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Abstract: Greenhouse gas emissions to the atmosphere have been a long-standing issue that has
existed since the Industrial Revolution. To date, carbon dioxide capture through the carbon capture,
utilization, and storage approach has been one of the feasible options to combat the strong release of
carbon dioxide into the atmosphere. This review focuses in general on the utilization of activated
carbon as a tool when performing the carbon-capture process. Activated carbon possesses a lower
isosteric heat of adsorption and a stronger tolerance to humidity as compared to zeolites and metal—-
organic frameworks, despite the overall gas-separation performance of activated carbon being
comparatively lower. In addition, investigations of the activation methods of activated carbon are
summarized in this review, together with an illustration of CO, adsorption performance, in the
context of process simulations and pilot-plant studies. This is followed by providing future research
directions in terms of the applicability of activated carbon in real CO, adsorption processes.
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1. Introduction

The emissions of greenhouse gases (GHGs) into the atmosphere have been a long-
standing issue over the years that has existed since the onset of the Industrial Revolution in
the 19th century. Carbon dioxide (CO,), which is classified as one of the major components
of GHGs, has experienced an increase in concentration throughout the entire timeframe,
with CO; concentrations surpassing 400 ppm since 2013 [1-3]. This has resulted in unde-
sirable consequences such as an increase in global temperatures, extreme weather events,
and global warming. Nevertheless, considering the fact that the utilization of alternative
renewable resources such as wind, tidal, and solar has been challenged by the difficulty to
ensure a consistent supply of energy resources [4,5], it is expected that in the upcoming
years, carbon-based fuels that are not limited to fossil fuels, coal, and natural gas, are
foreseen to be the major sources of energy generation. Thus, as the combustion of fossil
fuels has accounted for ca. 77% of the total contribution of CO, gas to the atmosphere [6],
efforts to mitigate such undesirable releases should be the main focus of attention. This
involves the use of carbon capture, utilization, and storage (CCUS) as an approach to
capture CO, before its emission into the atmosphere [7,8].

In general, the total cost of the CCUS process is driven mainly by the CO; capture step,
which accounts for approximately 70% of the overall system. Hence, it is highly desirable
to select an appropriate method to capture CO, at the lowest possible cost. It has been
observed that the utilization of scrubbing with the use of an alkanolamine-based solution is
a reliable approach for CO; capture in pilot and industrial operations [9-11]. However, this
unit operation has suffered from several shortcomings, namely a high energy penalty due
to the presence of water, which possesses a large heat capacity in the amine solution and
contributes to the corrosion of the vessel. As an illustration, the heat of sorption between
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amine and CO, was reported to range from —50 to —100 k] /mol at low CO; loading under
ambient conditions [12,13].

In this regard, alternative unit operations have been proposed as a tool for CO; capture.
This involves the use of solid porous adsorbents, which tend to demonstrate a much lower
energy penalty as compared to amine absorption [14,15]. This is attributed to the fact that
physical adsorption is the main mechanism of the CO; adsorption process. Furthermore,
porous adsorbents are fully applicable in the variation in the operating conditions of the
CO;,-containing feed gas stream; namely, postcombustion CO, capture, precombustion
CO; capture, and the biogas upgrading process. In addition, several porous materials have
been considered as potential candidates for effective CO, adsorption processes, and are not
limited to zeolites, metal-organic frameworks (MOFs), and activated carbon. Nevertheless,
zeolites, which tend to show a promising CO, separation performance, have been inhibited
by the presence of moisture [16], which is typically present in CO,-containing flue gas.
MOFs, on the other hand, have demonstrated comparatively poorer hydrolytic and thermal
stabilities as compared to zeolites and activated carbons [17]. Despite activated carbon
generally showing a comparatively inferior CO, adsorption as compared to zeolites and
MOFs (this shortcoming can be improved with additional modification, as elaborated in
subsequent sections), its ease of regeneration after subsequent CO; adsorption (i.e., low
isosteric heat of adsorption) and strong tolerance of the presence of moisture has ensured
its practical feasibility [15].

