.72
mmol/g. Furthermore, the higher H,O, concentrations fa-
vored the formation of macropores in the aerogel matrix
and, as a consequence, improved the Sm/ST ratio as well
as the CO; adsorption capacity. In contrast, higher KMnO4
concentration led to a lower Sm/ST ratio, fewer macropores,
and reduced CO; adsorption capacity to 1.04 mmol/g.

In 2024, Yang et al. introduced ultra-thin mixed-matrix
membranes (MMMs) made from polyether-block-amide
(Pebax) that incorporated graphene oxide (GO) [67]. They
emphasized controlling the interlayer channels to improve
the separation performance of CO; from Nj;. They sys-
tematically investigated different membrane preparation
parameters, such as the lateral size of GO nanosheets, the
usage amount of GO, and thermal reduction conditions
like temperature and time. The results indicated that the
well-regulated interlayer channels of GO nanosheets pro-
mote fast CO;-selective transport by coupling the effects
of size sieving and preferential adsorption. The GO/Pebax
ultra-thin MMMs showed a very high CO,/N, selectivity
of 72 and a high CO, permeance of 400 GPU (1 GPU =
106 cm?(STP)scm?es~!ecmHg— 1), which represents a good
candidate for CO,-capture applications (figure 5).

In 2024, Jha et al. developed a monolithic adsorbent based
on graphene oxide through a self-assembly method (fig-
ure 6), followed by reduction with oxalic acid at various
mass ratios and activation via UV treatment [70]. The mod-

Thermal reduction

No Yes
@
LDDH J‘iHO/J)H\C{ J)Hétﬁ .C}G'O '] (l_-, \C{
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Q. @ 0P 209 » O@'O @40 -® yo & o
A\ IHfO\ . ﬁ A VAN R

GO nanochannels

@ N, molecule

e CO, molecule

Partially reduced
GO nanochannels

Adsorption effect

Figure 5. The suggested mechanism CO; separation on the GO nanochannels [Elsevier copyright 2024, with permission] [67].
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Figure 6. The chemical approach of the monolithic graphene oxide-based adsorbents. [Elsevier copyright 2024, with permission] [70].

ified adsorbent displayed a remarkable dynamic capacity of
1.65 mmol/g at 25 °C for CO, capture and this may be at-
tributed to its high BET surface area of 577.3 m?/g. During
desorption, the observation of a fixed volumetric flow rate
revealed that lowering the pressure led to an increase in the
consumption of the desorbing gas (N») of almost 50% over
the course of regeneration. Numerous characterizations
were conducted, demonstrating 98.8% regenerability, high
CO,/N; selectivity, rapid kinetics, and perfect agreement
with both the Freundlich isotherm model and the pseudo-
second-order kinetic model. Thermodynamical analyses
pointed out that the adsorption sites were heterogeneous
and the adsorption process was endothermic with AH® +
13.1154139 kJ/mol, which underlines some particular char-
acteristics of chemisorption.

In 2024, Zhang et al. highlighted the potential of graphene
oxide (GO) membranes for selective CO; adsorption over
Ny, attributed to their carboxyl groups, which makes them
suitable for capturing CO, from flue gases [71]. However,
insufficient carboxyl content, the flexibility of nanosheets,
and dense layering of materials restrict their N»/CO; selec-
tivity, pressure resistance, and permeability. In this study,
a new strategy is presented by incorporating a unique sub-
nanometer framework structure in graphene oxide mem-
branes through in-situ synthesis of ZIF-8 nanocrystals. This
approach simultaneously infiltrated the precursors of zinc ni-
trate and 2-methylimidazole to both sides of the membranes,
which remarkably improved the CO; capture capacity as
well as pressure stability for the resultant ZIF-8 @GO com-
posite membranes (figure 7). Moreover, additional cross-

Figure 7. porous ZIF-8 @EDA-GO/WG membrane [Elsevier copyright 2024, with permission] [71].
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linking with carboxylated wrinkled graphene (WG) and
ethylenediamine (EDA) further enhance the CO; capture
property and provide reinforced porous frameworks to en-
hance the permeability. Experimental data show that the
ZIF-8@EDA-GO/WG composite membranes have excel-
lent permeability, selectivity, and pressure stability. The
permeability reaches 1850 GPU at a gas pressure of 0.2
MPa, along with theoretical selectivity for N»/CO; single-
gas and separation factors for mixed gases of 18.3 and 32.3,
respectively; these values are far better than those of the tra-
ditional GO membranes (3 GPU, 1.1, and 1.2). Under high
air pressure conditions-1.2 MPa-the composite membranes
still retain a theoretical selectivity of 13.4. This approach
toward the design of CO, capture membranes not only real-
izes the development of efficient membranes but also plays
a part in cutting down CO; emissions from flue gases to
battle global warming.

In 2024, Saha et al. conducted a study examining the in-
terfacial characteristics of graphene and nickel nanoparti-
cles (Ni-NP) for applications in water splitting and CO,
capture [73]. The composition of the composite was charac-
terized by techniques such as Raman spectroscopy, which
provided information on characteristic features attributed
to nickel and graphene. Further proof for the existence of
Ni-NP and adsorption of hydroxyl ions during catalysis
was given by UV—vis spectroscopy and analysis by FT-IR
spectroscopy. The electrochemical properties were further
investigated using scanning electrochemical microscopy,
which clarified the role of Ni-NP in redox reactions and
the enhancement of interfacial current response at applied
potentials. It was found that oxygen vacancies significantly
dominated CO, adsorption and photocatalytic reduction
on the graphene/Ni(OH), interface. Photocurrent measure-
ments and in-situ transmittance evaluations at various wave-
lengths and potentials revealed a wavelength-dependent
photo-response, evidencing the existence of interfacial plas-
monic effects. This result explained the photo-induced
processes under anodic and cathodic sweeps. A dramatic
increase in photocurrent from —5.7 to —11 mA/cm? was ob-
served as a result of CO; reduction. Numerical simulations
by using COMSOL, which combined electromagnetic the-
ory with photo-electrochemical analysis, further confirmed
the experimental results and revealed the importance of lo-
calized surface plasmon resonance for high catalytic activity,
especially in the 200 — 350 nm illumination range. With the
increase in particle size, the catalytic efficiency was shifted
to longer wavelengths. In summary, the present research
gives important insight into the influence of material char-
acteristics and illumination conditions on the efficacy of
graphene/Ni-NP composites, illustrating their prospective
utility in catalytic processes and energy transformation ap-
plications.

In 2023, Yao et al. highlighted the significant challenges
posed by rising CO, emissions from fossil fuel combus-
tion, prompting extensive research into CO, capture tech-
nologies [75]. A big challenge remains in the way of de-
veloping membranes with high mechanical properties and
high CO, adsorption capacity. Herein, a new in situ an-
odic electrodeposition method is developed for inducing
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the growth of HKUST-1 metal-organic frameworks (MOFs)
within the two-dimensional (2D) nanochannels of graphene
oxide (GO). A tripartite mechanism for MOFs’ constrained
growth during the electrodeposition has been proposed. By
a novel layer-by-layer confinement structural growth ap-
proach, MOFs@GO composite membranes with a hier-
archical pore structure were successfully prepared. No-
tably, these membranes showed a CO, adsorption capacity
of 194.1 cm®/g and an ideal CO,/N, adsorption selectiv-
ity of 276.5 at 273 K and atmospheric pressure, owing to
the synergistic interaction between nanoconfined HKUST-1
and GO. The electrodeposition method exposes more metal
active sites because of the hierarchical porous structures,
which enhances CO; adsorption performance. Moreover,
the incorporation of HKUST-1 into GO nanochannels led
to increases of 50.6% in hardness and 138.13% in elastic
modulus compared to the pristine GO membrane. This ap-
proach presents a promising strategy in the development of
high-performance CO, capture membrane systems under
standard temperature and pressure conditions and might
be more applicable to the synthesis of other MOFs @GO
composite membranes, including Cu-BDC @GO and Cu-
BDCNH; @GO, due to their fitness for large-scale industrial
uses.

In 2023, Barbarin et al. highlighted the significant chal-
lenges associated with the separation of CO, from N in
post-combustion CO; capture processes [74]. This difficulty
arises mainly from the low concentration of CO; (3 — 15%)
relative to N (70%). The issue is particularly evident in
carbon-based adsorbents, which typically demonstrate low
selectivity. This study introduces an effective approach to
enhance the selectivity of composite aerogels composed of
reduced graphene oxide (rGO) and functionalized polymer
particles (figure 8). The CO,/N, selectivity of such aero-
gels is determined by two crucial factors: surface chemistry,
which enhances CO; capture sites, and well-controlled mi-
croporosity, which generates a molecular sieve effect. Both
have been altered in situ in the synthesis process. The re-
sulting aerogels exhibit a dramatic increase in their CO,
adsorption capacity and a considerable decrease in Nj ad-
sorption at 25 °C and 1 atm, leading to over tenfold increase
in selectivity compared with the starting material. This rep-
resents the highest reported level of selectivity for carbon-
based adsorbents to date. Detailed characterization of the
aerogel surfaces shows that the revised synthesis method
leads to an increase in surface oxygen functional groups
and a rise in the fractions of micropores (<2 nm) and small
mesopores (<5 nm). In addition, profound alterations in
the surface topography of the aerogels were noted. The ref-
erence materials presented a surface with curved wrinkles
around 100 nm in diameter and consequently, the selectivity
values between 50 — 100. The newly synthesized aerogels,
on the other hand, display better oxidation, that makes them
stiffer but less flexible, much alike crumpled paper. The
modification, combined with the improved functionaliza-
tion and increased microporosity, has rendered the aerogels
to be mainly N,-phobic with selectivity values in the range
of 470 — 621. This observation gives experimental evidence
to the theoretically predicted correlation between the elas-
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Figure 8. Synthetic route for reduced graphene oxide and functionalized polymer particles [American Chemical Society copyright 2023, with permission]

[74].

ticity of graphene-based adsorbents and their effectiveness
of selectivity for CO,/Nj. It presents a new look toward the
concept of Np-phobicity. The high performances obtained,
which show a CO, adsorption capacity of almost 2 mmol/g
and excellent selectivity of 620, highlight these composites
as very promising candidates for the most favorable CCS
applications in the domain of post-combustion technology.
In 2023, Pruna et al. introduced innovative dendrimer-
modified graphene oxide (GO) aerogels utilizing genera-
tion 3.0 poly(amidoamine) (PAMAM) dendrimers through
a synthesis method that combines hydrothermal process-
ing with freeze-casting and subsequent lyophilization [76].
Some properties of modified aerogels were evaluated with
changes in concentration of dendrimer and incorporation of
carbon nanotubes (CNT) in different ratios. Aerogel prop-
erties were characterized with the following techniques:
SEM, FTIR, Raman spectroscopy, and XPS. The results
indicated there was a corresponding relationship between
nitrogen content and PAMAMY/CNT ratio. The optimum
values have been proven. Increasing the concentration of
dendrimer at an appropriate PAMAM/CNT ratio improved
the CO, adsorption capacity of these modified aerogels
reaching a maximum of 2.23 mmol/g at a PAMAM/CNT
ratio of 0.6/0.12 (mg/mL). These data suggest that CNTs
can improve the degree of functionalization and reduction
of PAMAM-modified GO aerogels for proper CO, capture.
In 2023, Liu et al. highlighted the significant role of gas
adsorbents in mitigating CO, emissions, with GO emerging
as a promising two-dimensional material for CO, capture
due to its high theoretical surface area and the presence
of numerous oxygen-containing functional groups on its

nanosheet structure [80]. However, currently, the perfor-
mance of gas adsorption is quite far from optimal levels
because of aggregation and restacking of GO nanosheets
which hinder access to the adsorption sites. To overcome
this, the researchers developed an ’ ionic-crosslinking in-
duced dynamic assembly coupled ice-templating’ (IDAI)
technique to fabricate a porous three-dimensional GO frame-
work for CO;, capture. Ionic crosslinking effectively di-
minishes the aggregation and restacking of GO nanosheets
during fabrication of this methodology. The final structure
of the 3 D GO microstructure can be optimized by variation
of the dynamic assembly process using different concen-
trations of GO. The optimized porous 3D GO adsorbent
demonstrated a CO, adsorption capacity of 2.24 mmol/g
under ambient temperature and pressure with an attractive
operational stability due to the strong ionic crosslinking.
The technique is amenable to an array of multivalent cations
creating a versatile platform for tailoring GO microstruc-
tures.

In 2023, Gu et al. highlighted the challenges posed by
water molecules in carbon dioxide capture efforts aimed
at mitigating global warming. Water can interfere with
CO; adsorption in various porous sorbents and may also
cause irreversible damage to their structures [81]. This
research concludes that porous graphene membranes are
highly selective and energy efficient as evidenced by their
experimental and theoretical work for CO, membrane filtra-
tion. Information derived from recent studies indicates that
water molecules with 2 to 3 layers coats a graphene surface.
It is indeed significant for separation processes, as water
vapor is usually found in flue gas and in surrounding ambi-
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ent air. However, previous theoretical attempts have largely
ignored considering water in CO; filtration cases. Herein,
we present an outcome of an all-atom molecular dynam-
ics simulation showing how a thin layer of adsorbed water
molecules on porous graphene affects CO, capture and sep-
aration from nitrogen. Results reveal that the topology with
regard to pore termination-hydrophobic or hydrophilic-can
modify the water solvation shell thickness at the pore edge,
intensifying selectivity towards CO, with respect to N»,
even with pores of significantly larger radius (5 — 15 A)
than CO, and N». This yields a previously unidentified siev-
ing mechanism at the pore edge, with previous theoretical
studies arguing that sieving could only occur in pores of size
comparable to the gas molecules themselves. Interestingly,
we found that gas transport scales with R1, where R repre-
sents the effective pore radius adjusted for the thickness of
the water solvation shell, rather than the typical R2 scaling
of macroscopic pores.

In 2023, Roy et al. developed a highly effective fabrication
method for creating super-expanded freestanding 3D re-
duced graphene oxide foams (SE-rGO) characterized by an
exceptional porous structure and stable geometry (figure 9),
which are ideal for capturing CO, from the atmosphere
and converting it into fuel [77]. Using a template-assisted
method, the exfoliation of graphene layers was induced by
salicylic acid to prepare 3D SE-rGO foam. The foam was,
thereafter, improved for physical and functional properties
by thin coating with a polydopamine (pDA). Such structural
and morphological characteristics were studied using SEM,
XRD, XPS, and TGA. The foam possesses multifunctional
properties due to its unique 3D porous design and an appre-
ciably high specific surface area of 767 m?/g, with carbon
dioxide adsorption capacity of 4.17 mmol/g and good cat-
alytic support in the hydrogenation of this greenhouse gas
into formate. Palladium nanoparticles loaded over the foam
exhibited better catalytic activity than the foam alone. Thus,
the coated foam achieved 24.3% maximum yield at 120
OC for hydrogenating CO; into formate. Therefore, the
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present study found that this graphene foam is capable of
both CO; capture and hydrogenation processes and could
act as a good versatile option.

