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ABSTRACT: The current energy system is based largely on fossil fuels that emit carbon
dioxide (CO2) and contribute to global climate change. Global energy demand is
expected to increase, with growth approximately doubled by the year 2050 and tripled by
the end of the century. Therefore, research and development on emissions management
and carbon cycle solutions that meet energy sustainability is critical to reduce the effects
of global warming. The key point of this literature review is the selection of suitable
materials for carbon capture. The selection is based on the consideration that the CO2
reduction properties are influenced by the type of material/composite that is being used,
the preparation, and the possible characterization method. This Review covers graphene-
based materials and their composites as appropriate materials for reducing CO2 and their
performance assessment through experiments and theoretical analysis. It is very important
to improve the efficiency performance of materials and its scalability. Recently, graphene
has become a widely used material for environmental applications, one of which shows
good performance in reducing CO2 concentration. To separate CO2, graphene has been developed and is now being showcased and
reviewed in this study. Given the measuring technique used, this Review is intended to be a valuable resource for individuals
researching CO2 separation employing graphene material in combination with other materials.

■ INTRODUCTION
Human activities release more carbon dioxide (CO2) into the
atmosphere than can be absorbed by natural processes. This
leads to increasing levels of CO2 in the atmosphere every year.
According to NOAA’s Mauna Loa Atmospheric Baseline
Observatory measurements, the peak of CO2 concentration in
August 2023 was 419 ppm.1 Fossil fuel combustion for
transportation, energy production, cement production, defor-
estation, and agriculture are among the activities that
contribute to CO2 pollution. Those can cause CO2 trapping
in the atmosphere, prevent it from escaping into space, and
result in a continuous warming of the Earth. This could trigger
various weather impacts, including periods of extreme heat,
droughts, forest fires, increased rainfall, floods, and tropical
storm activity.2

The scientific design and engineering of CO2 conversion
systems has become one of the most pressing issues given the
global atmosphere with increasing CO2 concentrations and the
development of conversion systems into renewable energy.3

The quantity of anthropogenic energy-related CO2 that helps
to mitigate global climate change can be significantly reduced
through carbon capture and storage (CCS). Therefore, picking
a quality raw material is crucial for implementing this
technology. As shown in Figure 1, CO2 has the perfect
adsorbent characteristics. Adsorbent substances should typi-
cally be highly selectable, have high adsorption capacities, be
long-lasting, etc.4

There are several methods used to capture CO2 such as
adsorption,5 membrane separation,6 absorption,7 cryogenic
distillation,8 and chemical looping combustion.9 CO2 can be
converted into nontoxic chemicals to reduce emissions and
meet energy needs. Some of the methods used for CO2
conversion are electrochemical,10 catalytic,11 and photo-
catalytic.12−14 Photocatalysis is a highly effective method for
converting CO2 into valuable chemicals, including methane,
methanol, formaldehyde, ethanol, and hydrocarbons, which
have been identified.15 To cater demands of large-scale
industrial applications, chemical costs and energy consumption
must be minimized to the fullest extent possible.16 Various
adsorbent materials that have been developed recently are
zeolite,17 metal oxides,18 porous polymers,19 metal−organic
frameworks (MOFs),20 porous silica,21 and carbon materials.22

Graphene is a remarkable material with high conductivity,
tensile strength, and surface area, making it useful for a wide
range of applications. However, graphene tends to aggregate,
creating hydrophobic regions, so it is oxidized to produce
graphene oxide (GO) to reduce its conductivity and π−π
buildup. GO is highly functional and can be dispersed in water
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and organic solvents. Reduction of GO can improve its
electrical conductivity, leading to the formation of reduced
graphene oxide (rGO).23

The popularity of graphene-based materials stems from their
unique physical, chemical, structural, and morphological
characteristics, as well as their flexibility in processing and
functionalization. They are compatible with organic solvents,
have exceptional mechanical properties, and exhibit superior
resistance to aggressive acidic or alkaline conditions. Scientists
are extensively studying these materials for their potential
applications in various fields, including energy,24 sensing,25

water treatment,26 electronics,27 and material reinforcement.28

For CO2 separation applications, researchers are looking into
various graphene-based configurations, including laminated
graphene, nanoporous graphene, and graphene-based compo-
sites. For instance, CO2 can be effectively separated from a
variety of CO2 mixtures, including CO2/O2, CO2/CH4, CO2/
N2, and CO2/H2, using nanoporous graphene made from other
forms of carbon or through the reduction of GO.29

The chemical reduction of GO is a highly successful and
reliable method for producing nanosheets of rGO on a large
scale and at a low cost. With the added advantage of chemical
modification of the rGO surface, this technique enables the
formation of composites with various materials. As shown by
extensive research in this field, graphene-based composites’
distinctive electronic and optical characteristics make them
highly desirable for a variety of potential applications.30

Review articles for CO2 reduction should be published more
frequently. Previously there had been a journal review that
used amine-functionalized materials for CO2 capture.31

However, amine materials are not environmentally friendly
so environmentally safe materials are still being studied. An
overview of the characteristics and difficulties of graphene and
GO-based membranes for gas separation was given by Yoo et
al. in 2017,32 while in 2020, Khandaker et al.33 investigated

carbon nanomaterials, mesoporous materials, biochar and
activated biochar, and activated carbons for CO2 capture.
Singh et al.29 also reported a review in 2021 on gas separation
with graphene-based membranes. However, after examining
these reports, which primarily focused on gas separation in
general, a comprehensive review of CO2 reduction by graphene
is urgently needed, given the rapidly evolving field of carbon
capture.
This article will review 15 journals34−48 on the performance

of graphene composite with other materials for carbon capture.
The methods of CO2 capture that will be reviewed in this
systematic review are adsorption, photocatalytic, and mem-
brane separation. Adsorption uses adsorbents to reduce CO2,
membrane separation uses polymers to filter CO2, and
photocatalysis uses light energy to reduce and convert CO2
to fuel cells. Each journal discusses graphene synthesis
approaches, CO2 measurements, and its performance in
reducing CO2.