In 2022, Barbarin et al. emphasized the importance of devel-
oping efficient adsorbents for the selective capture of CO»,
aiming to minimize secondary pollution and maintain a low
carbon footprint [78]. This work has described a technique
that is both versatile and robust for generating function-
alized 3D porous graphene/polymer monolithic structures
via an entirely aqueous self-assembly process (figure 10).
During this process, immersion functionalization with wa-
terborne polymer particles occurs spontaneously with func-
tionalized graphene. These are real composites that can
manage genetic properties by varying process parameters.
The incorporation of polymer particles into the graphene
framework significantly enhances the textural features, in-
creasing the number of micropores, because they act as
spacers between reduced graphene oxide (rGO) platelets, re-
sulting in increased microporosity, which greatly enhances
the performance (especially, selectivity) of CO, over N; in
adsorption and could turn out into a promising alternative
technology in post-formation CO;, capture.

In 2022, Zhao et al. investigated the hybridization of metal-
organic frameworks (MOFs) with graphene oxide (GO)
to enhance the CO, adsorption capabilities of MOFs [79].
However, the precise mechanisms that lead to this improve-
ment are not so well understood. This investigation would
thus provide a full analogy that can be used to elucidate CO,
adsorption and separation processes on GO/CuBTC and
GO/UTSA-16, (figure 11) which can facilitate the synthesis
of these materials effectively. Here, molecular models em-
ulating the experimentally available hybrid materials were
developed and analyzed through molecular simulations. On
validation of the above models with existing experimental
results, a detailed investigation on the influence of different
structural variables was carried out to determine the best hy-
bridization strategy for this application in a predictive way.
These findings elucidated that the interface formed between

Vacuum filtration

>

]
2 — > [ COFIN g )
- e
Pump _ Peel off
I b ] ] -
Conical Flask E_g
: - £%0
S g3 | i
; > = =
- X'. L T

Polydopamine
modification

- D

SE-rGO Foam

Figure 9. Preparation of 3D SE-rGO foam [Elsevier copyright 2023, with permission] [77].
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Figure 10. Preparation method of the 3D rGO-polymer monolith composite [Elsevier copyright 2022, with permission] [78].

GO and MOFs caused very strong interaction with CO»,
which along with reduced pore size improved significantly
the adsorption performance at low pressures. In addition,
performance for promising hybrid GO/MOF structures on
CO; separation from nitrogen was predicted by means of
Grand Canonical Monte Carlo (GCMC) simulations that
considered binary mixture (15 CO,:85 N,) under tempera-
ture swing adsorption (TSA) process. Among the different
materials and different compositions studied, GO/CuBTC
with maximum GO content (65% wt) and without GO stack-

ing gave the most satisfactory results in key performance
parameters: CO,/N, adsorption selectivity (120 at 313 K),
working capacity (1.794 mmol/g at a desorption temper-
ature of 443 K), and specific energy consumption (0.534
GJ/tonne-CO,), which is at a par with conventional amine
scrubbing methods.

In 2022, Hu et al. highlighted the ongoing global chal-
lenge posed by greenhouse gas emissions, emphasizing
the need for prioritizing their reduction or control. One
effective solution to this issue is the application of mem-
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Figure 11. GO/CuBTC and GO/UTSA-16 structures [Elsevier copyright 2022, with permission] [79].
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brane separation technology [86]. Mixed matrix composite
membrane was developed using poly (dimethylsiloxane)
(PDMS)-Pebax MH1657 (Pebax)-graphene oxide modified
with 3-(aminopropyl)triethoxysilane (APTES) on polysul-
fone (PSf) substrate. Hydrophilicity of intermediate layer
was improved by UV/Oj3 treatments. Varied concentra-
tions of Pebax and APTES-GO were used to study their
combination effect on the capture of CO,. The membrane
containing 1 wt% GO showed optimum gas separation effi-
ciency with 54.5 GPU CO; permeability and 36.9 CO,/N,
selectivity obtained at 35 °C and 0.1 MPa. Further im-
provement of separation efficiency was realized by using
APTES-functionalized GO (aGO). The mixed matrix com-
posite membrane with an addition of 1 wt% aGO increased
the CO, permeance to 208.9 GPU, with a CO,/N; selectiv-
ity of 40 at 35 °C and 0.7 MPa. Amine groups enhanced
CO; adsorption and selective permeability while improving
the stability of the membrane to enable it to work under
higher pressure. This work serves to enhance the overall
understanding of the functionality of each layer in a gas
separation mixed matrix composite membrane.

In 2021, Wang et al. introduced the Mg/DOBDC MOF,
which consists of magnesium (II) ions connected by 2,5-
dioxido-1,4-benzenedicarboxylate (DOBDC) ligands, as a
precursor for creating a new composite material combin-
ing Mg/DOBDC MOF and GO, referred to as Mg/DOBDC
MOF@GO. The study provided an in-depth analysis of the
CO; capture capabilities of this newly synthesized Mg/-
DOBDC MOF@GO composite [82]. The researchers care-
fully studied how the preparation method, the solvent used
for GO, and the GO ratio in the composite affected the re-
sults. They also looked closely at the structural changes
in the Mg/DOBDC MOF when GO was added. The inves-
tigation included an analysis of cyclability, kinetic behav-
ior, and the mechanisms of adsorption. The Mg/DOBDC
MOF@GOw-30, which included 30 mL of GO, reached
a maximum CO, uptake of 8.60 mmol/g at 0.1 MPa and

e ] =

After Mg/DOBDC/GO-n adsorbs
carbon dioxide

GO combined with
Mp/DOBDC

Carbon dioxide
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25 ©C, nearly doubling the capacity of the original Mg/-
DOBDC MOF (figure 12). This paper not only describes
the synthesis and use of the MOF@GO composite for CO,
capture but also provides a detailed understanding of the ad-
sorption kinetics and mechanisms related to both the MOF
and the MOF@GO composite, offering valuable insights
for future research.

In 2021, Shen et al. developed a distinctive 3D boron and
nitrogen co-doped carbon nanomaterial (B/N-CNs) through
the carbonization of a blend consisting of orthoboric acid,
soybean oil, and melamine [83] (figure 13). The resulting
B/N-CNs consist of boron and nitrogen co-doped graphene-
like carbon nanosheets (BCN) along with hexagonal boron
nitride (h-BN) domains, featuring a hierarchically porous
structure. This architecture includes erythrocyte-shaped
macropores, narrow mesopores, and numerous micropores.
The B/N-CNs demonstrate superior CO;, selective capture
capabilities compared to the non-boron-doped variant (N-
CNs). The improved CO, uptake and CO,/N; selectivity
of B/N-CNs can be linked to the abundance of ultramicro-
pores within the hierarchically porous framework and the
favorable electrostatic interactions between CO, and the
adsorption sites on both the BCN nanosheets and h-BN do-
mains.

In 2021, Xia et al. developed porous graphene materi-
als (PGMs) through the activation of thermally exfoliated
graphite oxide using CO, and KOH [87]. The PGMs acti-
vated with CO, (CPGMs) have a three-dimensional struc-
ture with a hierarchical arrangement of pores, while those
activated with KOH (KPGMs) feature a two-dimensional
sheet-like structure filled with numerous micropores and
small mesopores. By adjusting the activation parameters,
we can effectively modify their specific surface areas and
pore volumes over a wide range. Furthermore, the synthe-
sized PGMs exhibit varied surface chemistries; CPGMs are
rich in quinone and carbonyl functional groups, whereas
KPGMs are high in hydroxyl groups. Gas adsorption tests

Mg/DOBDC doped with
different amounts of GO

Figure 12. Preparation Mg/DOBDC/GO-n and mechanism of CO, adsobtion [Elsevier copyright 2021, with permission] [82].
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Figure 13. The chemical process for B/N-CNs [Elsevier copyright 2021, with permission] [83].

indicate that the uptake of CO;, and Hj by the PGMs is
affected by both their pore structure and surface chemistry.
Notably, KPGMs-7 achieves the highest CO, uptake of
17.87 wt% (4.06 mmol/g) at 273 K and 1 bar, along with an
H, uptake of 2.41 wt% (11.88 mmol/g) at 77 K and 1 bar
(figure 14).

In 2020, Politakos et al. introduced monolithic nanocarbon-
based CO; solid sorbents that exhibit rapid mass trans-
port, ease of handling, minimal pressure drop, and stable
cyclic operation due to their unique interconnected three-
dimensional pore network [84]. This study employed a
straightforward water-based method to produce graphene-
based monoliths by allowing graphene oxide nanoplatelets
to spontaneously reduce and self-assemble at mild temper-
atures (45 — 90 °C). By varying the reaction temperature
and the amount of reducing agent (ascorbic acid, AsA),
the porous structure of the monoliths was tailored, leading
to a range of monoliths with different CO, adsorption ca-
pacities. The monolith created at the highest temperature
with the least AsA exhibited the best specific surface area,
porosity, and level of functionalization. As a result, this
monolith achieved an impressive CO; capture performance
of 2.1 mmol/g at 25 °C and 1 atm, placing it among the
top performers for CO, sorption when compared to similar
and untreated materials (figure 15). Its selectivity for CO,

over Nj at 25 °C and atmospheric pressure was recorded at
53, showcasing strong potential for real-world applications.
However, the monolith did see a decrease in capacity during
cyclic operations, likely due to the collapse of smaller pores.
This challenge was mitigated by adding a small amount of
polymer particles during the one-step synthesis, which sig-
nificantly improved stability over five adsorption/desorption
cycles.

In 2020, Politakos et al. highlighted the progress of poly-
mer composite materials featuring a hierarchical porous
structure across various application domains, attributed to
their remarkable physico-chemical characteristics [85]. The
process of synthesizing these materials is notably energy-
intensive and harmful to the environment. This study intro-
duces a novel water-based method for creating monolithic
3D reduced graphene oxide (rGO) composite structures, re-
inforced with poly (methyl methacrylate) polymer nanopar-
ticles that have been modified with epoxy groups (figure 16).
The synthesis utilizes a reduction-induced self-assembly
technique carried out under mild conditions. By fine-tuning
the reaction parameters and the quantity of polymer used,
we were able to alter the textural properties and surface
chemistry of the monoliths. Furthermore, the incorpora-
tion of the polymer improves the solvent resistance of the
composites by forming crosslinks between the polymer and
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Figure 14. The chemical process for B/N-CNs [Elsevier copyright 2021, with permission] [83].
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Figure 15. The schematic preparation of graphene-based monoliths [American Chemical Society copyright 2020, with permission] [84].

rGO. They evaluated the monolithic composites for their
capacity to selectively capture CO,. A crucial balance be-
tween specific surface area and the level of functionalization
was found to be vital for achieving high CO, capacity and
CO,/Nj selectivity. The amount of polymer used affects the
textural properties; decreasing the polymer quantity leads
to an increase in specific surface area and functional groups,
which in turn enhances CO, capture capacity, with maxi-
mum values observed between 3.56 and 3.85 mmol/g at 1
atm and 25 °C.

In 2020, Varghese et al. emphasized the urgent need for the
development of innovative and more effective materials to
capture CO, from diverse sources, addressing the escalating
effects of climate change linked to rising atmospheric CO;
levels [88]. This study examined the development and eval-
uation of a UV-irradiated graphene oxide foam (UV-GOF)
for CO; adsorption. We conducted a detailed analysis of the
structural, morphological, and surface properties of both the
graphene oxide foam (GOF) and the UV-GOF adsorbents,
using methylene blue dye adsorption as a reliable method to
determine their specific surface area. The CO, adsorption
performance was assessed based on various factors, includ-

ing capacity, selectivity, regenerability, kinetics, isosteric
heat of sorption, and hydrophilicity. The results indicated
that UV treatment, along with the resulting changes in the
structure and surface of the GOF, had a significant impact
on adsorption performance, allowing us to identify optimal
conditions. Remarkably, a 30-fold increase in selectivity
was observed at 100 mbar after a 5-hour UV treatment,
which also led to a sevenfold increase in CO, capacity. The
UV treatment of graphene-based adsorbents shows promise
for enhancing carbon capture efficiency, indicating its po-
tential as a straightforward and cost-effective pretreatment
technology for large-scale industrial applications.

In 2020, Wang et al. demonstrated that the controllable,
highly selective, and reversible capture of CO; through the
application of an electric field is a promising approach to
mitigate the greenhouse effect [64]. This research repre-
sents the first use of penta-graphene (PG) nanosheets as an
effective adsorbent for CO, adsorption and separation from
H; and CHy4, utilizing density functional theory. The results
showed that the binding strength of CO; on PG nanosheets
could be significantly improved by applying an electric field.
As the electric field strength increased from 0.025 to 0.030

GO and polymer particles
dispersion

GO/Pol interactions

Hydrogel of rGO-Pol

Figure 16. The procedure for reduced graphene oxide/polymer monolithic [MDPI publisher copyright 2020] [85].
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a.u., the adsorbed CO, transitioned from physisorption to
chemisorption. Additionally, the adsorption and desorption
of CO, on PG nanosheets could be effectively controlled
by switching the electric field between 0.030 and 0.040
a.u. The interactions between H,/CH,4 and PG nanosheets
were relatively weak, with only a minor increase as the
electric field strengthened, indicating that CO, could be
efficiently separated from these gases in a dynamically ad-
justable electric field. This study highlighted the potential
of PG nanosheets as a high-performance material for con-
trollable CO, capture, regeneration, and separation in the
presence of an electric field.

In 2020, Shang et al. highlighted the importance of eas-
ily regenerable adsorbents for CO; capture. They intro-
duced a novel synthesis method for creating CuBTC and its
graphene oxide composites (CuBTC @GO) as adsorbents,
utilizing a mixed solvent approach at 323 K for the first
time [89]. The use of N,N-Dimethylformamide was essen-
tial for promoting the crystallization of CuBTC at lower
temperatures by improving nucleation. The newly synthe-
sized CuBTC displayed a significantly larger surface area
and total pore volume compared to those made using tradi-
tional methods. As a result, the produced CuBTC achieved
a CO; adsorption capacity of 8.02 mmol/g at 273 K and 1
bar, which was 17 —90% greater than the CO, capacity of
CuBTC created through conventional techniques (figure 17).
The development of CuBTC @GO composites further en-
hanced CO;, adsorption capacity, mainly due to increased
porosity and dispersion forces. In binary breakthrough tests,
CuBTC@1%GO demonstrated better CO,/N, selectivity
than CuBTC, making it beneficial for real-world gas separa-
tion applications. The partition coefficients for both CuBTC
and the CuBTC @GO composite were evaluated at different
breakthrough levels (5%, 10%, and 100%) with an inlet CO,
partial pressure of 0.15 bar, showing that CuBTC@1%GO
consistently had higher partition coefficient values at all lev-
els. Regenerability tests revealed that the CO, adsorption
reversibility for the CuBTC @ 1%GO composite remained
above 90%, while CuBTC's reversibility dropped below
74% after five cycles of adsorption and desorption. There-
fore, the CuBTC @GO composite stands out as a promising
option for CO; capture, providing both high adsorption ca-
pacity and excellent regeneration capabilities.

In 2020, Xia et al. demonstrated that reduced-graphene-
oxide (rGO) aerogels serve as highly effective, multifunc-

Mhaibes et al.

tional, and porous supports for nanoparticles derived from
hydrotalcite, such as MgAl-mixed-metal-oxides (MgAl-
MMO), in two key sorption applications [90]. The MgAl-
MMO nanoparticles supported by aerogels showed sig-
nificant improvements in adsorptive desulfurization per-
formance compared to unsupported nanoparticle powders
(figure 18). These enhancements included a remarkable
increase in organosulfur uptake capacity (over 100%), a
more than 30-fold improvement in sorption kinetics, and
nanoparticle regeneration stability that was over three times
greater. Similar enhancements in organosulfur capacity
were observed for aerogel-supported NiAl- and CuAl-metal-
nanoparticles. Importantly, the electrical conductivity of the
rGO aerogel network adds a new level of functionality, en-
abling precise and stable temperature control of the nanopar-
ticles through direct electrical heating of the graphitic sup-
port. This support-mediated resistive heating allows for
thermal recycling of nanoparticles at significantly higher
heating rates (over 700 °C/min) and results in a substantial
reduction in energy consumption compared to traditional
external heating methods. For the first time, the CO, ad-
sorption capabilities of MgAl-MMO/rGO hybrid aerogels
were assessed under elevated temperature and high CO;
pressure conditions, which are relevant to pre-combustion
carbon capture and hydrogen production technologies. The
total CO; capacity of the aerogel-supported MgAI-MMO
nanoparticles was more than double that of their unsup-
ported counterparts, reaching 2.36 mmol*CO, g~ ! ads (at
pCO, = 8 bar, T = 300 °C), thus exceeding the perfor-
mance of other high-pressure CO, adsorbents.

In 2020, Heo et al. explored carbon capture and storage
(CCS), a method aimed at capturing carbon dioxide (CO,)
emitted from fossil fuel combustion. As CO, significantly
contributes to global warming, its removal post-combustion
is essential [91]. This study aims to develop a CO; cap-
ture membrane that integrates tertiary-amine-stabilized gold
nanoparticles (Au NPs), graphene oxide (GO), and poly-
electrolytes. It is essential to achieve high CO, capture
efficiency while also ensuring high gas permeance in the
membrane. The multilayer films were created using an au-
tomated spray-assisted layer-by-layer (LbL) technique. The
polar nature of the polyelectrolytes played a key role in
facilitating the CO, capture process with tertiary amines.
Moreover, the randomly oriented and loosely arranged GO
layers not only helped in positioning the Au NPs within

Facile synthesis of CuBTCOGO composite
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Figure 17. Preparation of graphene oxide composites (CuBTC @GO) as adsorbents for CO, [Elsevier copyright 2020, with permission] [89].
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Figure 18. Synthetic procedure for the fabrication of electrically conducting, high-weight loading sorbent-nanoparticle/rGO hybrid aerogel. MMO =
mixed-metal-oxide; MNP = metal nanoparticle.[Wiley publisher copyright 2020, with permission]. [90].

the polyelectrolyte matrix but also maintained the perme-
ance of nitrogen (N7). As a result, a CO, adsorptive mul-
tilayer nanocoating was successfully developed, achieving
a CO,/Nj selectivity of 48.48 while keeping an N, perme-
ance of 1204.25 GPU (figure 19).

In 2020, Thomou et al. presented a straightforward and
efficient synthetic method for producing highly porous het-
erostructures with customized properties through the silyla-
tion of organically modified graphene oxide [94]. The study
explored three different silica precursors, each featuring
unique structural characteristics (such as alkyl or phenyl
groups), to create high-yield silica networks that serve as
supports between the organo-modified graphene oxide lay-
ers. The thermal decomposition process effectively elimi-
nates organic molecules, leading to porous heterostructures
with remarkably high surface areas (> 500 m?/g), which
makes them ideal for a range of applications, including
catalysis, absorption, and as fillers in polymer nanocom-
posites. The final hybrid materials underwent comprehen-
sive characterization using methods like X-ray diffraction,
Fourier transform infrared spectroscopy, X-ray photoelec-
tron spectroscopy, thermogravimetric analysis, scanning
electron microscopy, and porosity evaluations. To showcase
their potential, the heterostructure with the highest surface
area was chosen to assess its CO, adsorption capabilities.
In 2019, Pruna et al. developed ethylenediamine-modified
graphene oxide-based three-dimensional aerogels using

a one-step hydrothermal method [97]. They explored
how different oxidation conditions and the type of starting
graphite material affected the results using various analyt-
ical techniques such as elemental analysis, XPS, Raman
spectroscopy, and SEM. They assessed the CO, adsorption
capabilities of the modified aerogels. The results showed
that the distribution of oxygen functional groups and the
properties of the graphene oxide, shaped by the oxidation
conditions and the type of graphite, led to unique nitrogen
doping configurations in the modified aerogels. This re-
sulted in a better surface utilization factor for CO, capture.
Notably, the aerogel made from expanded graphite exhib-
ited exceptional performance, achieving a CO, adsorption
capacity of 1.18 mmol/g at 1 bar and 298 K, which is twice
that of the unmodified aerogel, underscoring the significant
potential of this approach for enhancing CO, capture effi-
ciency.

In 2019, Zhou et al. developed ultrathin hollow fiber mem-
branes of ethylenediamine (EDA)-functionalized GO us-
ing a previously established deposition technique aimed at
achieving high-efficiency CO, capture from flue gas (fig-
ure 20) [92]. The process involved uniformly depositing
single-layered graphene oxide (SLGO) sheets onto the inner
surface of poly (ether sulfone) (PES) hollow fibers. EDA
was incorporated into the SLGO interlayer nanochannels
through chemical grafting, acting as an effective CO,-philic
agent. To analyze the morphology and structure of the GO
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Figure 19. Schematic illustration of the structure of the multilayer film (a) and spray-assisted layer-by-layer self-assembly method (b). [Elsevier publisher

copyright 2020, with permission] [91].

and GO-EDA hollow fiber membranes, various character-
ization techniques were used, including FESEM, Raman
Spectroscopy, XPS, Attenuated Total Reflectance-Fourier
Transform Infrared Spectroscopy (ATR-FTIR), and XRD.
The permeation of a mixed gas (15 vol% CO,/85 vol%
N;) was tested under wet conditions, resulting in impres-
sive CO; separation performance with a CO, permeance
of 660 GPU and a CO,/N; selectivity exceeding 500 at 75
OC. This study, along with previous research, suggests that

GO flake

amine-functionalization of GO-based membranes could be
a promising strategy to enhance the CO; capture capabili-
ties of ultrathin GO-based membranes.

In 2019, Nazari-Kudabhi et al. conducted a study that in-
troduced an adsorption performance indicator to assess the
effectiveness of CO, capture in thermal power plants using
a mesoporous graphene oxide/TiO, nanocomposite [98].
The research started with the synthesis and characteriza-
tion of the adsorbent, using N, adsorption-desorption tech-

Heat treatment at 80 °C EDA

Figure 20. Proposed structure of GO-EDA sheets after amine functionalization. [Elsevier copyright 2019, with permission] [92].
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niques (BET and BJH methods), XRD, FE-SEM, and FT-IR
spectroscopy. After that, the study measured pure single-
component adsorption isotherms at 298 K and applied the
Ideal Adsorbed Solution Theory (IAST) with direct search
minimization to assess the selectivity of the synthesized
nanocomposite for CO, compared to Np. This analysis
also aimed to estimate CO; adsorption capacity in binary
gas mixtures of CO;,: N> at molar ratios of 5:95, 10:90,
and 15:85. Ultimately, the results were validated through
breakthrough experiments carried out in a fixed-bed column,
which were then used to calculate the Adsorption Perfor-
mance Indicator (API) for evaluating CO; separation from
N; in the Pressure Swing Adsorption (PSA) process across
different types of thermal power plants.

In 2018, Qin et al. highlighted the importance of developing
advanced materials and innovative technologies for effective
CO, capture and gas separation, which can significantly mit-
igate the effects of global climate change [99]. This study
conducts a detailed investigation using density functional
theory to explore how N,, CHy, Hj, and CO, are adsorbed
on a graphene-like C3N monolayer. Their results show that
all four gas molecules are physisorbed on the neutral C3N
monolayer. Importantly, the interaction between CO, and
CsN can be significantly improved through electrochemical
methods, such as applying a negative charge or an external
electric field. In contrast, the adsorption of N,, CHy, and
H; on the C3N monolayer is only slightly influenced by
these methods. Moreover, CO» is likely to spontaneously
desorb from the C3N monolayer once the additional charge
or electric field is removed. These results indicate that the
processes of CO; capture, regeneration, and separation on
the C3N monolayer can be effectively managed by adjusting
the charge state or electric field during adsorption. Addition-
ally, as a newly synthesized two-dimensional material (see
PNAS, 2016, 113, 7414 —7419), C3N has an exceptionally
narrow band gap of 0.39 eV, which supports the practical
use of negative charge or electric field through electrochem-
ical techniques.

In 2018, He and Wang highlighted hydrate-based CO, cap-
ture and sequestration (CCS) as a promising approach for
atmospheric CO; control [93]. The rapid formation and
high storage capacity of CO, hydrates are essential for the
effective implementation of this technology. While sodium
dodecyl sulfate (SDS) has been identified as the most effec-
tive promoter for methane hydrate formation, its efficacy
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in promoting CO, hydrate formation is notably limited.
Consequently, the development of specialized and efficient
promoters for CO, hydrate formation is vital for advancing
hydrate-based CCS. In this research, graphene nanosheets
were utilized as carriers, onto which —SO3 groups (analo-
gous to the hydrophilic group of SDS) and silver nanoparti-
cles measuring approximately 2—-5 nm were grafted, result-
ing in a novel promoter referred to as Ag@SGO (figure 21).
This new promoter addresses the shortcomings of SDS and
enhances its promotion efficiency. When 1 mmol/L (0.288
g/L) SDS was employed as the promoter, CO; hydrate for-
mation extended beyond 1000 minutes, with gas consump-
tion reaching only 2.90 £0.22 mmol/mL of water at that
time, indicating significantly poorer promotion compared to
methane hydrate formation, which was completed within a
few hours and achieved gas consumption of 6 — 7 mmol/mL
of water. In contrast, the application of Ag@SGO at a
concentration of 0.25 g/L resulted in the majority of CO,
hydrate formation occurring within 200 — 250 minutes, with
gas consumption reaching 7.62 4+ 0.16 mmol/mL of water at
1000 minutes, nearly 2.6 times greater than that with SDS.
This demonstrates that the graphene-supported —SO3 groups
and nano-silver developed in this study provide highly effec-
tive promotion of CO; hydrate formation, indicating their
significant potential for industrial applications in hydrate-
based CCS.

In 2018, Huang et al. highlighted the challenges associ-
ated with the development of mixed matrix membranes
(MMMs), particularly regarding the dispersion of fillers and
the creation of defect-free membranes featuring an ultra-
thin selective layer [95]. Graphene oxide-based MMMs
have emerged as promising candidates for gas separation
applications. The low filler content and the tendency of
extended GO lamellae to align perpendicularly to the mem-
brane surface, and consequently to the gas flow direction,
facilitate the creation of thin film composite membranes
(TFC). In this study, facilitated transport MMMs were de-
veloped by integrating ionic liquid functionalized graphene
oxide (GO-IL) into poly (ether-block-amide) (Pebax 1657).
The ionic liquid 1-(3-aminopropyl)-3-methylimidazolium
bromide was reacted with graphene oxide sheets, which
enhanced the solubility of CO; and the CO,/gas selectivity
of the MMMs (figure 22). Additionally, hydrogen bonding
interactions between the ionic liquid and the amide groups
in Pebax ensured a uniform dispersion of GO-IL. Gas per-

o P, a b j. E;' :l:.t‘:a
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Figure 21. The chemical procedure for the preparation of Ag@SGO [Royal Society of Chemistry, copyright 2018, with permission] [93].
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Figure 22. The diagram gas transport through the GO-IL based membrane [Elsevier copyright 2018, with permission] [95].[91].

meability tests for pure gases (Hy, CO;, Oy, No, CHy) and
mixed gases (CO,/H;, CO,/N,) were conducted at 25 °C
and 4 bar. The results demonstrated a significant improve-
ment of over 90% in CO,/N; selectivity and a 50% increase
in CO, permeability for the GO-IL MMMs compared to
the pure Pebax membrane. The resulting TFC membranes
exhibited a high CO, permeance of up to 900 GPU (10~°
cm® (STP) cm_p s~ 1 cmHg_l) and CO,/N; and CO,/H;
selectivities of approximately 45 and 5.8, respectively. This
study emphasizes the critical role of GO-IL nanosheets in
designing highly selective thin film membranes, paving the
way for the practical application of mixed matrix mem-
branes.

In 2018, Sarfraz and Ba-Shammakh developed high-
performance mixed-matrix membranes (MMMs) aimed at
mitigating global warming by capturing and sequestering
CO, from flue gas produced by fossil fuel combustion [96].
A variety of mixed matrix membranes (MMMs) were de-
veloped by combining the glassy polymer Ultrason S 6010
(US) with nanosheets of graphene oxide (GO) and nanocrys-
tals of zeolitic imidazolate frameworks (ZIF-300) in various
ratios. The solution-casting technique was utilized to fabri-

ZIF-300

GO

K L

rl Zo(NOs)
o

OIO-OID] VIS

cate these MMM, aiming to enhance their ability to capture
CO, from a CO;-rich gas mixture (figure 23). The result-
ing composite membranes showed improved adhesion at
the interface between the filler and the polymer, a uniform
distribution of nanofillers, and a thermally stable matrix
structure. Due to the synergistic effects of the incorporated
nanofillers, the membranes exhibited increased CO; per-
meability and CO,/N, permselectivity, as demonstrated by
gas sorption and permeation tests. When compared to the
neat Ultrason membrane, the MMMs with 30 wt% ZIF-300
nanocrystals and 1 wt% GO nanosheets displayed signifi-
cant enhancements in both CO, permeability and CO,/N»
ideal selectivity. Key features of the developed MMMs
include their structural and thermal stability, along with
improved gas separation performance.

In 2018, Park et al. investigated the use of nanomaterials,
including zeolites and metal-organic frameworks, for the
capture and sequestration of CO, [101]. While these nano-
materials hold great promise, their effectiveness has been
limited by poor selectivity for flue gases and a restricted
ability to capture at low pressures. To investigate how me-
chanical strain affects CO, capture efficiency, first-principle
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Figure 23. Efficient CO,-capture membranes: graphene oxide- and MOF-integrated Ultrason membranes [Springer publisher, copyright 2018, with

permission] [96]

2252-0236[https://doi.org/10.57647/j.ijc.2025.1501.02]


https://doi.org/10.57647/j.ijc.2025.1501.02

Mhaibes et al.

density-functional theory calculations were performed on
porphyrin-like graphene modified with transition metals.
The research indicated that Sc- and V-decorated porphyrin-
like graphenes could selectively capture CO, from gas mix-
tures at low CO; pressures when under compressive strain,
and then release the gas under tensile strain at room tem-
perature. The interaction between CO, and these transition
metals was mainly due to the Dewar interaction, which in-
volves the hybridization of the metal d orbitals with the
7 orbitals of CO,. These results offer a new approach to
improving CO, capture by applying mechanical strain to
nanomaterials.