■ METHODS
This Review aims to determine the performance of graphene-
based composites in reducing CO2. The selection of a suitable
material can initiate a promising carbon capture technology. It
can be used to solve environmental problems. The systematic
review refers to a PRISMA 2020 flow diagram49 consisting of
three steps to achieve this goal: identification, screening, and
included, as shown in Figure 2.
The first step was to identify the database. Searches were

carried out on ScienceDirect, Scopus, and Springer by entering
keywords that are the topics of the research to be reviewed.

Figure 1. Standards for an optimal adsorbent for CO2 capture. Adapt
with permission from ref 4. Copyright 2021 Elsevier.

Figure 2. PRISMA 2020 flow diagram for systematic reviews. Adapt
with permission from ref 49. Copyright 2021 Elsevier.
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Some keywords were determined from research objectives.
Keywords consisting of graphene composites (including GO,
reduced GO, etc.) and carbon capture were entered into the
search process.
From this search, 28 529 documents were found, namely

21 532 on ScienceDirect, 127 on Scopus, and 6870 on
Springer, which then proceeded to the screening stage.
In this section, the total number of identified documents was

used to determine the year of publication. In each search, the
years of publication were restricted to 2018−2022. As a result,
there were 17 194 documents from ScienceDirect, 82 docu-
ments from Scopus, and 5373 documents from particular
Springers. The remaining documents were then filtered by
paper type to include only research papers. There were 9939
ScienceDirect articles, 71 articles on Scopus, and 3233 articles
on Springer when filtering only “research articles” was taken
into account. Since there are still many selected article
candidates, the screening process was carried out by selecting
the subject area Chemical Engineering, which is related to the
topic to be reviewed. Chemical engineering focuses on
developing efficient and sustainable chemical processes to
reduce CO2 emissions. This can involve gas separation
technologies, catalysis, and the development of environ-
mentally friendly reactors.
Using that screening process, 3169 documents from

ScienceDirect, 29 from Scopus, and 1432 from Springer were
found. Then, checking the title and abstract was the next step
in screening. For full-text analysis, the title and abstract were
included if they contain one or more keywords or search terms.
As a result, this step removed 4532 articles and left only 98
articles. Out of the 98 articles, only 15 articles were selected
because there were several duplicate articles, and several
articles needed to be selected considering the results of their
research, making it difficult to review with other articles.
After thorough text analysis, there were 15 articles chosen

for this investigation. The outcomes of materials composited
with graphene to reduce CO2 are described in these articles.

Besides being influenced by the material, the results are also
affected by temperature, pressure, and humidity during the
experimental process.

■ SYNTHESIS OF GRAPHENE
This research uses graphene-based composites. Graphene
consists of derivatives such as graphene oxide (GO), reduced
graphene oxide (rGO), and graphene modified with various
materials.
Several journals reported GO prepared by using the

Hummer method. F. E. Che Othman et al.45 synthesized
graphene oxide using Hummer’s method. In that work,
graphite powder and NaNO3 were mixed with concentrated
H2SO4 and stirred at <20 °C. Then, KMnO4 was added,
stirring the mixture for 30 min before quenching with DI
water. Furthermore, the solution was heated to 98 °C and
stirred overnight. After that, H2O2 and a HCl solution (5%)
were added to eliminate metal ions. The substance was
washed, filtered, and dried under a vacuum to obtain GO. The
rGO was obtained through thermal reduction and exfoliation
of GO at >800 °C. Several studies have also reported rGO
synthesized by various methods, namely solvothermal37 and
hydrothermal,41 as shown in Figure 3.
In another study, W. Ren et al.46 used graphene aerogel

(GA) as a composite base material. After mixing GO
dispersion with L-ascorbic acid at 95 °C for 25 min, partially
reduced graphene hydrogel (GH) was created. GH was frozen,
melted, and left to concentrate for 10 min. After washing with
ethanol, GH was dried at 60 °C for 12 h to produce GA. GO
was modified by Y. Zhao et al.34 by adding L-arginine, resulting
in GO-Arg (GO-L-arginine). The synthesis of GO-Arg
involved mixing 0.2 g of GO powder and 6 mmol of L-
arginine dissolved in 60 mL of NaOH and stirring for 12 h,
with the suspension fully reacting to form a sodium arginate
solution. The end product was obtained as black solid particles
through centrifugation and referred to as GO-Arg. R. Casadei
et al.43 synthesized porous graphene oxide (PGO). To prepare

Figure 3. Synthesis of a graphene-based composite with TiO2 using a hydrothermal method.
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PGO, 2 mg/mL of GO dispersion was sonicated for 30 min,
and NH4OH and H2O2 were added in a 20:1:1 ratio at 50 °C.
Then it was stirred for 5 h and centrifuged at 12 000 rpm for 1
h. Furthermore, the mixture was redissolve in DI water and
dialyzed for 3−4 days while monitoring the pH until it reached
7.
Other studies have also reported modified GO without

adding other materials. A. M. Varghese et al.47 made UV-GO
by exposing GO to a UV light for varying amounts of time with
an intensity of 0.76 W/m2 at 40 °C. H. Kweon et al.48

synthesized two types of graphite oxides (GOs): partially
oxidized GO (P-GO) and highly oxidized GO (H-GO).
Preoxidation of H-GO was performed before it underwent a
further 4 days oxidation process using a 1:6 mass ratio of
graphite to oxidant. The 460 mL of concentrated H2SO4, 60 g
of KMnO4, and 10 g of graphite were combined to create P-
GO. Both samples were washed with a 1:10 HCl solution,
filtered, and dried at either room temperature or 80 °C to
remove any remaining metal ions. To get rid of metal ions and
acid, the GO products were dialyzed.

■ VARIOUS METHODS FOR CARBON CAPTURE
To properly evaluate the viability of graphene composites for
carbon capture, a thorough analysis of various measurements
must be conducted. This analysis should include a comparative
performance assessment of critical factors such as adsorption,
gas permeation, and photocatalytic reduction.
Adsorption. Adsorption methods in CO2 capture have an

advantage. This method is widely studied for its broad
operating range, low energy consumption, and ease of
implementation.37,38 The problem is although a CO2
adsorbent is both efficient and stable, it is important to note
that adsorption only works until the adsorbent reaches a
saturation. In the adsorption method, CO2 attached to the
porous surface of the adsorbent will be adsorbed to reduce
CO2, as shown in Figure 4. To prevent the graphene-based
adsorbent from saturation, graphene is composited with other
materials to increase its absorption capacity.

Several studies have used adsorption methods for carbon
capture as in the experiments utilizing a homemade break-
through curve, as in Table 1. Y. Zhao et al.34 analyzed a CO2
adsorption using gas-by-gas chromatography (GC9790II).
Experiments were conducted in the study at three different
temperatures (25, 50, and 70 °C) and flow rates (40, 60, and
80 mL/min). Additionally, based on the ideal temperature and
gas flow rate for each sample, the CO2 adsorption capabilities

of the samples were assessed under three different humidities
(15, 45, and 55%). In order to determine how humidity would
affect the gas flow, water vapor was added. One gram of
adsorbent was put into each sample column. All synthetic
MOF samples were subjected to breakthrough measurements
to examine the dynamic CO2 adsorption capacity using a
binary gas mixture that contained 15% CO2 and 85% N2,
which was representative of the industrial flue gas streams from
power plants at ambient temperature and pressure.
MOF/GO-Arg had the highest CO2 adsorption capacity at

50 °C, with a saturation capacity of 3.371 mmol/g. The order
of adsorption capacities was MOF/GO-Arg > MOF/GO >
Cu-BTC (also known as HKUST-1 or MOF-199). Lower flow
rates resulted in longer contact time and higher adsorption
capacity. At higher flow rates, the adsorption amounts
decreased and breakthrough times shortened. Comparing the
three adsorbents’ CO2 adsorption performances, all three had
faster breakthroughs under 55% humidity than other levels.
The fastest breakthrough was achieved by Cu-BTC and the
slowest by MOF/GO-Arg. Small amounts of water encourage
CO2 adsorption, but large amounts of water vapor reduce
effectiveness. CO2 adsorption decreased from 3.371 to 2.511
mmol/g at 55% humidity.34

Y. Wang et al.40 tested how much CO2 can be absorbed by
specific samples at different pressures and temperatures in a
setup as shown in Figure 5. They used nitrogen-doped
polyphenylene/GO composites to N-doped activated carbon
(APG). They found that all samples had a high capacity for
CO2 at low pressure due to chemical adsorption, but the

Figure 4. Mechanism of CO2 adsorption by graphene-based
composite.

Table 1. Adsorption Data of CO2 Separation from
Graphene-Based Composite

graphene
composites

CO2 uptake
(mmol/g)

pressure
(bar)

temperature
(°C) ref

MOF/GO-Arg 3.371 50 34
PpPDA/rGO(APG-
1%)

4.65 5 25 40

rGO/NPC-600-2-1 5.77 25 41
rGO/ACNF0.1 58 15 25 45
CuBTC/GA-IL 3.71 1 46
LDH/GO01 4.51 36
GO(0.25)/MR-500 5.21 44
HKUST-1@10UV-
GO

9.50 1 0 47

Figure 5. Setup for adsorption of CO2.
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increase slowed at higher pressure, likely due to physical
adsorption. Specifically, at a temperature of 298.15 K and
pressure of 5 bar, APG-1% (1% represents GO mass ratio)
shows the best performance with a CO2 capacity of 4.65
mmol/g. Moreover, it is essential to note that various pyrolysis
temperatures and KOH additions were tested. It is worth
mentioning that APG-1%-600-0 (1% represents GO mass
ratio, 600 represents pyrolysis temperature (°C), and 0
represents KOH mass ratio) without an activator exhibits a
meager CO2 adsorption capacity of 1.71 mmol/g, with a
surface area of only 235.7 m2/g. However, an excessive amount
of KOH (APG-1%-600- 4) in the pyrolysis process may lead to
the destruction of micropores and the formation of a
macropore structure (pore size = 74.3 nm), resulting in
reduced surface area and pore volumes. Besides, the pyrolysis
temperature is a crucial factor affecting the degree of activation.
It is observed that a large surface area is related to a high CO2
adsorption capacity, and the appropriate temperature and
KOH amount lead to a larger surface area. Nevertheless, APG-
1.5% (1011.9 m2/g) and APG-1%-600-2 (1059.7 m2/g) have
relatively low capacities of 3.94 and 3.95 mmol/g, respectively.
The reason for this can be traced back to the overreaction
which has resulted in a relatively low N content.40

J. Xiao et al.41 used rGO/N-porous carbon to examine the
static CO2 adsorption of all samples at 298 K under 500 KPa.
It was found that raising the activation temperature from 400
to 600 °C significantly improved the activated samples’ CO2
adsorption capabilities. When the activation temperature was
raised to 700 °C, there was a slight decrease, though. This
trend continued as the mass ratio of KOH activator and GO
addition was increased. In general, it can be said that under the
same circumstances, a material’s porous structure and chemical
properties are closely related to its ability to absorb CO2.
The maximum adsorption capacity of rGO/NPC-600-2-1

(600 for activation temperature at 600 °C, 1 indicates the
amount of graphene oxide addition at 1% of the total mass of
glucose and dicyandiamide, 2 indicates the mass ratio of
potassium hydroxide to carbon composite material precursor)
was 5.77 mmol/g41, it should be noted. A control sample,
rGO/PC-600-2-1, was prepared and used without N doping to
evaluate the effect of N heteroatoms on increasing CO2
adsorption capacity.
When compared to the rGO/NPC-600-2-1 sample under

identical adsorption conditions, the nitrogen-free rGO/PC-
600-2-1 sample’s CO2 adsorption capacity at 298 K and 500
kPa was significantly lower at 2.0756 mmol/g. According to
the data, the rGO/NPC sample’s ability to adsorb CO2 is
directly correlated with the heteroatom N’s presence.41

To analyze the sample’s adsorption isotherm, they utilized
three models: Langmuir, Redlich−Peterson, and Freundlich.
To study how temperature affects the efficiency of CO2
adsorption for rGO/NPC-600-2-1, they also experimented at
323 K. For rGO/NPC-600-2-1, the maximum CO2 equili-
brium adsorption rates were 5.77 mmol/g at 298 K, 4.98
mmol/g at 308 K, and 4.24 mmol/g at 323 K. The exothermic
nature of CO2 adsorption on rGO/NPC-600-2-1 is note-
worthy, and lowering the adsorption temperature can increase
the rate of adsorption.41