In 2018, Rea et al. developed innovative composite (mixed
matrix) membranes utilizing a permeable glassy polymer,
Poly (2,6-dimethyl-1,4-phenylene oxide) (PPO), combined
with varying amounts of few-layer graphene to evaluate
their effectiveness in gas separation and CO; capture [102].
The study investigated how the permeability, selectivity,
and diffusivity of different gases were affected by varying
levels of graphene loading, which ranged from 0.3 to 15
wt%, at temperatures of 35 and 65 °C. Membranes with
lower amounts of graphene showed improved permeabil-
ity and He/CO, selectivity compared to pure PPO, which
was attributed to the positive impact of the nanofillers on
the polymer’s structure. In contrast, higher graphene con-
centrations led to a reduction in permeability due to the
increased tortuosity that gas molecules encountered within
the membrane. Furthermore, graphene played a crucial role
in reducing the increase in permeability with temperature,
acting as a “stabilizer” for the polymer matrix. This stabi-
lizing effect lessened the temperature-related decline in size
selectivity for He/N, and CO,/N,, while also boosting the
temperature-driven increase in selectivity for He/CO,. The
results suggest that, similar to other graphene-based mixed
matrix glassy membranes, the ideal graphene concentration
in the polymer should be kept below 1 wt%. At this concen-
tration, the morphology of the nanoscopic filler enhances
the arrangement of glassy chains, leading to improvements
in both permeability and selectivity, and increasing mem-
brane selectivity at higher temperatures. These findings
indicate that even small amounts of graphene added to poly-
mers can greatly enhance their permselectivity and stabilize
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their performance.

In 2017, Li and Zeng emphasized the importance of devel-
oping efficient and cost-effective solid sorbents for carbon
capture and storage [100]. This study presents a new type of
high-performance CO, adsorbent called rtGO@MgO/C, de-
veloped through the careful integration of reduced graphene
oxide (rGO), amorphous carbon, and MgO nanocrystallites.
The optimized rGO @MgO/C nanocomposite shows remark-
able CO» capture capacity, reaching up to 31.5 wt% at 27
OC and 1 bar of CO,, and 22.5 wt% under simulated flue gas
conditions (figure 24). It also features a fast sorption rate
and impressive durability throughout the process. Notably,
its CO, capture ability exceeds that of all previously re-
ported MgO-based sorbents. The outstanding performance
of the rtGO@MgO/C nanocomposite is due to its hierarchi-
cal structure and unique physicochemical properties, which
include a sheet-on-sheet sandwich-like configuration, ul-
trathin nanosheets with numerous nanopores, a large sur-
face area, and well-dispersed ultrafine MgO nanocrystallites
(about 3 nm in size). The rGO sheet and the in-situ gen-
erated amorphous carbon serve as dual carbon supports,
preventing the agglomeration of MgO nanocrystallites. Ad-
ditionally, the CO, uptake capacity at intermediate tem-
peratures (e.g., 350 °C) can be increased by more than
three times with the application of alkali metal salt promo-
tion treatment. This research offers a simple and effective
method for designing advanced graphene-based functional
nanocomposites with carefully engineered compositions
and structures for potential applications in gas storage and
separation.

In 2017, Zhou et al. highlighted that among the existing
CO; capture technologies, membrane gas separation offers
several inherent advantages compared to traditional meth-
ods [103]. The ongoing challenge is to create gas separation
membranes that can deliver both high CO, permeance and
strong CO,/N; selectivity, especially in humid conditions.
This study introduces the development of hollow fiber mem-
branes made from layered graphene oxide (GO) that are
less than 20 nm thick. These membranes feature a grafted,
brush-like CO,-attracting agent placed between the GO
layers. They are produced using a simple coating method,
which allows for effective CO,/N, separation even in wet

Figure 24. The chemical route for sandwich-like rGO@MgO/C nanocomposite [American Chemical Society, copyright 2017, with permission] [100].

2252-0236[https://doi.org/10.57647/j.ijc.2025.1501.02]


https://doi.org/10.57647/j.ijc.2025.1501.02

20/44 1JC15 (2025) -152502

environments. Piperazine serves as a highly effective CO,-
attracting agent, chemically bonded as a carrier-brush within
the GO nanochannels. The resulting membrane shows ex-
ceptional separation performance under simulated flue gas
conditions, achieving a CO, permeance of 1,020 GPU and
a CO,/N; selectivity of 680, highlighting its considerable
potential for CO, capture from flue gas. This innovative
structure of the GO-based membrane, combined with the
straightforward coating technique, is expected to propel the
advancement of ultrathin GO-based membranes for CO,
capture applications (figure 25).

In 2016, Tan et al. proposed hexagonal boron nitride (h-
BN) as a sorbent material for charge-induced switchable
CO; capture [104]. The wide bandgap of h-BN poses a
challenge for the injection of the necessary charge. In this
study, we employ first-principle calculations to show that
in-plane h-BN/graphene (P-BN/G) heterostructures, consist-
ing of alternating strips of h-BN and graphene, can act as
an effective material platform for voltage-induced charging
of h-BN strips, facilitating switchable CO; capture. Our
results reveal that a significant amount of negative charge
can be injected into the h-BN strips of the P-BN/G struc-
ture, enabling easy control over CO, capture and release
by adjusting the charge states of the P-BN/G system. At
peak CO; capture coverage, the negatively charged P-BN/G
heterostructures can achieve CO, capture capacities of up
t0 2.27 x 10" cm™2, which is twice the capacity that can be
reached with stacked h-BN/graphene (S-BN/G) nanosheets.
In 2016, Karunakaran et al. emphasized the necessity for
advanced membrane systems that exhibit both high flux and
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adequate selectivity for industrial gas separation applica-
tions [105]. To attain these characteristics, it is essential for
the membrane material to be as thin as feasible, incorpo-
rating selective sieving channels while ensuring long-term
stability. This objective can be realized by developing a
three-component material that combines an ionic liquid with
graphene oxide, which is then coated with a highly perme-
able yet low-selective polymer. Utilizing a straightforward
dip coating method, we successfully fabricated ultrathin
graphene oxide (GO)/ionic liquid membranes that are highly
selective for CO, on a porous ultrafiltration substrate. The
resulting ultrathin composite membranes, formed from the
GO/ionic liquid complex, demonstrate exceptional perme-
ability (with a CO; flux of 37 GPU) and selectivity (CO2/N;
selectivity of 130), exceeding the upper limits typically ob-
served in ionic liquid membranes for CO,/N, separation.
Furthermore, these membranes exhibited stability during a
120-hour testing period.

In 2016, Dai et al. developed mixed matrix membranes
(MMMs) utilizing imidazole functionalized graphene ox-
ide ImGO), an inorganic material with CO, affinity, com-
bined with poly (ether-b-amide) (PEBAX) for the purpose
of CO, capture [106]. The MMM containing 0.8 wt.%
ImGO demonstrated the highest CO, separation efficiency,
achieving a CO,/N; selectivity of 105.5 alongside a CO,
permeability of 76.2 Barrer (where 1 Barrer = 10719 cm?
(STP) cm~2 s~! cmHg ™), exceeding the Robeson Upper
Bound established in 2008. The selectivity for CO,/N; in
the MMM increased by 46.0% compared to the pristine
PEBAX, attributed to the interaction between CO; and the
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Figure 25. Fabrication process and structure diagram of the ultrathin GO-based hollow fiber membranes with brush-like CO,-philic agent. The blue
brushes denote the grafted agents on the top surface of GO, and the red brushes denote the grafted agents on the bottom surface of GO. The brushes
can be appropriate CO;-philic agents that are able to chemically bond with the GO surface by reacting with oxygen-functional groups [Springer nature

copyright 2017, with permission] [103].
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imidazole groups. As feed pressure rises, CO, permeability
significantly improves due to its enhanced solubility within
the polymer matrix and the resulting plasticization effect.
The MMMs are particularly effective in separating CO,
from N, at lower temperatures, as the apparent activation
energy for N, permeation in InGO/PEBAX MMMs is con-
siderably higher than that for CO,. The glass transition
temperature (Tg) of the MMMs gradually increases, reflect-
ing the restricted mobility of the polymer chains caused
by the presence of ImGO (figure 26), which also creates a
more rigid interface between the polymer and the filler. The
mechanical properties of the membranes have been notably
improved due to the incorporation of ImGO sheets, which
facilitate hydrogen bonding. With significant enhancements
in CO; separation performance, the InGO/PEBAX MMMs
show great potential for applications in CO, capture tech-
nologies.

In 2016, Haque et al. proposed that capturing and storing
CO; could serve as a viable method for mitigating global
greenhouse gas emissions [107]. In recent years, significant
research has been dedicated to developing highly efficient
materials for capturing CO,. A variety of porous materi-
als, such as zeolites, porous carbons, nitrogen/boron-doped
porous carbons, and metal-organic frameworks (MOFs),
have been investigated for this purpose. This study specif-
ically examines the CO, capture capabilities of innova-
tive hybrid materials called graphene-organic frameworks
(GOFs). These GOFs were synthesized under mild con-
ditions using a solvothermal method, with graphene oxide
(GO) serving as the base material and benzene 1,4-diboronic
acid acting as the organic linker. Remarkably, the resulting
GOF exhibits a substantial surface area of 506 mz/g, which
is about 11 times greater than that of GO alone (46 m?/g).
This indicates that the organic modification of the GO sur-
face effectively promotes the development of a porous struc-
ture. Our synthetic approach is notably simple and quick
compared to many previously reported methods. Further-
more, the synthesized GOF demonstrates a significantly
high CO, capacity, exceeding that of other porous materials
and previously documented carbon-based materials, along

Figure 26. The chemical structure of ImGO [Elsevier copyright 2016,
with permission] [106].
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with excellent CO,/Nj; selectivity.

In 2016, Wang et al. emphasized the critical need to mitigate
greenhouse gas emissions by effectively separating CO»
from flue gases produced by power plants that utilize carbon-
based fossil fuels [109]. They found that N,-selective mem-
branes present a more advantageous option for systems with
low CO; concentrations compared to CO,-selective mem-
branes. Through density functional theory (DFT) calcula-
tions and molecular dynamics (MD) simulations, this study
demonstrated that the poly (triazine imide) (PTI) membrane
can efficiently separate N, from CO,, achieving a selectivity
of 273 and an N permeance of 106 GPU, which surpasses
the performance of most traditional membranes. Addition-
ally, the study indicated that the presence of H,O has a
minimal effect on the gas separation efficiency of the PTI
membrane. This ultrathin N,-selective membrane, which is
available for experimental use, holds promise for practical
applications in post-combustion CO, capture.

In 2016, Dong et al. developed a novel fixed carrier com-
posite membrane through interfacial polymerization, uti-
lizing graphene oxide nanosheets (GO), hyperbranched
polyethylenimine (HPEI), and trimesoyl chloride (TMC) on
a polysulfone membrane. The successful interfacial poly-
merization was validated using techniques such as SEM,
ATR-FTIR, TEM, XPS, DSC, and water contact angle mea-
surements [108]. Subsequent gas separation experiments
with a CO,/N; (10:90 v:v) mixture demonstrated that the
incorporation of GO significantly enhanced both CO, per-
meance and CO,/N; selectivity. The maximum CO; perme-
ance achieved in this study was 9.7 GPU, with a selectivity
exceeding 80. Additional gas separation tests conducted
under varying feed gas humidity indicated that facilitated
transport was the primary mechanism for gas separation
through the membrane (figure 27). The inclusion of GO
in the membrane exhibited a synergistic effect with the
gas carriers, where surface defects functioned as molecular
sieves, and the interlayer provided fixed flow channels that
maintained a high-water content microenvironment, thereby
enhancing the reactivity between CO, and amino-based car-
riers. Furthermore, the composite membrane demonstrated
excellent stability.

In 2016, Liu et al. presented a one-step method for synthe-
sizing nitrogen-doped graphene-based materials (GMCs)
that feature high nitrogen content and adjustable nitrogen
sites [111]. The unique layered architecture and the pres-
ence of numerous meso-macropores in these GMCs enhance
the accessibility of nitrogen functionalities to CO, while
simultaneously hindering N, adsorption. As a result, the
produced GMCs exhibit remarkable capabilities in the se-
lective adsorption of CO,. The synthetic approach outlined
in this study paves the way for the straightforward and cost-
efficient production of highly macroporous graphene-based
nanomaterials with customizable nitrogen sites, which are
expected to have a wide range of potential applications.

In 2016, Chowdhury et al. developed three-dimensional
(3D) crumpled graphene-based porous adsorbents charac-
terized by highly interconnected networks [68]. This was
achieved through a straightforward one-step physical ac-
tivation process utilizing reduced graphene oxide (RGO)
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Figure 27. (a) he reaction between HPEI and TMC and (b) the fabrication process for the HPEI/GO-TMC composite membrane [American Chemical

Society copyright 2016, with permission] [108].

as the precursor, aimed at separating carbon dioxide (CO;)
from post-combustion flue gas mixtures. These materials
exhibit a substantial surface area exceeding 1300 m?/g, a
high pore volume surpassing 1 cm®/g, and a well-defined
bimodal microporous-mesoporous structure. As a result,
they demonstrate rapid, stable, reversible, and significant
CO; uptake of 2.45 mmol/g at 25 °C and 1 bar. Notably,
the selectivity for CO, over nitrogen (N;) is among the
highest at partial pressures pertinent to CO, capture from
post-combustion power plants that utilize either coal or
natural gas. Additionally, the isosteric heat of adsorption
measured at only —27.42 kJ/mol at zero coverage indicates
that the regeneration of the adsorbent is straightforward and
requires minimal energy, potentially lowering the costs as-
sociated with carbon capture and sequestration (figure 28).
In 2016, Bhanja et al. developed a novel imine-
functionalized graphene oxide (IFGO) through post-
synthetic modifications [110]. This process involved the co-
condensation of 3-aminopropyltriethoxysilane with the hy-
droxyl and epoxy functional groups present on the graphene
oxide basal plane. This was followed by a Schiff base con-
densation reaction with 2,6-diformyl-4-methylphenol and

Nz
250 °C
Thermal

Reduction
GO

RGO

the covalent attachment of copper (II) to form Cu-IFGO (fig-
ure 29). The characterization of the materials was conducted
using various techniques, including powder X-ray diffrac-
tion, Ny sorption analysis, FT-IR, FE-SEM, HR-TEM, and
TGA/DTA analysis. The IFGO demonstrated a significant
CO, storage capacity of 8.10 mmol/g (35.64 wt%) at 273
K and 2.10 mmol/g (9.24 wt%) at 298 K under pressures
of up to 3 bar, indicating its potential for environmental
remediation applications. Additionally, Cu-IFGO exhibited
remarkable catalytic activity in microwave-assisted one-pot
three-component C—S coupling reactions involving a va-
riety of aryl halides, thiourea, and benzyl bromide in an
aqueous medium, yielding aryl thioether products with a
maximum yield of 86%, which are derivatives of natural
products. The presence of imine and hydroxyl groups in the
functionalized graphene oxide allowed for strong chelation
of Cu(Il) at the graphene oxide surface, preventing leaching
during the coupling reaction. Consequently, there was only
a minimal decrease in product yield even after six reaction
cycles, highlighting the sustainability of this Cu(II)-grafted
catalyst.