In their study, L. Ouyang et al.44 determined the static
equilibrium adsorption capacity of CO2 at 298.15 K (100/500
kPa). They used melamine−resorcinol−formaldehyde resin
composited with graphene oxide (MR/GO). All samples’
adsorption capacities were found to increase as pressure was

raised. GO (0.25)/MR-500 (0.25 is the amount of GO used in
weight %, and 500 indicates the activation temperature of 500
°C) demonstrated the best CO2 adsorption performance of the
samples, with a capacity of over 2.27/5.21 mmol/g. However,
it was discovered that GO (0.25)/MR without activation had
absolutely no capacity for CO2 adsorption. Additionally, the
CO2 adsorption capacities of GO (0.25)/MR-600 and GO
(0.25)/MR-700 decreased to 1.33/4.29 and 0.87/1.89 mmol/g
at 100/500 kPa, respectively, as the activation temperature rose
from 500 to 600 and 700 °C. The CO2 adsorption capacities of
MR-500 without GO and GO (0.375)/MR-500 were 0.19/
0.49 and 0.74/2 mmol/g , respectively. This trend, which was
discovered to be consistent with the samples’ surface area and
micropore volume, suggests that the CO2 adsorption capacity
may be improved with an increase in surface area and
micropore volume.
GO (0.25)/MR-500 displays fast kinetics of CO2

adsorption, reaching 90% within 2 min and 97% within 10
min. For CO2, the calculated equilibrium absorption capacity is
4.87 mmol/g, and the diffusion time constant is 2.11 min−1.
GO (0.25)/MR-500 is highly advantageous for reducing the
adsorption cycle time in potential practical applications due to
its quick kinetics. In addition to rapid adsorption kinetics, an
adsorbent’s CO2/N2 selectivity for CO2 capture is also crucial.
GO (0.25)/MR-500 exhibits a deficient N2 adsorption capacity
of 0.492 mmol/g (298.15 K and 500 kPa). The highest CO2/
N2 selectivity of 58 is reached at 20 kPa, gradually decreasing
to 39 at 100 kPa and 19 at 500 kPa. This selectivity level for
high-pressure CO2 adsorption is still significantly high
compared to the previously reported porous carbons. For
highly selective CO2 adsorption at low pressure, surface-doped
N, especially pyrrolic-N, offers a wealth of sites. Adsorption
was done at 298.15 K and high pressure (500 kPa), and in situ
regeneration was done at 373 K and in a vacuum to evaluate
the stability and recyclability of GO (0.25)/MR-500 in CO2
adsorption. After five adsorption−desorption cycles, GO
(0.25)/MR-500 continues to exhibit exceptional stability,
holding onto its 4.66 mmol/g CO2 adsorption capacity and
98.5% recovery rate.44

In the study by Y. Yang et al.,36 they utilized Shimadzu
automatic differential thermogravimetry (TGA, DTG-60H) to
evaluate the CO2 adsorption performance of GO in LDH
(layered double hydroxide)/GO composites. The LDH/GO
composites loaded with various amounts of alkali metal nitrates
((Li0.3Na0.18K0.52)NO3

−) had their ability to capture CO2
captured and evaluated. LDH/GO0.5’s CO2 uptake at
mLDH:mGO = 10:0.5 with (Li0.3Na0.18K0.52)NO3

− was only
0.35 mmol/g. The CO2 uptake initially decreased as the
amount of (Li0.3Na0.18K0.52)NO3

− loading increased. The
capacity of LDH/GO0.5 to adsorb CO2 increased from 0.35
to 3.13 mmol/g when the loading amount of (Li0.3Na0.18K0.52)-
NO3

− was raised from 10 to 30 mol %. However, when the
amount of (Li0.3Na0.18K0.52)NO3

− that was loaded was
increased further to 40 and 50 mol %, respectively, the CO2
uptake fell to 2.74 and 1.71 mmol/g. The CO2 uptake was 0.52
mmol/g among samples of pure LDH/GO0.7 at mLDH:mGO
= 10:0.7. The CO2 uptake was 0.52 mmol/g among samples of
pure LDH/GO0.7 at mLDH:mGO = 10:0.7. The capacity to
capture CO2 showed a pattern of rising and then falling as the
(Li0.3Na0.18K0.52)NO3

− loading amount gradually increased.
LDH/GO0.7’s CO2 uptake increased from 1.01 to 4.3 mmol/g
when the amount of (Li0.3Na0.18K0.52)NO3

− loading was
increased from 10 to 30 mol %. LDH/GO0,7’s ability to
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absorb CO2 decreased to 3.74 and 1.44 mmol/g, respectively,
as the loading capacity of (Li0.3Na0.18K0.52)NO3

− was further
increased to 40 and 50 mol %. LDH/GO1 can absorb up to
0.77 mmol/g of CO2. The increase in LDH/GO1’s CO2 uptake
from 2.58 to 4.51 mmol/g occurred when the loading amount
of (Li0.3Na0.18K0.52)NO3

− was increased from 10 to 30 mol %.
However, when it was increased to 40 and 50 mol %,
respectively, the LDH/GO1 CO2 sorption amount decreased
to 3.27 and 2.07 mmol/g.36

On a rig, static volumetric CO2 adsorption measurements
were reported by F. E. Che Othman et al.45 Prior to CO2
adsorption, the sample (0.5 g) was vacuum-dried for 12 h at
150 °C to remove moisture. For each test, the activated carbon
nanofibers (ACNFs) and CO2 were loaded into the adsorption
cell (AC) and loading cell (LC) until the desired pressures of
5, 10, and 15 bar, respectively, were reached. The gas
adsorption test was initiated as soon as the required pressure
was reached, and CO2 (adsorbates) and ACNFs (adsorbents)
were introduced in the AC by turning the valve between the
AC and LC. To determine the pristine and composite ACNFs’
adsorption capacities at low and moderate pressures, these
three pressures were used. Every 5 min until the pressure
reached equilibrium, the temperature in the AC and LC as well
as the pressure was recorded. When the temperature and
pressure remained constant for roughly 10 min, adsorption
equilibrium was reached. At room temperature and various
adsorption pressures, the CO2 adsorption performance of pure
ACNF and composite was examined as a function of time until
equilibrium was reached. At a pressure of 5 bar, rGO/ACNF0.1
(0.1 for the amount of rGO indicating 10% weight of rGO)
displayed the highest CO2 uptake among other composites,
almost doubling the uptake value of ACNF (41 vs 24 mmol/
g).45

All samples had consistent trends at all pressures. The fact
that CO2 uptake increased as adsorption pressure increased
suggests that the process of CO2 capture by this kind of
adsorbent is known as physisorption. Even though a moderate
SBET was obtained, it is interesting to note that the CO2
uptake of rGO/ACNF0.1 increased, making it a potentially
excellent future CO2 adsorbent with relatively higher
adsorption values compared to previously discovered CO2
adsorbent materials.
The N2 and CO2 adsorption isotherms of all samples were

measured by W. Ren et al.46 using a Quantachrome Autosorb-
iQ2 sorption analyzer at 298 K. To investigate the dynamic
adsorption performance of the adsorbents, breakthrough
experiments were conducted in a fixed adsorption bed. The
CO2 adsorption isotherms reveal that CO2 uptake of graphene
aerogel (GA) was significantly lower than that of CuBTC (also
known as HKUST-1 or MOF-199) by 0.34 and 3.01 mmol/g,
respectively. Due to the high pore volume of composites,
adding CuBTC to GA slightly improves its ability to absorb
CO2 (CuBTC/GA, 3.26 mmol/g). The low pore volume of
CuBTC/GA-IL (ionic liquid) causes its CO2 uptake to be less
than that of CuBTC-IL. However, CuBTC/GA-IL’s CO2
uptake is still greater than CuBTC/GA’s (3.71 vs 3.26
mmol/g), emphasizing the significance of IL addition in
enhancing CO2 adsorption capability. The CO2 uptakes of
CuBTC-IL and CuBTC/GA-IL are significantly higher than
their N2 uptakes, indicating their outstanding CO2/N2
performance, according to the experiment’s N2 and CO2
adsorption isotherms. The Ideal Adsorbed Solution Theory
(IAST) model predicted that the CO2/N2 selectivity of

CuBTC/GA-IL decreases with increasing pressure. This
model was based on the CO2 and N2 adsorption isotherms
of GA, CuBTC-IL, and CuBTC/GA-IL in a CO2/N2 mixture
(20/80% v/v). CuBTC/GA-IL has slightly better CO2/N2
selectivity at low pressure but is almost identical with CuBTC-
IL at 1 bar. CuBTC/GA-IL’s hierarchical pores make it more
favorable due to faster mass transfer, so both were used in
subsequent experiments.46

A. M. Varghese et al.47 conducted CO2 adsorption
performance tests using a Micromeritics 3Flex Analyzer in
static volumetric mode. The adsorbent within the analyzer was
subjected to various humidity levels. They used UV-GO and
GO to measure the CO2 adsorption isotherms of the pure
HKUST-1 and HKUST-1 hybrids at 25 °C and up to 1 bar of
pressure. Notably, the capacity of HKUST-1@GO was lower
than that of HKUST-1, whereas the capacities of both
HKUST-1@UV-GO hybrids were higher. The HKUST-1
hybrid with 10UV (10-h UV treatment)-GO demonstrated a
notable 45% (5.14 mmol/g) increase in capacity. At various
temperatures, they also measured CO2 adsorption isotherms
up to 1 bar. At temperatures of 0, 25, 40, and 60 °C, the 10UV-
GO MOF hybrid showed an increase in CO2 uptake of 30%,
45%, 49%, and 55% in comparison to the pure MOF. The
capacities at 0 °C were higher when comparing the adsorption
performance at various temperatures (9.5, 7.6, and 7.3 mmol/g
for the respective 10UV-GO MOF hybrid, 1UV-GO MOF
hybrid, and neat HKUST-1), indicating that lower temper-
atures favor physisorption, which dominates the adsorption
mechanism. The lack of strong binding causes the adsorbate
molecules to become more mobile and more likely to move
away from the surface at higher temperatures rather than
sticking to it. In this study, the HKUST-1@10UV-GO
adsorbent’s capacity at 0 °C and 1 bar was 9.5 mmol/g, the
highest of all the tested materials and conditions.47

Membrane Separation. A membrane is an indispensable
selective barrier that features pores, an ideal attribute for
isolating molecules or ions from a mixture. The mechanism of
CO2 separation using membrane separation is shown in Figure
6. Permeability and selectivity are the primary features
determining a membrane’s effectiveness. Selectivity is the
permeability ratio of more permeable components to less
permeable ones, whereas permeability refers to a substance’s
capacity to pass through a membrane. Higher permeability
lowers the membrane’s unit capital cost by reducing the
amount of membrane area required to treat a given volume of

Figure 6. Mechanism of CO2 separation in a graphene-based
membrane.
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gas. On the other hand, higher selectivity leads to purer gas
products.50−52

Membrane technology is highly advantageous for industrial
processes due to its benefits, including easy scalability, low
energy consumption, and simple operation.53 The absence of
phase change or chemical additives and its modular design
make it a popular choice in various fields, including water
treatment,52 gas purification,54 food processing,55 pharmaceut-
ical industry,56 and environmental protection.57

Membrane gas separation in the CCS field has received a lot
of attention in recent years. Gas selectivity varies depending on
molecular size, membrane material affinity, and molecular
weight.58 The gas is pressurized and connected to the
atmosphere or vacuum to achieve a high permeate flux to
create a greater driving force. However, given that the
membrane’s thickness is only a few hundred nanometers to a
few microns, it cannot withstand such pressure. To ensure
adequate mechanical strength, the membrane is typically
coated onto a thick porous substrate.59 Large pores that permit
the free flow of gas to penetrate the top layer are necessary for
the supporting substrate to provide the lowest possible flow
resistance. Cracking and peeling may happen if the pores are
too large and the substrate’s surface is too rough. It is possible
to achieve a more seamless transition between the substrate
and the membrane by using an interlayer with much smaller
pores.60