In 2015, Rao et al. conducted a study focused on the effi-
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Figure 28. the major steps involved in the preparation of a-RGO-X [American Chemical Society copyright 2016, with permission] [68].
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Figure 29. The chemical process for the preparation of Cu-IFGO [Royal Society of Chemistry copyright 2016, with permission] [110].

cient capture of CO, using two-dimensional (2D) nanostruc-
tures, aiming to contribute to atmospheric cleaning and the
purification of emissions from fuel engines [112]. This re-
search involved comprehensive first-principles calculations
grounded in density functional theory (DFT) to explore
the interaction between CO; and a newly synthesized ZnO
monolayer (ZnO-ML) in its pure, defected, and function-
alized states. A series of detailed calculations identified
the most favorable binding configurations for the CO; gas
molecule on the ZnO-ML. The findings revealed that sub-
stituting one oxygen atom with boron, carbon, or nitrogen
in the ZnO monolayer significantly enhanced CO, adsorp-
tion. Our results indicate that the presence of foreign atoms
such as B, C, and N leads to improved CO; adsorption on
the ZnO-ML. The increased adsorption energy of CO, on
ZnO suggests that the ZnO-ML holds potential as a viable
candidate for future CO, capture applications.

In 2015, Liu et al. developed covalently bonded CO, adsor-
bents through the acid-catalyzed ring-opening polymeriza-
tion of aziridine on the basal surfaces of three-dimensional
hydroxylated graphene (HG) [113]. The resulting materials
feature elevated surface areas, robust covalent interactions
between polyethyleneimine (PEI) and graphene, and excel-
lent thermal conductivity. The HG-PEI nanocomposites
demonstrate significant amine loading (exceeding 10.03
mmol N g~ 1) and impressive adsorption capacity (reaching
up to 4.13 mmol CO; g_; in simulated ambient air at 1
atm of dry CO,), along with strong stability at both low
(100 °C) and high desorption temperatures (135 °C). This
combination indicates that the overall CO, capture process
is both promising and sustainable.

In 2015, Tawfik et al. emphasized the importance of identi-

2252-0236[https://doi.org/10.

fying stable systems with a high capacity for CO, adsorp-
tion in the context of CO; capture and storage technologies
[114]. We conducted an extensive first-principles investi-
gation to assess the CO; capture capabilities of 16 repre-
sentative metal-doped graphene systems, where the metal
dopants are stabilized by both single and double vacancies.
The maximum number of CO, molecules that can be ad-
sorbed was evaluated based on criteria related to adsorption
energy and bond distances. Generally, while double vacan-
cies provide stronger binding for metal dopants compared
to single vacancies, single-vacancy graphene with metal
dopants demonstrates superior sorption properties, with
each of the Ca, Sc, and Y dopants capable of binding up to
5 CO; molecules. The process of CO; capture involves sig-
nificant charge transfer between the CO, molecule and the
dopant-vacancy complexes, with defective graphene serv-
ing as a charge reservoir for the binding of CO, molecules.
Some systems are predicted to lead to the formation of a
bent CO; anion. However, Ca-doped single- and double-
vacancy graphene systems tend to readily form metal oxides
upon reaction with CO,, making them less suitable for re-
peated CO, capture.

In 2015, Chowdhury et al. focused on the creation of effec-
tive adsorbents characterized by high adsorption capacity
and selectivity for the separation of CO, from flue gas
streams, which are significant contributors to global warm-
ing [116]. This research introduced a series of mesoporous
titanium dioxide/graphene oxide (TiO»/GO) nanocompos-
ites, synthesized through a straightforward colloidal blend-
ing method, with varying mass ratios of GO to TiO,. This
study marks the first systematic investigation of these ma-
terials as potential CO, adsorbents. The synthesized com-
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posites underwent characterization using diffraction, spec-
troscopy, and microscopy techniques. The pure component
adsorption isotherms for CO, were evaluated at tempera-
tures of 0, 25, and 50 °C, with pressures reaching up to
100 kPa. The analysis indicated that the CO, adsorption
isotherms aligned well with the temperature-dependent Toth
model, while the adsorption kinetics were effectively de-
scribed by the Avrami model. The TiO»/GO composites
demonstrated a CO; uptake capacity of 1.88 mmol/g at
room temperature, significantly surpassing that of many
conventional adsorbents. Additionally, TiO,/GO exhibited
a low heat of adsorption and exceptional CO,/Nj selectivity,
highlighting its potential for CO; capture from dry flue gas.
In 2015, Shen et al. conducted a study in which they devel-
oped a facilitated transport mixed matrix membrane using
a surface coating technique [117]. The polymer matrix
consisted of polyvinyl amine (PVAm) and chitosan (Cs),
which were applied to a porous polysulfone (PS) substrate.
Additionally, graphene oxide (GO) modified with hyper-
branched polyethylenimine (HPEI-GO) was incorporated as
nanofillers. Gas separation experiments utilizing a CO»/N;
(10:90 v:v) mixture indicated that the inclusion of GO en-
hanced the selectivity for CO, over N,. The membrane
containing 2.0 wt% HPEI-GO achieved a maximum CO;
permeance of 36 GPU, while the optimal selectivity of 107
was observed in the membrane with 3.0 wt% HPEI-GO.
The presence of GO facilitated the formation of transport
channels for CO, and contributed to the membranes’ long-
term stability. Additional gas separation tests conducted
at varying relative humidity levels confirmed that facili-
tated transport was the primary mechanism for gas sepa-
ration in the membrane. Stability assessments indicated
that the membrane maintained its performance over time.
CO; transport through the membrane primarily occurred via
the facilitated transport mechanism, supplemented by the
solution-diffusion mechanism, whereas N, transport relied
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solely on the solution-diffusion mechanism (figure 30).

In 2014, Parshetti et al. highlighted the critical necessity for
addressing climate change through the implementation of
CO; reduction technologies [118]. This study introduces an
innovative approach for the synthesis of porous graphene-
like nanosheets (PGLNS) derived from the lignocellulosic
fibers of oil palm empty fruit bunches (EFB) utilizing a
thermal graphitization method aimed at enhancing CO;
capture efficiency. A comprehensive array of microscopic
and spectroscopic techniques was employed to elucidate
the morphological and structural properties of the PGLNS,
which exhibited a d-spacing of approximately 0.35 nm and a
pore size of less than 1 nm, derived from EFB biomass. The
PGLNS demonstrated remarkable efficacy as adsorbents for
post-combustion CO, capture, achieving a maximum CO;
uptake of 2.43 mmol/g at 25 °C and 1 bar pressure, signifi-
cantly surpassing the performance of other competitive CO;
adsorbents, such as zeolite, activated carbon, and certain
metal-organic frameworks. The selectivity of the PGLNS
for CO, over N (SCO,/N;, = 18.7), calculated from single-
component isotherms relevant to post-combustion scenar-
ios, also exceeded that of most previously documented ad-
sorbents. Furthermore, the notably low isosteric heat of
adsorption (~ 21 kJ/mol) indicated the feasibility of CO;
desorption and the regeneration of PGLNS for repeated ap-
plications with minimal energy costs.

In 2014, Shen et al. developed graphene oxide (GO)
nanosheets that were designed to form layered structures
featuring rapid and selective transport channels for gas sepa-
ration (figure 31) [119]. These GO laminates, characterized
by molecular-sieving interlayer spaces and direct diffusion
pathways, provided the resulting membranes with remark-
able CO, permeation capabilities (CO, permeability: 100
Barrer, CO,/N; selectivity: 91) and exceptional operational
stability exceeding 6000 minutes, making them highly ap-
pealing for practical CO; capture applications. Membranes

Defective regions

water

HPEI-GO

PS support
membrane

Figure 30. (a) he reaction between HPEI and TMC and (b) the fabrication process for the HPEI/GO-TMC composite membrane [American Chemical

Society copyright 2016, with permission] [108].
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Figure 31. Schematic representation of the assembly of GO nanosheets in polymeric environment based on hydrogen bonds formed between different
groups on GO and the PEBA chain [Wiley publisher copyright 2014, with permission] [115].

designed with rapid and selective CO, transport channels
utilizing graphene oxide (GO) laminates have been devel-
oped through the establishment of hydrogen bonding be-
tween GO and a polymer. This interaction facilitates the
assembly of GO nanosheets into multi-layered stacks, char-
acterized by molecular-sieving interlayer spacing and direct
diffusion pathways. The resulting membrane demonstrates
remarkable preferential CO, permeation properties, achiev-
ing an exceptionally high and stable CO,/N, separation
performance that surpasses the current limits of advanced
membranes. By meticulously managing the polymer en-
vironment, further enhancements in performance can be
realized by increasing the number of gas-transport chan-
nels formed by uniformly distributed GO stacks within the
membrane. With significant benefits in terms of ease of fab-
rication and structural integrity, the GO-based membrane
presented here holds considerable promise for effective CO;
capture applications.

In 2013, Alhwaige et al. highlighted the ongoing extensive
research aimed at the development and design of innovative
porous materials for clean energy and environmental ap-
plications, particularly in mitigating CO, emissions [120].
This study focuses on the preparation of hybrid monolith
aerogels composed of chitosan (CTS), a biopolymer that is
environmentally friendly, combined with varying amounts
of graphene oxide (GO) through a freeze-drying process.
The CO, sorption capabilities of these aerogels are thor-
oughly examined. Characterization techniques employed
include X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), thermogravimetric analysis (TGA), and ni-
trogen adsorption—desorption measurements. The research
investigates the uniform distribution of GO within CTS,
particularly at concentrations where particle agglomeration
occurs. The influence of GO on the specific surface area of
the aerogels and their CO; capture efficiency is analyzed,
revealing an increase in performance with higher GO con-
tent. Notably, the BET surface area significantly rises from
153 to 415 m?/g with the incorporation of 20 wt% GO into
the CTS matrix. Additionally, the CO, adsorption capacity
at 25 °C improves from 1.92 to 4.15 mol/kg with the same
GO addition. The results from adsorption—desorption cy-
cles demonstrate the stability of the hybrid aerogels during
extended cyclic operations, indicating their promising po-
tential for CO, capture applications.

In 2012, Chandra et al. demonstrated that nitrogen-doped

porous carbon, created through the chemical activation of
polypyrrole-functionalized graphene sheets, exhibits a selec-
tive adsorption capacity of CO; at 4.3 mmol/g compared to
0.27 mmol/g for N at 298 K [121]. The material’s potential
for large-scale production and easy regeneration enhances
its applicability in industrial settings.

In 2011, Jiao et al. conducted first-principle calculations
on a hexagonal boron nitride (g-BN) monolayer with a
boron-atom vacancy, revealing its potential for capturing
and activating carbon dioxide [122]. Their findings indi-
cate that CO, can decompose to form an oxygen molecule
through an intermediate chemisorption state on the defected
g-BN sheet. The study confirmed three stationary states and
two transition states along the reaction pathway through
minimum energy pathway searches and frequency analysis.
The calculated energy barriers for this catalytic reaction,
after enthalpy correction, suggest that the reaction is likely
to occur efficiently at room temperature. Table 1 represents
a literature review on the reviewed the original research
paper in this review. The name of country referred to the
first country of affiliation.

Future directions, opportunities, challenges of function-
alized graphene for CO; capture

Functionalized graphene holds significant promise as a next-
generation material for CO, capture, offering a tunable
platform to address the pressing need for efficient and sus-
tainable carbon sequestration technologies [51, 89, 123].
However, despite recent advancements, several critical is-
sues remain that need to be addressed before its widespread
implementation can be realized [124, 125]. These chal-
lenges span the functionalization methods themselves, a
comprehensive understanding of the underlying CO; cap-
ture mechanisms, and the practical aspects of application in
real-world scenarios. Overcoming these hurdles will unlock
the vast potential of functionalized graphene, paving the
way for its integration into diverse CO, capture systems
[114].

One of the primary challenges lies in the functionaliza-
tion methods employed to modify graphene’s surface [126].
While numerous techniques, including covalent and non-
covalent functionalization, have been explored to enhance
CO; adsorption capacity, each method presents its own set
of limitations [54, 97]. Covalent functionalization, which in-
volves the formation of chemical bonds between functional
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Table 1. A literature review on the included paper in this review.

Entry

Year Country Author Functionalized Graphene Results

Ref.

« Capacity from 1.6 to 3.3 mmol/g.
2025 China R. Navik et al. N,/H; plasma treatment * The range for DAC from 0.14 to 1.3 mmol/g.

graphene-sorbent Selectivity of 42 and 87 was increased following plasma for 5 and 10 min.

[54]

* SBET reaching 923 m?> g~ .
« HKUST-1 exhibited stability for 2 days when in an aqueous at RT.
2024 Fnce Y. Khadiri et al. CS-GO@HKUST-1 xerogel * The MOF and CS@HKUST-1 experienced

graphene-sorbent considerable degradation within a 1 day.

[58]

« The graphene display elevated meso and micro surface areas.
* H>SOy4 during the graphene oxidation process resulted in
an enhanced CO, adsorption capacity
2024 China F. Yang et al. ultra-thin Pebax MMMs * GO/Pebax demonstrated a CO,/N;
incorporated by GO * The CO, permeance is measured at 400 GPU, as
106 cm? (STP) cm? s~ cmHg .

[67]

« Dynamic capacity for CO, capture is 1.65 mmol g~ at
2024 India R. K. Jhaet al. monolithic graphene oxide RT.

« Regenerability is 98.8%,

[70]

 Pressure of 0.2 MPa, attains a 1850 GPU,
exhibiting selectivity for No/CO, for
2024 China L. Zhang et al. ZIF-8@GO mixed gases of 18.3 and 32.3.
* Air pressure (1.2 MPa),
exhibit a theoretical

selectivity of 13.4.

[71]

* A enhancement in photocurrent was observed,
2024  Poland S. Saha et al. graphene and nickel nano particle rising from -5.7 to -11

mA/cm? as a result of the CO; reduction process.

[73]

+ CO, adsorption 194.1 cm3/g, an ideal selectivity CO, over
2023 China B. Yao et al. MOFs@GO composite N, of 276.5, at 273 K.
* HKUST-1 into GO results in enhancements of 50.6% and 138.13%.

[75]

« CO, adsorption capacity in N, adsorption at 25 °C and pressure of 1 atm.
2023 Spain Barbarin et al.  reduced graphene oxide (rGO) and » Aerogels exhibit a degree of nitrogen phobicity, with
functionalized polymer particles selectivity values between 470 and 621.