F. Zhou et al.35 measured membrane gas permeation
measurements using a gas permeation system they designed
in their laboratory. The hollow fiber membrane coating
module, which has a 1.35 cm2 membrane permeation area,
was housed in the stainless-steel filtration cell. They adjusted
the feed gases with different volume concentrations using a
mass flow controller (MFC) and helium as a sweep gas to carry
the membrane permeate gas for compositional analysis. They
tested dry and wet conditions, saturating the gases by bubbling
them through a humidifier before passing them through water
trappers (empty bottles filled with glass beads) to remove
liquid water before entering the hollow fiber membrane
permeation module. They calibrated the gas flow rates on the
feed and permeate sides with a bubble flow meter and adjusted
the feed pressure with a pressure regulator. To prevent
sweeping gas backflow, the feed pressure was kept low at 1 psi,
and the permeate pressure was set at atmospheric pressure. For
the feed side and the sweep side, they set the feed and swept
gas flow rates to 80 and 20 sccm, respectively.
Introducing a mixed gas (15 vol % CO2 and 85 vol % N2) as

the feed gas, the GO EDA (ethylenediamine) membrane
exhibited lower permeance for both gases than the previous
GO-piperazine membrane under dry conditions, with 780
GPU (CO2) and 820 GPU (N2) at room temperature. Under
the same coating conditions, this was primarily caused by the
thicker GO-EDA membrane layer, while the poly(ether
sulfone) (PES) support’s selectivity essentially remained
unchanged. The GO EDA membrane showed a CO2

permeance of 60 GPU and a CO2 selectivity of 70 at room
temperature under wet conditions, indicating that water
molecules adsorbed in the nanochannels of the GO-EDA
membrane produced significant resistance to N2 transport but
little resistance for CO2 permeation. To assess the impact of
temperature on the mixed gas separation capabilities of GO-
EDA membranes, the permeation temperature was raised.
While N2 permeability only slightly increased from 0.9 to 1.2
GPU, CO2 permeability increased exponentially from 60 GPU
(25 °C) to 660 GPU (75 °C)35 as shown in Table 2.
To evaluate the membrane performance, Y.-Y. Lee and B.

Gurkan39 utilized a stainless-steel permeation module to bond
the membrane. A mass flow controller was used to adjust the
flow rates of dry CO2, anhydrous N2, and water-saturated N2
while also controlling the temperature of the module. Air (410
ppm of CO2) and cabin air (2500 ppm of CO2) with varying
relative humidity levels were included in the simulated feed
gases. The fixed flow rates for the constant CO2/N2 feed and
helium sweeps were 150 and 10 cm3/min, respectively.
Atmospheric pressure was kept constant on both sides of the
membrane. Using a gas chromatograph, the sweep carried the
permeate gas for quantitative composition analysis.
The poly(ionic liquid)-ionic liquid/GO (PIL-IL/GO)

membrane demonstrated potential for the selective removal
of CO2 from ambient air and cabin air. Due to the semisolid
PES layer on the surface, the PES/PET (poly(ethylene
terephthalate)) substrate produced an unexpected CO2/N2
selectivity of 8. After GONF (The GO layer deposited on
PES/PET is referred to as GONF) deposition, CO2 and N2
permeability decreased, but the GONF layer’s high gas
permeability and low resistance were preserved. Under direct
air capture (DAC) conditions, the PIL-IL/GO membrane
displayed a CO2 permeance of 3090 GPU and a CO2/N2
selectivity of 1180. Similar results under spacecraft cabin
conditions were obtained with 620 GPU CO2 permeance and
250 GPU CO2/N2 selectivity. The N2 permeability was
effectively suppressed, and the facilitated transport mechanism
of PIL-IL/GO was confirmed at low CO2 concentrations.
While saturation of carrier reactive sites at high CO2
concentrations led to a downward trend in CO2 permeance,
the promising results of PIL-IL/GO suggest potential for
future applications.39

A semipermeable barrier is used in the membrane process to
physically separate certain chemicals as described by R.
Casadei et al.42 The substances that can penetrate the barrier
are accumulated in the permeate stream, while the others
remain in the retentate stream. A barometric technique is used
to monitor the pressure rise brought on by the permeating gas
in a downstream volume that is calibrated and constant to
determine the system’s permeability. Before conducting each
test, it is crucial to eliminate any absorbed volatile species by
placing the membrane in a permeation cell under vacuum for
the night. After equilibrating the membrane and the flow at the
needed relative humidity, the permeation test is initiated by

Table 2. Information on the Performance and Conditions of Each Graphene-Based Membrane for Separating CO2
graphene-composites CO2 permeability (barrers) CO2 permeance (GPU) CO2/N2 selectivity pressure (bar) temperature (°C) ref

GO-EDA membranes 660 75 35
PVAm-LG + 3% GO 71 59 42
PANI (2 wt %)/H-GO (1 wt %) 679 8.87 3 80 48
Pebax 2533/0.02% PGO 397 23.75 43
PIL-IL/GO 3090 1 22 39
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exposing the humidified feed gas to the upstream side of the
film The only substance that ultimately causes the pressure to
rise downstream is the gas under test because water is in
equilibrium on both sides of the membrane.
Based on the experimental data, polyvinylamine-high grade

(PVAm-HG) has a permeability of 4.2 barrers (relative
humidity (RH) = 56%) with no clear pattern observed. On
the other hand, PVAm-LG (low grade) has a CO2 permeability
range of 16.5 barrers (RH = 63%) to 73.8 barrers (RH = 93%).
Filling the same polymer with 3 wt % GO ranged from 1.7
barrers (RH = 53%) to 71.0 barrers at high humidity. A
PVAm-HG loaded with the same amount of GO, however,
showed carbon dioxide permeabilities of 1.6 barrers (RH =
75%) and 25.1 barrers (RH = 93%). The same matrix showed
values from 2.0 barrers (RH = 77%) to 23.1 barrers (RH =
92%) when loaded with multiple layers of graphene.42

According to the analysis of PVAm-LG and HG reinforced
with GO, the low-grade polymer had a lower CO2 selectivity of
about 60 and a higher maximum CO2 permeability of about 70
barrers when compared to the high-grade polymer. Compared
to the former, the latter had a lower permeability of 35 barrers
and a higher selectivity of about 80. This variation could be
brought on by the two composite materials’ various swelling
patterns, as was previously mentioned. According to this,
PVAm-LG + 3% GO is more hydrophilic than PVAm-HG
based composites. When the humidity was increased from 60%
to 95%, it was found that the selectivity for PVAm-LG + GO
varied from 3.1 to 59.2. In contrast, for PVAm-HG, this
amount ranged for the GO sample from 3.0 (RH = 75%) to
80.7 (RH = 95%) and for the graphene sample from 1.1 (RH =
82%) to 45.2 (RH = 95%).42