* A CO; adsorption approaching 2 mmol/g along with an selectivity of 620.

[74]

2023 Spain 1. Pruna et al. dendrimer-modified graphene » Measurement is 2.23 mmol.g~! at a PAMAM/CNT
oxide (GO) aerogels ratio of 0.6/0.12 (mg mL ).

[76]

* A porous GO adsorbent demonstrates a CO, adsorption
2023 China Z.Liuetal. GO nanosheets capacity of 2.24 mmol/g.

* Method demonstrates the broad applicability of various multivalent cations.

[80]

« The preference for CO, over (N,) is evident,
2023 China Z.Guetal. porous graphene * The role of H>O often overlooked in earlier

theoretical CO; filtration.

[81]

« Foam exhibited a specific surface area of 767 m?/g,
particularly its elevated CO; adsorption 4.17 mmol/g.
2023 India S. Roy et al. super-expanded freestanding 3D  The process of hydrogenating CO, to

reduced graphene oxide foams produce formate achieved a maximum yield of 24.3% at a temperature of 120 °C.

[77]

« The increased of micropores is attributed to
the role of polymer particles, which as spacers
2022 Spain Barbarin et al. graphene/polymer monolithic among (rGO) platelets.
* The increased microporosity has enhanced performance,

in selectivity of CO; adsorption relative to Nj.

[78]

* GO/MOF were predicted based on CO; adsorption for
separating CO, from nitrogen.
2022 UAE H. Zhao et al. hybrid graphene oxide/MOFs » Formulation of GO/CuBTC exhibiting highest (GO)
content, specifically 65% performance in provided that

there is no stacking of the GO.

[79]

* Membrane containing 1 wt% GO exhibited gas separation,
achieving a CO, permeability of 54.5 GPU
2022  Taiwan C.Huetal. Pebax-GO/PDMS/PSf and a CO,/N; selectivity of 36.9 at 35 °C and 0.1 MPa.
* MMMs containing 1 wt% GO loading enhanced CO,
208.9 GPU, achieving a CO,/N; selectivity of 40 at a
35°C and 0.7 MPa.

[86]
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* Mg/DOBDC MOF@GOw-30, incorporating 30 mL of
17 2021 China J. Wang et al. Mg/DOBDC MOF@GO GO, exhibited CO, [82]
adsorption 8.60 mmol g~ ! at 0.1 MPa and 25 °C.
* B/N-CNs demonstrates a capacity for
selective capture of CO;.
18 2021 China Z. Shen et al. B, N co-doped carbon * CO; absorption and CO,/N; separation efficiency of B/N-  [83]
nanomaterial (B/N-CNs) CNs attributed to the presence
hierarchically porous architecture.
* Gas adsorption indicate the
19 2021 China K. Xia et al. Porous graphene materials (PGMs) uptake of CO, and H, by PGMs is influenced [87]
by pore structure surface chemistry.
* The selectivity of this monolith for
20 2020  Spain N. Politakos et al. Graphene-Based Monolithic capturing CO; in comparison to Nj [84]
Nanostructures at 25 °C and is measured at 53.
* The integration of the polymer within the
structures enhances the solvent resistance of the
composites, attributed to the establishment of crosslinks
21 2020  Spain N. Politakos et al. Reduced Graphene Oxide/ establishment of crosslinks between the polymer and rGO.  [85]
Polymer Monolithic » The SSA and the DF were identified as factors in
achieving elevated CO; capacity and selectivity for
CO; over N».
* Performance of CO; adsorption was assessed
based on several criteria,
22 2020 UAE M. Verghase et al. UV-irradiated graphene including capacity, selectivity, re-generability, [88]
oxide foam (UV-GOF) kinetics, isosteric heat of sorption, and hydrophilicity.
* The adsorbed CO, experienced a shift from
23 2020 China M. Wang et al. Penta-graphene physisorption to chemisorption with the [64]
parameter increasing from 0.025 to 0.030.
* CuBTC exhibited a CO; adsorption capacity of 8.02
24 2020 China S. Shang et al. CuBTC@GO mmol/g at 273 K and 1 bar. [89]
* CO,/N; selectivity was achieved CuBTC @ 1%GO.
* Elevated heating rates exceeding 700 °C.min~!,
while leading to a decrease in energy consumption.
25 2020 UK D. Xiaet al. Reduced-graphene-oxide « Evaluation of the CO; adsorption of MgAl- [90]
(rGO) aerogels MMO/rGO hybrid aerogels is increased temperature and
elevated CO; pressure.
* The capacity CO; capture is in the design of a CO,
tertiary-amine-stabilized gold capture membrane
26 2020 Korea J. Heo et al. nanoparticles (Au NPs),  The polar characteristics of polyelectrolytes facilitated [91]
graphene oxide (GO) capture of CO; by tertiary amines.
» The porous heterostructure exhibiting
27 2020 Greece E. Thomou et al. silylation of organically highest surface was selected examination of [94]
modified graphene oxide its CO, adsorption.
28 2019  Spain Pruna et al. Ethylenediamine-modified *The CO; adsorption characteristics [97]
graphene oxide of modified aerogels were evaluated.
* A performance in CO; separation was achieved,
29 2019 USA F. Zhou et al. Ultrathin, ethylenediamine- CO; permeance of 660 GPU and a CO,/N; selectivity [92]
functionalized graphene oxide exceeding 500 at 75 °C.
* The GO/TiO, nanocomposite is designed
for the selective adsorption of CO, over N, with an
30 2019 Iran Nazari-Kodahi et al. Graphene Oxide/TiO; of CO; over Ny, with an emphasis on predicting its [98]

CO, adsorption capacity within binary gas

mixtures of CO; and Nj.
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« The interaction between CO, and C3N can be substantially
31 2018 China G. Qin et al. graphene-like C3N enhanced through the application of [99]

electrochemical techniques.

* Ag@SGO at 0.25 g/L resulted CO,

32 2018 China Y. He et al.

hydrate formation being time frame of 200 to 250
minutes. By the 1000-minute mark, the

gas consumption had achieved a level of

graphene-carried —-SO3

[93]
and Ag nanoparticles

7.62-0.16 mmol per mL of water.

* H,, CO,, Oy, Na, CHy) and mixed gases (CO2/Hy,

CO,/N») the membranes was evaluated at 25 °C 4 bar.
33 2018 Japan G. Huang et al. Pebax/Ionic liquid * An enhancement exceeding 90% in CO»/N,
modified graphene oxide

selectivity and a 50% increase in CO, permeability

have been observed (MMMs).

¢ CO, permeability and

CO,/N; permselectivity as a
34 2018 Pakistan Sarfraz et al. graphene oxide- and MOF- result of the synergistic

[96]
integrated Ultrason

effects produced by the

integrated nanofillers.

* Sc- and V-functionalized

porphyrin-like graphenes
Transition-Metal-Porphyrin-like have the capability to
35 2018 Korea

selectively adsorb CO, from

S. Park et al. Graphene

[101]

gas mixtures at low CO, pressures.

« The findings indicate minor

incorporations of graphene

into polymers may improve
36 2018 Italy R. Reaetal. PPO/Graphene Composites

permselectivity and [102]

reinforce their characteristics.

* The enhanced rGO@MgO/C
nanocomposite demonstrates
an impressive capacity for

CO;, capture, achieving up to
Amorphous Carbon with

37 2017 Singapore Ultrafine MgO Nanocrystallites

31.5 wt% at a temperature of
P. Lietal.

[100]
27 °C and a pressure of 1 bar
CO3, as well as 22.5 wt%

under conditions that simulate flue gas.

» Layered GO-based hollow
fiber membranes,

characterized by a thickness
Ultrathin graphene oxide-based
38 2017 USA

of less than 20 nanometers,
F. Zhou et al. hollow fiber membranes

have been developed [103]
through a straightforward

coating technique.

* A considerable quantity of
injected negative charges is

across the h-BN strips of the
Hexagonal boron nitride and

graphene(h-BN)

P-BN/G, enabling the
39 2016 Australia

regulation of CO, capture
and through the toggling
states within the P-BN/G framework.

X. Tan et al.

[104]

* GO/ionic liquid complex
exhibit characteristics in
terms of permeability, with a
40 2016 Saudi Arabia CO; flux of 37 GPU, and selectivity,

achieving a CO,/Nj selectivity of 130.

M. Karunakaran et al. Graphene oxide doped ionic

[105]
liquid ultrathin
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« The selectivity of CO, over
N, reaches a value of 105.5,
41 2016

accompanied by a CO,
China

Imidazole functionalized
Y. Dai et al.

permeability of 76.2 Barrer
graphene oxide/PEBAX mixed

(where 1 Barrer is equivalent
to 10 10 cm3(STP) cm cm? s~ ! cmHg ™) [107]
* The separation of CO; from
N2 in MMM is efficient at lower temperature.
42 2016

¢ The measured SSA of the
synthesized GOF is 506

Boron Functionalized Graphene
Australia E. Haque et al.

m/g, is approximately 11
Oxide-Organic Frameworks

times greater than the

[107]
surface area of the original GO, recorded at 46 m?/g.

43 2016

* PTI demonstrates a high
China

efficacy in the separation of
Graphene-Like Poly(triazine nitrogen (N) from CO,
Y. Wang et al.

achieving a selectivity of

imide)

44 2016

[109]
273 and a nitrogen permeance of 106 GPU.
China

Graphene Oxide Nanosheets
G. Dong et al.

* The incorporation of GO has

the potential to markedly
Based Novel Facilitated

enhance both the permeance [108]
Transport of CO; and the selectivity of CO, over Nj.

45 2016 China

« The distinctive multi-layered
Nitrogen-Doped Graphene-Like
F. Liu et al.

architecture and the
MesoMacroporous Carbons

significant abundance of in
GMCs substantially the [111]
exposure and accessibility of

the immobilized nitrogen sites to CO,.

* The hierarchical porous

graphene-based materials
46 2016 Singapore

Three-dimensional (3D)
S. Chowdhury et al. crumpled graphene-based

porous adsorbents

exhibit a rapid, stable, and
reversible capacity for CO,
absorption, achieving a high [68]
uptake of 2.45 mmol.g~! ata
temperature of 25 °C and a pressure of 1 bar.

¢ [FGO demonstrates a
47 2016

India

commendable CO; capacity
imine-functionalized of 8.10 mmol g~ ! at 273 K
P. Bhanja et al. graphene oxide (IFGO)

and 2.10 mmol g~! (9.24
48 2015

[110]
wt%) at 298 K, both measured under 3 bar.
G. S.Raoetal. graphene-like ZnO

Sweden

* A comprehensive set of

calculations produced the
monolayer

[112]
optimal binding for the CO, gas on a ZnO monolayer.
49 2015

* The materials produced
China

Covalently-grafted
F. Q. Liuetal.

exhibit surface areas, robust
Polyethyleneimine

covalent between
polyethyleneimine (PEI) and [113]
graphene, as well as thermal conductivity.

* The double-vacancy in

graphene exhibits a stronger

binding affinity for metal
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50 2015  Australia S. A. Tawfik et al.

metal-doped graphene

dopants compared to the

single-vacancy. as each of
the dopants—calcium (Ca), [114]
scandium (Sc), and yttrium

(Y)-is capable of binding

up to five molecules of carbon dioxide (CO»).

mesoporous TiO,/

51 2015 Singapore S. Chowdhury et al. graphene oxide

* The adsorption isotherms of
pure components for CO2
were evaluated at
temperatures of 0, 25, and 50 [116]

OC, with pressure conditions reaching up to 100 kPa.

Novel Polyvinyl

52 2015 China Y. Shen et al.

Graphene oxide

Amine/Chitosan/

* The results from the gas
separation experiments
utilizing a CO»/N, (10:90
incorporation of (GO) may enhance [117]

the selectivity for CO, over Nj.

53 2014 Singapore G. K. Parshetti et al.

graphene nanosheets

Plant derived porous

* PGLNS demonstrate as
adsorbents for the capture of
CO; following combustion
processes. At 25 °C and 1 [118]

bar, the maximum CO,
adsorption capacity reached
-1

2.43 mmol g™, significantly

surpassing that of other competing CO, adsorbents.

54 2014 China J. Shen et al.

Laminar Graphene Oxide

* The incorporation of
molecular-sieving interlayer
spaces and diffusion

pathways in the GO has [119]
resulted in membranes that

exhibit remarkable preferential CO;
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55 2013 USA A.Alhwaige et al.

with graphene

aerogels with superior adsorption

¢ (BET) surface area
experiences a significant
enhancement, rising from

153 to 415 m?/g upon the

[120]

incorporation of 20 wt% GO into the chitosan adsorbent.

N-doped carbon produced by

56 2012 Korea V. Chandra et al.

polypyrrole functionalized graphene sheets

chemical activation of

* N-doped porous carbon
synthesized demonstrates a
selective adsorption capacity
for COy (4.3 mmol g~ 1)
compared to N (0.27 mmol g~ ') at 298 K.

[121]

N-doped carbon produced by

56 2012 Korea V. Chandra et al.

polypyrrole functionalized graphene sheets

chemical activation of

* N-doped porous carbon
synthesized demonstrates a
selective adsorption capacity
for CO, (4.3 mmol g~1)
compared to N> (0.27 mmol g’]) at 298 K.

[121]

57 2011  Australia Y. Jiao et al.

reaction pathway validated

graphene-like boron nitride

« The identification of three
stationary states and two
transition states within the [122]

reaction pathway validated

through a minimum energy pathway search.

groups and the graphene lattice, can introduce structural de-
fects that compromise graphene’s intrinsic properties, such
as its high surface area and electrical conductivity [127].
Furthermore, the harsh reaction conditions often required
for covalent functionalization can lead to irreversible dam-
age and make it difficult to control the degree and distribu-

tion of functional groups. Non-covalent functionalization,
on the other hand, relies on weaker interactions like van
der Waals forces, © — & stacking, and hydrogen bonding
to attach functional groups to graphene [128—130]. While
this approach preserves graphene’s structural integrity, the
weaker interactions can result in lower stability and a greater
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tendency for functional groups to detach under operating
conditions. Moreover, many functionalization methods uti-
lize expensive reagents, complex procedures, and generate
hazardous byproducts, hindering their scalability and eco-
nomic viability for large-scale CO, capture applications
[110, 131]. Future research should prioritize the devel-
opment of sustainable and cost-effective functionalization
techniques that minimize environmental impact and are
amenable to industrial production. This includes exploring
greener synthetic routes, utilizing bio-derived functional
groups, and developing scalable deposition methods for uni-
form functionalization [132].

A deeper understanding of the CO, capture mechanisms
at the molecular level is also crucial for optimizing func-
tionalization strategies. While it is known that functional
groups enhance CO; adsorption through various interac-
tions, such as acid-base reactions, hydrogen bonding, and
electrostatic interactions, the precise nature and contribu-
tion of each interaction are not fully elucidated [133—-135].
Computational modeling and advanced spectroscopic tech-
niques are needed to unravel the intricate details of CO, ad-
sorption on functionalized graphene, including the binding
energies, adsorption kinetics, and the influence of environ-
mental factors such as temperature, pressure, and humidity
[134-136]. This knowledge will enable the rational design
of functional groups with enhanced CO; affinity and selec-
tivity, leading to more efficient and targeted CO, capture
materials [137, 138]. For instance, the incorporation of
nitrogen-containing functional groups, such as amines and
pyridines, has shown promise in enhancing CO; capture
due to their basic nature and ability to form strong inter-
actions with acidic CO, molecules [139-141]. However,
further research is needed to optimize the type, density, and
arrangement of these functional groups to maximize their
CO; capture potential. Moreover, the synergistic effects of
combining different functional groups should be explored
to create multifunctional graphene-based materials with tai-
lored CO; capture properties [142, 143].

In addition to the challenges associated with functional-
ization methods and mechanisms, practical applications of
functionalized graphene for CO; capture face several hur-
dles. One major concern is the long-term stability of func-
tionalized graphene under operating conditions. CO; cap-
ture processes often involve exposure to high temperatures,
corrosive gases, and fluctuating humidity levels, which can
degrade the functional groups and compromise the CO;
capture performance [144—146]. Therefore, it is essential
to develop strategies to enhance the stability of functional-
ized graphene, such as encapsulating the functional groups
within protective layers, crosslinking the functional groups
to form a robust network, or grafting the functional groups
onto the graphene surface through strong covalent bonds.
Furthermore, the scalability of functionalized graphene pro-
duction is a critical factor for its widespread adoption. Cur-
rent production methods often involve batch processes that
are difficult to scale up and result in inconsistent product
quality. Continuous manufacturing processes, such as chem-
ical vapor deposition (CVD) and electrochemical exfolia-
tion, offer promising routes for large-scale production of
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functionalized graphene with controlled properties. How-
ever, further optimization of these processes is needed to
reduce production costs and improve product uniformity
[78, 106].

Opportunities abound in tailoring functionalized graphene
for specific applications, such as flue gas treatment and di-
rect air capture (DAC) [147]. Flue gas treatment involves
capturing CO, from the exhaust streams of power plants
and industrial facilities, where CO, concentrations are rela-
tively high (typically 10 — 15%). Functionalized graphene
can be designed to selectively capture CO; from flue gas
mixtures containing other gases, such as nitrogen, oxygen,
and water vapor [148]. Direct air capture, on the other hand,
aims to capture CO, directly from the atmosphere, where
CO; concentrations are much lower (around 400 ppm). This
requires highly efficient and selective CO, capture materials
that can operate under ambient conditions. Functionalized
graphene can be engineered with ultra-high surface areas
and tailored functional groups to capture CO, from dilute
air streams. Furthermore, functionalized graphene can be
integrated with other CO, capture technologies, such as
absorption, adsorption, and membrane separation, to create
hybrid systems with enhanced performance. For example,
functionalized graphene can be incorporated into polymer
membranes to improve their CO, permeability and selectiv-
ity [90, 149].

Overcoming these challenges will pave the way for the prac-
tical implementation of functionalized graphene as an ef-
ficient and sustainable solution for CO; capture. Future
research should focus on developing scalable and cost-
effective functionalization methods, gaining a deeper un-
derstanding of CO; capture mechanisms at the molecular
level, enhancing the long-term stability of functionalized
graphene, and tailoring functionalized graphene for specific
applications. By addressing these key issues, functionalized
graphene can play a significant role in mitigating climate
change and transitioning to a low-carbon economy. The
development of advanced characterization techniques, such
as in-situ spectroscopy and microscopy, will be crucial for
monitoring the performance of functionalized graphene un-
der operating conditions and identifying degradation mecha-
nisms. Collaboration between researchers, industry partners,
and policymakers will be essential to accelerate the devel-
opment and deployment of functionalized graphene-based
CO; capture technologies. With continued innovation and
investment, functionalized graphene has the potential to
become a game-changing material for CO, capture, con-
tributing to a cleaner and more sustainable future [150, 151].

A short survey of other techniques for CO, capture
technology

Amine based-solvents for CO, capture technology: Op-
portunities and challenges

The increasing concentration of atmospheric CO, and
its contribution to global climate change have intensi-
fied the urgent need for effective and economically viable
CO, capture technologies [152, 153]. Among the vari-
ous approaches, chemical absorption using amine-based
solvents remains a leading technology due to its estab-

2252-0236[https://doi.org/10.57647/j.ijc.2025.1501.02]


https://doi.org/10.57647/j.ijc.2025.1501.02

32/44 1JC15 (2025) -152502

lished performance and amenability to retrofitting exist-
ing infrastructure. We examine novel amine formulations,
including blends, sterically hindered amines, and phase-
change solvents, evaluating their performance in terms of
absorption capacity, reaction kinetics, energy efficiency,
and resistance to degradation. Amine-based solvents are
widely recognized as the preferred agents for CO, cap-
ture applications. The most frequently utilized amine sol-
vents include diglycolamine (DGA) [154, 155], 2-amino-2-
methylpropanol (AMP) [156, 157], methyldiethanolamine
(MDEA) [158, 159], monoethanolamine (MEA) [160, 161],
and piperazine [162, 163]. Although these solvents ex-
hibit varying chemical and cost structures, they have all
been empirically validated for their efficacy in CO, cap-
ture. However, a significant concern associated with the
post-combustion carbon capture (PCCC) technique is the
corrosion of equipment, which can be attributed to either
the amine solvent itself or the CO,-saturated amine solvent.
Certain amines, such as MEA and its degradation products,
are particularly noted for their corrosive properties. Conse-
quently, recent research has concentrated on examining the
corrosion behavior of carbon steel when exposed to either
amine solvents or CO5-laden amine solutions.
Amine-based CO, capture technology presents both sig-
nificant opportunities and persistent challenges [23, 164].
The tunability of amine chemistry allows for the design of
solvents tailored for enhanced performance, including faster
absorption kinetics through sterically hindered amines or
catalysts, improved CO, capacity to minimize circulation
rates, and reduced regeneration energy via phase-change sol-
vents and advanced stripping techniques [165, 166]. Com-
putational methods are accelerating the discovery of novel
amines with optimized properties [134, 167, 168]. Further
opportunities lie in process intensification, such as employ-
ing advanced packing materials and integrating renewable
energy for solvent regeneration. Addressing solvent degra-
dation and emissions through robust amine development,
solvent reclamation, and emission control strategies is also
crucial. However, the high energy penalty of solvent re-
generation remains a major obstacle, alongside challenges
related to solvent degradation from flue gas contaminants,
corrosion, solvent emissions, and the complexities of scal-
ing up the technology. High viscosity in some promising
solvents and limited long-term performance data also pose
significant hurdles. Overcoming these challenges through
sustained research and development is essential for realizing
the full potential of amine-based CO, capture [169, 170].

Cryogenic and hydrate-based techniques for CO, cap-
ture technology: Opportunities and challenges

As the urgency to mitigate anthropogenic CO, emissions
intensifies, innovative CO, capture technologies beyond
traditional amine scrubbing are gaining increasing attention.
Cryogenic and hydrate-based CO, capture methods offer
potentially attractive alternatives for specific applications
[171, 172]. Cryogenic separation, involving CO, condensa-
tion at low temperatures [173], can achieve high purity CO,
streams, while hydrate formation, where CO; molecules
are trapped within a water-based crystalline structure, of-
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fers the potential for energy-efficient separation [174, 175].
This part examines the fundamental principles, recent ad-
vancements, and challenges associated with cryogenic and
hydrate-based CO; capture techniques. Cryogenic separa-
tion technology operates on the principle of exploiting the
differing phase transition characteristics of various compo-
nents [176, 177]. This is achieved through a sequence of
processes involving compression, cooling, and expansion,
which facilitate the effective separation of these compo-
nents. The technology of cryogenic separation is charac-
terized by its relative simplicity, resulting in a CO, gas
that exhibits higher purity and is more amenable to trans-
portation [178]. In comparison to alternative separation
methods, this approach is also more environmentally sus-
tainable and non-corrosive [179]. It is also capable of elimi-
nating various other harmful gases, such as sulfur oxides,
mercury, and nitrogen oxides, among others. Cryogenic
separation technology possesses a well-established indus-
trial framework and can be readily scaled to meet industrial
demands. Nevertheless, the challenges posed by the ex-
tremely low temperatures, significant energy requirements,
and substantial capital expenditures associated with the
equipment necessary for the CO, gas condensation process
hinder its advancement. Zhang et al. introduced a hybrid
system that integrates cryogenic separation for carbon cap-
ture with liquid air energy storage (CS-LAES), achieving a
CO; capture efficiency of 99.97%. However, this system is
associated with significant energy demands. This indicates
that substantial advancements are necessary before cryo-
genic separation technology can be broadly implemented in
industrial applications [180].

Gas hydrate is classified as a clathrate compound, character-
ized by a cage-like crystalline structure that emerges from
the interaction of small gas molecules with water under spe-
cific temperature and pressure conditions [181]. The water
molecules serve as the framework for these cages, forming
intricate structures through hydrogen bonding. Within these
cages, gas molecules are accommodated, engaging with the
host water molecules via van der Waals forces, resulting
in a relatively stable non-stoichiometric crystal formation.
To date, three distinct types of hydrate crystal structures
have been identified: type I, type II, and type H. The pro-
cess of separating compound gas mixtures involves utilizing
the varying degrees of difficulty with which different gases
form hydrates, thereby facilitating effective separation [31].
The hydrate-based gas separation (HBGS) technology of-
fers notable benefits, including a substantial capacity for gas
storage and the ability to reversibly form and decompose
hydrates. Consequently, this technology has emerged as
a promising method for capturing CO, [183? -185]. In
the process of capture, CO, molecules, characterized by
their small size and non-polar nature, are particularly well-
suited for occupying the larger cages within the hydrate
structure [186]. When compared to other gases present in
the mixture, the phase equilibrium pressure of CO, hydrate
at ambient temperature is below 10 MPa, which leads to a
considerably reduced formation pressure for CO, hydrate.
This phenomenon enhances the affinity of CO, for occu-
pying appropriate cages within the hydrate crystal lattice.
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During the release phase, pure CO, gas can be extracted
by dissociating the CO; hydrate cages, while the water is
subsequently returned to its liquid state [187].

Mixed-matrix membranes (MMMs) techniques for CO,
capture technology: Opportunities and challenges

Mixed-matrix membranes (MMMs) have emerged as a
promising class of materials for CO; capture, aiming to sur-
pass the limitations of conventional polymeric membranes
[182]. The escalating urgency to mitigate greenhouse gas
emissions has spurred extensive research into advanced sep-
aration technologies, with membrane separation offering
a potentially energy-efficient and cost-effective alternative
to traditional methods. MMM, designed by incorporating
porous fillers into a continuous polymer matrix, seek to
combine the favorable processing characteristics of poly-
mers with the superior separation performance of inorganic
materials [188, 189]. This approach allows for the creation
of tailored membranes with enhanced CO; permeability,
selectivity, and mechanical stability, addressing key chal-
lenges in CO; capture from flue gas and other industrial
sources. This work presents a comprehensive exploration
of recent advances in MMM s for CO; capture, focusing on
the influence of filler material, polymer matrix, and mem-
brane fabrication techniques on separation performance.
Following the seminal evaluation conducted by Okumus
et al. [190] regarding the potential applications of mixed
matrix membranes (MMMs), several significant review arti-
cles have emerged . These publications categorize MMMs
into three distinct types: liquid-polymer [191, 192], solid-
polymer [193], and solid-liquid polymer MMMs [194, 195].
In recent years, there has been a growing interest in the de-
velopment of solid-polymer MMMs [196-203]. Solid fillers
that utilize a polymer matrix in multifunctional materials
(MMMs) can be categorized into conventional types, includ-
ing carbon molecular sieves (CMSs), silicas, and zeolites, as
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well as innovative types such as carbon nanotubes (CNTs),
metal-organic frameworks (MOFs), graphene oxides (GO),
spherical materials, layered materials, and delaminated ma-
terials [182]. The structural representations of several of
these materials are illustrated in figure 32.

Mixed-matrix membranes (MMMSs) hold considerable
promise for revolutionizing CO, capture, offering opportu-
nities to surpass the limitations of conventional polymeric
membranes [40]. Their design, which strategically incor-
porates porous fillers within a continuous polymer matrix,
aims to synergize the processability of polymers with the
superior separation capabilities of inorganic materials [204].
This approach holds the potential to create membranes with
tailored properties, notably enhanced CO, permeability,
selectivity, and mechanical stability, addressing key chal-
lenges in capturing CO; from various industrial sources.
However, the path to widespread adoption of MMMs is
not without its challenges. Achieving uniform filler disper-
sion within the polymer matrix remains a critical hurdle, as
filler agglomeration can lead to defects and reduced sepa-
ration efficiency. Poor compatibility between the filler and
polymer can also create interfacial voids, compromising se-
lectivity and mechanical strength. Furthermore, increasing
filler loading to enhance performance can lead to processing
difficulties and embrittlement. Ensuring long-term stabil-
ity under real-world conditions, along with scalable and
cost-effective fabrication methods, are also key challenges
that need to be addressed. Despite these obstacles, the po-
tential benefits of MMMs in terms of energy efficiency,
cost-effectiveness, and versatility make them a compelling
area of research and development for advanced CO, capture
technologies [95, 205].

COOH HO

CNT

Figure 32. The chemical structure of graphene oxide, UIO-66, MIL-100 (Fe), HKUST-1, ZIF-8, and CNTs as fillers in MMMs for CO, capture
technology [American Chemical Society, copyright 2023, with permission of open access] [182]
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Deep eutectic solvents (DESs) techniques for CO; cap-
ture technology: Opportunities and challenges

The utilization of deep eutectic solvents (DESs) for CO,
capture represents an innovative approach that employs
an economical and eco-friendly solvent to effectively ex-
tract CO; from exhaust gases [206, 207]. DESs are classi-
fied as low-transition temperature mixtures (LTTMs), cre-
ated by combining two or more solid and/or liquid sub-
stances in precise molar ratios, resulting in a mixture with
a melting point that is lower than that of its constituent
components [208]. A class of solvents suitable for an in-
tegrated capture—desorption—bio-fixation process includes
DESs. One of the primary benefits of DESs is their ability
to be functionalized or tailored to specific applications. In
this context, carbon dioxide is sequestered within the eu-
tectic structure created by hydrogen bonding interactions
between the hydrogen bond acceptor (HBA) and the hydro-
gen bond donor (HBD), facilitated by weak physical inter-
actions such as van der Waals forces. DESs are emerging as
a promising class of solvents for CO, capture, presenting
both significant opportunities and considerable challenges.
Their key advantage lies in their tunable properties, low
cost, and biodegradability, offering a greener alternative to
traditional amine-based solvents. By carefully selecting the
components of the eutectic mixture, DESs can be tailored
to exhibit high CO, solubility and selectivity under specific
operating conditions. However, the application of DESs
for CO, capture is not without its difficulties. One major
challenge is their relatively high viscosity, which can hinder
mass transfer and increase energy consumption during the
absorption and desorption processes. Furthermore, the long-
term stability of DESs in the presence of moisture and other
flue gas components needs to be thoroughly investigated to
ensure reliable performance. The design and optimization
of efficient CO, absorption processes using DESs require a
deeper understanding of their thermodynamic and kinetic
properties, as well as the development of appropriate pro-
cess configurations. Despite these challenges, the potential
benefits of DESs in terms of cost, environmental impact,
and tunability make them a valuable area of research for
next-generation CO, capture technologies. Further research
is needed to overcome the viscosity limitations, improve
stability, and optimize process design to fully realize the
potential of DESs for efficient and sustainable CO, capture
[209].