Experiments conducted by R. Casadei et al.43 at 35 °C
showed that adding graphene oxide substantially decreases the
permeability for CO2 and N2. The Pebax−based mixed matrix
membranes (MMM) showed decreasing permeabilities with
each increase in the percentage of GO, leading to notable
drops in CO2 and nitrogen from 365 to 51 barrers and 15 to 2
barrers, respectively. In the composites with lower loading,
there was only a very slight increase in CO2 permeability (371
barrers compared to 365 barrers measured for pure Pebax),
indicating that the observed trend was only an exception in
these composites. The reactions of various GO-based fillers,
such as PEAGO (GO functionalized with polyetheramine) and
PGO (porous graphene oxide), were tested in Pebax 2533
membranes blended with a loading of 0.02% by weight.
PEAGO and PGO both marginally enhanced the permselective
properties, with differences ranging from 4% to 8% (higher
than the acknowledged experimental error). When PEAGO
was added to the sample, the CO2 permeability increased to
380 barrers, and when PGO was added to the Pebax, it
increased even more to 397 barrers. Hence, it is evident that
GO-based fillers can significantly enhance the permselective
properties of Pebax membranes.
A study on pure gas permeability was carried out by H.

Kweon et al.48 at room temperature using the conventional
constant/variable pressure method. Additionally, they exam-
ined the ideal selectivity (CO2/N2) and pure CO2 and N2
permeabilities of PANI and GO/PANI membranes based on
their composition (GO:PANI ratio) at a feed pressure of 0.30
MPa. The CO2 permeability and CO2/N2 selectivity of PANI
membranes ranged from 172 to 208 barrers and 3.63 to 3.69,
respectively. The packing of the PANI polymer chains is
thought to be disrupted by the addition of GO, increasing the

free volume as a result. Additionally, increased gas diffusion
occurs within the GO/PANI membrane as a result of the
oxidized regions on the basal plane creating channels for gas
molecules to pass through.
Selectivity ought to decline while permeability ought to rise

as free volume rises. However, given that individual GO sheets
are only marginally thicker than CO2 and N2 gas molecules, the
effect of increasing free volume on selectivity may not be
significant. Instead, the artificially generated internal layer can
trap gas molecules. Therefore, the composite membrane with
GO may exhibit higher gas permeability capability but
comparable or slightly lower gas selectivity than the membrane
without GO if the number of functional groups in the GO layer
is controlled. The CO2 permeability of 679 barrers and a CO2/
N2 selectivity of 4.41, which are greater than those of the pure
PANI membrane, are produced by the mixture of 2 wt % PANI
+ 1 wt % H-GO (highly oxidized GO) in NMP solvent.48

Photocatalytic Reduction. Photocatalytic reduction
operates through an oxidation−reduction process that utilizes
photoenergy.61 This process is analogous to photosynthesis
and involves two fundamental steps: the absorption of CO2 by
photocatalytic materials, followed by conversion, and the
reaction between CO2 and photogenerated electron holes. The
amount of light energy necessary for a photocatalytic reaction
depends on the photocatalyst’s valence band and conduction
band, as well as the excitation and separation energies of
electron−hole pairs.62 When exposed to light with an energy
level that is equal to or higher than the band gap, electrons in
the photocatalyst crystal will either be excited or move from
the valence band to the conduction band, leaving holes in the
valence band. Depending on the difference in reduction
potential and the quantity of transferred electrons, photo-
generated electrons exhibit strong reduction ability in the
presence of H2O. Hydrocarbons like HCHO, HCOOH,
CH3OH, and CH4 are subsequently formed from the reduction
of CO2. Instead, because they can pick up electrons and release
O2, photogenerated holes exhibit strong oxidizing proper-
ties.63,64

Figure 7 depicts the photocatalytic conversion of CO2 using
transition metal oxides, which are the most frequently used
catalysts. The photocatalytic process was tested by A. W.
Morawski et al.37 using a batch-mixed photoreactor. An 8 W
Hg lamp (254 nm) was utilized as the irradiation source,
placed above a quartz glass window in the photoreactor cover.

Figure 7. Mechanism converts CO2 to other gases by photocatalytic
conversion.
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Gas chromatography equipped with a BID (barrier discharge
ionization detector) was used to analyze each gas sample. To
collect samples for analysis, the reaction mixture was exposed
to radiation for time intervals ranging from 0 to 8 h. Each
measurement was carried out in a repeatable manner.
Hydrogen was present during the process, which turned

CO2 into methane and carbon monoxide. In the presence of
TiO2/rGO photocatalyst and reference materials, the study
concentrated on the impact of irradiation time (0−8 h) on the
formation of gaseous products. In comparison to the initial
TiO2, only two samples, TiO2/rGO-10 (10% represents the
weight of the rGO mass) and TiO2/rGO-10-500 (500 °C
represents the calcination temperature), had higher yields of all
products. Generally, the TiO2/rGO-10 material demonstrated
the highest activity in all situations. The CH4, CO2, and H2
yields for this substance were 15.87, 2.98, and 113 mol/
photocatalyst after 8 h of radiation, respectively. Notably, the
photocatalytic performance of CO2 reduction was significantly
enhanced by the modification of rGO.37 In their study, L.
Wang et al.38 found that ZnO/graphene has a higher CO2
absorption capacity (0.021 mmol/g) compared to ZnO (0.015
mmol/g) due to the π−π-conjugation interaction between
graphene and CO2 molecules. The photocatalytic CO2
reduction (PCR) activity was evaluated under simulated
solar light irradiation, with CO, CH3OH, and CH4 identified
as the main reduction products.
ZnO exhibited evolution rates of 1.26 μmol/h for CO and

0.31 μmol/h for CH3OH, with trace amounts of CH4 also
detected. The evolution rates of these three reduction
products, however, significantly increased when the loading
amount of graphene was 0.4% (0.5 mL of benzene, ZnO/
graphene), reaching values as high as 3.38, 0.59, and 0.09 mol/
h, respectively. It is significant to note that the PCR results of
the samples (ZnO/0.8%graphene and ZnO/1%graphene)
degraded with increasing graphene content, which may be
related to the excessive shielding effect of graphene. Never-
theless, regardless of the loading content of graphene, the
evolution rate of each product obtained via ZnO/graphene is
higher than that of ZnO. The samples also contained the
primary oxidation product, O2, with ZnO/graphene having a
higher yield rate than ZnO.38