Metal organic frameworks (MOFs) techniques for CO;
capture technology: Opportunities and challenges

The reticular chemistry associated with metal-organic frame-
works (MOFs) has developed into a significant methodology
for the synthesis of porous materials, enabling the metic-
ulous design of their internal structures to tackle global
energy and environmental challenges [24, 210]. Among
these challenges, the capture and utilization of CO, emerge
as significant issues that the domain of MOFs is particu-
larly equipped to tackle [211]. The chemistry of MOFs has
advanced to a stage where it is possible to methodically
and logically adjust the relationship between the structure
of the MOF and its targeted properties [212]. In the last
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quarter-century, four significant advancements have posi-
tioned MOFs as viable contenders for applications related
to CO,. The initial aspect is the development and prolifera-
tion of reticular chemistry, which encompasses the design,
functionalization, and structural modification of porous,
crystalline, and extended solid materials. The application of
these structural design concepts has enabled the utilization
of MOFs in various elements of CO, capture. In the initial
stages of research in this domain, MOFs characterized by
extensive surface areas were employed for the purposes of
capturing, concentrating, and ultimately storing and trans-
porting CO,. The subsequent development has involved
leveraging the tunability of the internal pore environment
of MOFs to improve their affinity for selective CO, cap-
ture from mixed gas systems under low-pressure conditions
[213, 214].

The incorporation of amine groups within the MOF frame-
work (Amine functionalized MOFs) has proven to be a
highly effective strategy for enhancing CO, adsorption, par-
ticularly at low partial pressures relevant to post-combustion
capture [215]. Recent efforts have focused on developing
novel amine-functionalized MOFs with improved stability,
CO, selectivity, and regeneration properties. Examples in-
clude: a) MOFs with covalently grafted amines [216, 217];
b) MOFs with encapsulated amines [218, 219]; ¢c) MOFs
with diamine linkers [220, 221]. The presence of water
vapor in flue gas can significantly reduce the CO, cap-
ture performance of many MOFs (Water-Stable MOFs)
[219, 222,223]. Therefore, the development of water-stable
MOFs is crucial for practical applications. Recent research
has focused on: a) Synthesizing MOFs with hydrophobic
building blocks [224]; b) Modifying MOFs with protective
coatings [225, 226]; ¢) Designing MOFs with water-tolerant
pore structures [227]. Combining MOFs with other mate-
rials (MOF Composites), such as polymers [228], carbon
materials [229], or zeolites [230], can lead to synergistic
effects and improved CO, capture performance. Examples
include: a) Mixed-matrix membranes (MMMs) incorporat-
ing MOFs; b) MOF-carbon composites; ¢) MOF-zeolite
composites.

Despite the significant progress in MOF-based CO, cap-
ture, several challenges remain: I) Cost: The high cost of
some MOF materials and synthesis procedures can be a
barrier to widespread adoption. Future research should fo-
cus on developing cost-effective MOF synthesis methods
and exploring the use of inexpensive starting materials. 1)
Scalability: Scaling up the production of MOFs to meet the
demands of large-scale CO, capture applications is a major
challenge. Developing continuous and scalable MOF syn-
thesis processes is crucial. III) Long-Term Stability: The
long-term stability of MOFs under real-world conditions
needs to be further investigated. Developing robust MOFs
that can withstand exposure to moisture, contaminants, and
harsh operating conditions is essential. IV) Process Inte-
gration: Integrating MOF-based CO; capture into existing
industrial processes requires careful consideration of pro-
cess design, energy consumption, and economic feasibil-
ity. Economic feasibility pertains to the evaluation of the
cost-effectiveness of a proposed initiative or investment,
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confirming its financial viability in relation to the available
resources. Developing optimized process configurations
and regeneration strategies is crucial. The development of
novel materials, improved capture mechanisms, and opti-
mized process integration strategies will pave the way for
the successful deployment of MOFs for sustainable CO,
capture. Further collaborative efforts between researchers,
industry, and policymakers are needed to accelerate the tran-
sition from laboratory research to real-world applications
[231, 232].

Application of ionic liquids (ILs) for CO; capture tech-
nology: Opportunities and challenges

Numerous ionic liquids (ILs) exhibit significant promise
for CO;, capture technologies [233]. These ILs can be cat-
egorized into two distinct molecular structures: (I) protic
ionic liquids (PILs), which possess the ability to donate a
proton, and (I) aprotic ionic liquids (AILs), which lack this
proton-donating capability [234]. The initial investigations
into CO, capture utilizing ILs primarily concentrate on the
effectiveness of carbon dioxide uptake (UPcq, ) through a
diverse range of physically non-grafted ILs [235]. Stud-
ies have indicated that the interactions between the anionic
component of the IL and CO; significantly influence UPco,,
particularly when contrasted with conventional solvents like
toluene and n-hexane [13, 236-239]. Standard ILs, exem-
plified by [EMIM][Tf,N], exhibited a notable capacity for
carbon dioxide uptake across various operational conditions.
In contrast, conventional molecular solvents displayed con-
siderable carbon dioxide uptake primarily at elevated to
moderate pressures. The field of ILs for CO; capture has
witnessed significant advancements in recent years, with
research efforts focused on improving CO, absorption ca-
pacity, selectivity, and process efficiency [240, 241].

A major focus has been on the development of function-
alized ILs, where specific functional groups are incorpo-
rated into the IL structure to enhance CO, interactions.
These functional groups can include amines, amino acids,
and other COj-reactive moieties. In addition, amine-
functionalized ILs exhibit enhanced CO, absorption capac-
ity due to the chemical reaction between CO, and the amine
group. Recent research has focused on optimizing the amine
functionality and improving the stability and regeneration of
these ILs. For example, studies have explored the use of ster-
ically hindered amines to improve CO, desorption kinetics
[242, 243]. Moreover, amino acid-functionalized ILs offer
a biocompatible and environmentally friendly alternative to
traditional amine-based solvents [244]. Recent studies have
investigated the CO, absorption performance of various
amino acid-functionalized ILs and their blends with other
solvents [245, 246]. Furthermore, Task-Specific Ionic Lig-
uids (TSILs) are designed with specific functional groups
tailored for particular CO; capture applications [247-249].
This approach allows for fine-tuning of the IL properties to
optimize CO; absorption and selectivity. The development
of TSILs with high selectivity for CO, over N is crucial
for post-combustion CO, capture from flue gas. Recent re-
search has focused on designing TSILs that exploit specific
interactions between CO; and the IL, such as quadrupole
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interactions or hydrogen bonding. Supported Ionic Liquid
Membranes (SILMs) consist of a thin layer of IL supported
on a porous membrane [250-252]. This configuration com-
bines the advantages of ILs with the membrane separation
technology, offering potential for high CO, flux and selec-
tivity. Recent advances include: I) Developing novel mem-
brane supports with high porosity and mechanical strength;
II) Improving the long-term stability of SILMs; III) Explor-
ing the use of functionalized ILs in SILMs.

A comparison viewpoint between presented technologies
based on economic factors for CO, capture

Selecting the optimal CO; capture technology demands a
comprehensive evaluation, weighing not just capture ef-
ficiency and scalability, but crucially, and the economic
realities of implementation [253]. Functionalized graphene,
while offering a tantalizing prospect due to its high sur-
face area and tunable properties, faces hurdles regarding
production costs and long-term durability in industrial en-
vironments. A rigorous economic analysis is essential to
determine if its performance gains justify the investment.
Amine-based solvents, a more established technology, bene-
fit from a mature understanding of their performance charac-
teristics; however, their energy-intensive regeneration pro-
cess and potential for corrosion vulnerabilities necessitate a
careful economic analysis to optimize operational expenses
and mitigate potential long-term liabilities. Cryogenic and
hydrate-based techniques, known for their potentially high
CO, capture rates, are burdened by significant energy de-
mands and complex infrastructure prerequisites, demand-
ing a thorough economic analysis to assess their competi-
tiveness against alternative methods [254]. Mixed-matrix
membranes (MMMs) seek to capitalize on the combined
advantages of polymers and inorganic materials, but the
challenges associated with their fabrication and ensuring
long-term performance stability necessitate a detailed eco-
nomic analysis to ascertain their overall cost-effectiveness
and reliability. Deep Eutectic Solvents (DESs) offer an at-
tractive alternative, boasting low cost and tunable properties;
however, their limited CO, capacity relative to other options
and potential viscosity-related operational issues must be
subjected to a rigorous economic analysis. Metal-Organic
Frameworks (MOFs), lauded for their exceptional surface
areas and design flexibility, face challenges related to their
high synthesis costs and sensitivity to moisture, making a
detailed economic analysis imperative to gauge their viabil-
ity for large-scale deployment [255].

At present, amine-based solvents likely represent the most
readily deployable solution for industrial CO;, capture,
leveraging existing infrastructure and operational exper-
tise. However, technologies such as MOFs and advanced
membrane systems hold considerable promise for the future.
Continued research and development efforts focused on re-
ducing costs and enhancing the stability of these emerging
technologies could very well alter the landscape. Ultimately,
a comprehensive lifecycle economic analysis, tailored to the
specific requirements of each industrial application, is cru-
cial for making informed decisions regarding the selection
and implementation of the most sustainable and economi-
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cally sound CO; capture technology.

A short review on practical successful CO, capture tech-
nology around the world

As the impacts of climate change increasingly threaten our
environment, researchers and policymakers are urgently
seeking strategies to mitigate our carbon emissions. One in-
novative approach gaining traction is carbon dioxide capture
technology. This method entails the extraction of carbon
emissions generated by industrial activities, followed by
their transportation to designated storage sites where they
are sequestered from the atmosphere. Various implementa-
tions of this technology have emerged worldwide, yielding
notable success stories. In this section, we will examine sev-
eral of the most effective CO, capture initiatives globally,
analyze the factors contributing to their success or failure,
and emphasize the opportunities for replicating these efforts.
Here, some of these successful projects are as follow: I) Pe-
tra Nova Plant, Texas, USA: Petra Nova stands out as one of
the most effective carbon capture initiatives worldwide, sit-
vated in Texas, United States. Initiated in 2017, this project
represents a partnership between NRG Energy and JX Nip-
pon Oil & Gas Exploration. II) Sleipner Project, North
Sea: The Sleipner Project, located in the North Sea, repre-
sents the inaugural commercial-scale initiative for carbon
capture. This project effectively captures carbon dioxide re-
leased during natural gas extraction and subsequently stores
it beneath the seabed. Since its inception in 1996, the Sleip-
ner Project has successfully sequestered over 25 million
tonnes of CO,. IIT) Gorgon Project, Australia: The Gorgon
Project represents a substantial initiative in carbon capture
technology, situated in Western Australia. This endeavor
involves the extraction of carbon dioxide from natural gas
production processes, subsequently sequestering it within
subterranean reservoirs. Its importance lies in its ability to
showcase the feasibility of implementing carbon capture
solutions on a large scale, even in isolated regions. IV)
Boundary Dam Power Station, Canada: The Boundary Dam
Power Station, located in Saskatchewan, Canada, represents
the inaugural commercial-scale initiative for carbon cap-
ture and storage associated with a coal-fired power facility.
This pioneering project successfully captures 90% of the
carbon dioxide emissions produced by the plant and sub-
sequently sequesters them underground. V) Quest Project,
Canada: The Quest Project, situated in proximity to Edmon-
ton, Canada, is an initiative focused on carbon capture and
storage. This project is designed to capture carbon diox-
ide emissions generated by a bitumen upgrading facility
and subsequently sequester these emissions deep within the
earth [37].

2. Conclusion

The pressing necessity to tackle the increasing levels of at-
mospheric CO; has driven the advancement of cutting-edge
carbon capture technologies, with functionalized graphene
emerging as a prominent option due to its remarkable
characteristics. This review has underscored the notable
progress made in utilizing functionalized graphene for
CO, capture, highlighting its extensive surface area, robust
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mechanical properties, and adjustable chemical function-
alities. These qualities establish functionalized graphene
as a flexible material that can significantly improve the
output of CO; capture processes in various industrial
settings. Investigating functionalization techniques has
been essential for enhancing the yield of graphene-based
materials. Recent research has shown that novel meth-
ods, including plasma treatment and the integration of
metal-organic frameworks (MOFs), can greatly boost the
CO, adsorption selectivity and capacity of functionalized
graphene. The capacity to modify the surface chemistry of
graphene with different functional groups has created new
opportunities for enhancing its interaction with CO,, thus
improving its effectiveness in practical situations where
other gases, such as nitrogen and water vapor, may be
present. Furthermore, the combination of functionalized
graphene with other advanced materials has yielded
encouraging outcomes in improving CO; capture efficiency.
Hybrid materials that merge the porous characteristics
of MOFs with the conductive features of graphene have
exhibited enhanced adsorption and regeneration capabilities.
This collaborative strategy not only leverages the strengths
of each component but also sets the stage for the creation
of next-generation carbon capture technologies that are
both effective and economically sustainable. Sustainability
is a critical factor in the development of CO, capture
technologies. As research advances, it is vital to assess
both the environmental implications and the economic
viability of functionalized graphene materials. Conducting
life-cycle assessments and cost-benefit analyses will help
ensure that the technologies created are not only efficient in
lowering CO; emissions but also environmentally sound
and economically viable. Furthermore, implementing
strategies for the recycling and reuse of functionalized
graphene can enhance sustainable practices in carbon
capture. The shift from laboratory research to practical
applications presents notable challenges. Pilot studies
play a key role in evaluating the operational effectiveness
of functionalized graphene across different industrial
settings.  Collaborative initiatives among researchers,
engineers, and industry partners will be essential for scaling
CO, capture technologies and incorporating them into
current infrastructures. Such partnerships can lead to the
creation of viable solutions that tackle the urgent issue of
climate change while fostering a sustainable low-carbon
economy. In summary, functionalized graphene holds
significant promise for CO, capture, with the ability to
greatly reduce greenhouse gas emissions. Ongoing research
and innovation in this area are crucial for realizing the full
potential of functionalized graphene and for formulating
effective carbon capture strategies that support global
decarbonization efforts. By concentrating on improvements
in functionalization methods, enhancing CO; selectivity
and sorption capacity, integrating with advanced materials,
ensuring sustainability, and applying findings in real-world
scenarios, the field can make meaningful strides in
addressing one of the most pressing challenges of our
era: climate change. The prospects for functionalized
graphene in carbon dioxide capture are promising, and
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through continued interdisciplinary collaboration, it has the
potential to significantly contribute to a sustainable and
low-carbon future.
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