■ CONCLUSION AND PERSPECTIVE
CO2 released by human activities like burning fossil fuels and
deforestation is more than can be absorbed by natural
processes.65 As a result, the amount of CO2 in the atmosphere
rises and causes more severe weather conditions. Carbon
capture and storage (CCS) is a method to reduce CO2
emissions, and graphene-based materials are being studied
for their potential in applications such as CO2 separation.
Graphene is a material renowned for its exceptional physical
and chemical properties, but producing it on a large scale is a
challenging task. Fortunately, derivatives of graphene such as
GO and rGO can be produced on a larger scale. Depending on
the level of oxidation and the precise surface area of the smaller
GO sheet, GO has a low electrical conductivity and behaves in
an insulating or semiconductive manner. Although the
reduction of GO is a promising method for obtaining
graphene-like properties, rGO still contains oxygen residues
and structural flaws from the chemical oxidation synthesis of
GO, making the creation of a pure graphene structure
impossible.66 The reduction process significantly modifies the
GO’s mechanical strength, stability, dispersibility, reactivity,

and structural characteristics. The removal of oxygen-
containing compounds from the GO structure and restoration
of the sp2 structure following the reduction process is to blame
for this modification.67

A comprehensive review of CO2 reduction by graphene is
urgently needed. Graphene-based composites have been
studied extensively, with derivatives such as GO and rGO
being prepared through various methods. GO can be obtained
through the Hummer method or by adding L-ascorbic acid or
L-arginine to the GO dispersion. The rGO can be synthesized
through thermal, solvothermal, or hydrothermal reduction.
Other modified GO includes UV-GO, P-GO, and H-GO.
Porous graphene oxide (PGO) can be synthesized by
sonicating a GO dispersion with NH4OH and H2O2.
This Review thoroughly examines the latest breakthroughs

in carbon capture, specifically graphene’s efficacy in separating
CO2. It serves as a foundation for future research by merging
graphene composite separation technology, a highly efficient
substitute, with the currently booming use of graphene
material in various applications. The application of graphene
in reducing CO2 concentration was investigated by different
methods, namely adsorption, membrane separation, and
photocatalytic reduction. These three methods are the best
methods in carbon capture applications. Adsorption and
photocatalytic methods calculated decreasing CO2 concen-
tration, while the membrane method reported CO2 perme-
ability and selectivity of CO2/CH4 and CO2/N2.
Adsorption methods typically use materials with high

porosity for better CO2 adsorption, but the saturation limits
the adsorption process. The main challenge is to increase the
surface area and volume of micropores which can enhance
CO2 adsorption capacity.40 Graphene-based material with large
surface area is suitable for those purposes; therefore, it can
improve its capacity in CO2 adsorption. Photocatalysts usually
use semiconductor materials that can be active when
illuminated by photoenergy. Semiconductors will release
electron−hole pairs that will react with CO2 to form new
energy such as CH4, CH3OH, CO, etc. However, semi-
conductors usually do not have good conductivity so
compositing with graphene which has great conductivity will
improve its performance. Graphene-based membranes have
high strength and are resistant to pressure and stress. In
membrane separation, graphene has high molecular selectivity
to CO2. In addition, the thin graphene structure gives the
membrane a high permeability capability. Therefore, graphene
membranes can provide good CO2 permeation rates.68

Among the three methods for measuring CO2 separation
that were reviewed from 15 journals, there are promising
results. In the CO2 adsorption measurements, the rGO/
ACNF0.1 shows the best adsorption which was 58 mmol/g.45

In gas permeation measurements, there are two different
outputs: CO2 permeability and CO2 permeation. At CO2
permeability output, PANI (2 wt %)/H-GO (1 wt %) shows
the best result with 679 barrers, but the selectivity is very
low.48 Good selectivity is PVAm-LG + 3% GO, but the
permeability is low.42 For output CO2 permeation, the best is
PIL-IL/GO with 3090 GPU,39 and the last is photocatalytic
reduction measurement with the best result being ZnO/
graphene with 0.021 mmol/g.38

In carbon capture, parameters such as temperature, flow rate,
humidity, and pressure play important roles in adsorption,
photocatalytic, and membrane methods. Proper temperature
selection greatly affects CO2 reduction results. Previous
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research states that a temperature of 50 °C has more
adsorption results than temperatures of 25 and 100 °C.34
Other studies also mention the activation temperature at 600
°C is better than that at 400, 500, and 700 °C.41
At lower flow rates, CO2 gas particles have more time to

interact with the adsorbent surface and diffuse through the
adsorbent pores.34 This diffusion allows the gas molecules to
better penetrate the adsorbent pore structure and bond to the
adsorbent surface. Thus, the use of lower flow rates may match
the optimal conditions for CO2 adsorption. At higher
humidity, CO2 adsorption is better. This is because water
molecules (H2O) can react with CO2 to form carbonic acid
(H2CO3). This reaction can increase CO2 adsorption ability
due to additional interactions between carbonic acid and
adsorbent.69

At low pressures, there is high CO2 absorption because CO2
gas molecules interact with the surface of solids chemically,
thus forming chemical bonds with graphene and its composite
materials. However, at higher pressures, the increase in CO2
capacity slows down; this is attributed to the presence of
physical adsorption where CO2 molecules adhere to the
surface of solids without forming strong chemical bonds.40

From the results of the review we found that many things
can be developed for carbon capture applications. So far, as
shown in Figure 1 that low cost is one of the criteria in
selection adsorbent, the challenge is that the costs incurred are
large but the results obtained are very small so that it is not
effective (as in the conversion obtained only of the micro
order). By functionalized graphene and combining it with
other materials, it is expected to produce a low-cost material
that can effectively reduce CO2 emissions. This Review
highlights the opportunities in modifying graphene with
other materials, as well as the need for more effective methods.
Recently, there has been a lot of attention on graphene
material composited with amines, but there are still only a few
studies on it. Therefore, with a proper modification, this
material has the potential to be an effective material for CO2
separation.
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