Hence, in this review, recent advancements in the application of activated carbon in
the field of the CO;-capture process will be discussed. Since a substantial number of well-
elaborated reviews [6,15,18,19] of the various activated methods to create high-porosity
activated carbon have been published, in this investigation, a brief comparison will be
provided to provide a quick overview of researchers that are still new in this field. In
addition, recent advancements in the utilization of activated carbon in the CO;-capture
process will be elaborated to investigate CO,-capture performance. Subsequently, the
applicability of activated carbon in a realistic CO,-capture process will be discussed by
providing a brief description of the required performance evaluations, which are the swing
adsorption process (temperature, pressure, or vacuum) and the breakthrough measurement.
Furthermore, the application of activated carbon in a pilot-scale operation will be discussed
in this review, followed by conclusions and ideas for future work to improve the overall
feasibility of activated carbon in the industrial CO, adsorption process.

2. Activation Methods to Develop Activated Carbon for Effective CO, Capture

In general, activated carbon is described as amorphous stacks of carbon layers that
are arranged with the aid of aliphatic bridging groups. Activated carbon can be obtained
by utilizing various carbonaceous precursors, such as polymers, biomass, lignite, and
coal, with the aid of pyrolysis. This is followed by the activation processes, which are
generally classified into physical and chemical activation to allow the developed adsorbents
to be capable of demonstrating effective CO; capture. A general comparison of these two
approaches is summarized in Table 1.

Table 1. Comparison between physical and chemical activation for effective CO, adsorption of
activated carbon [18,20,21].

Comparison

Physical Activation Chemical Activation

General description

Two-step process: (1) pyrolysis e  Chemical activating agents are used to
(carbonization); (2) physical activation at a perform pyrolysis and activation

higher temperature. simultaneously.

Creation of unsaturated surface (removal of e  Addition of nitrogenous group can be
oxygen-based functional groups to increase performed at this stage to improve the overall
the basicity of carbon surface). basicity of activated carbon.
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Table 1. Cont.
Comparison Physical Activation Chemical Activation

Pyrolysis (400-600 °C) at inert atmosphere L . L

i iti Pyrol th ch I activat

Operating conditions Physical activation (700-1000 °C) [a] o yrolysis with chemical activation
e  This method is commonly adopted as
i Environmentally friendly (without the use of compared to physical activation.
Merits chemicals). e  Activation and pyrolysis can be performed
simultaneously.
Physical activation can only be performed at
%xlf.}slg terlrg; Zf;tgr:s'time—consumin ) e  Postsynthetic treatment (e.g., acid) is required
Limitations Step process i.e., o & to remove the residual reagents that are
Physical activation at >1000 °C is not .
. .. present on the activated carbon.
effective due to a low degree of reactivity
(with oxygen).
e  Metal hydroxides (e.g., sodium hydroxide,
potassium hydroxide)
. Inert gas (e.g., argon (Ar)) e  Metal carbonates (e.g., sodium carbonate)
Possible & & arg . o S
di Reactive gas (e.g., CO,, hydrogen (H,), e  Acids (e.g., nitric acid, phosphoric acid)
:Ea;gentsli med 1uin(si oxygen, O,) e  Metal chlorides (e.g., zinc chloride,
atcan be adopte Mixed gas (e.g., oxygen/nitrogen) magnesium chloride) [PJ

e Nitrogen-containing medium (e.g., nitrogen
gas, ammonia gas, amines) [e]

[l Majority of the oxygen functionalities can be decomposed at 800-1000 °C. Strongly acidic functionalities (e.g.,
lactones, anhydrides, and carboxylic) and weakly acidic functionalities (e.g., phenol, carbonyl and quinone) can
be decomposed at lower and higher temperatures, respectively; [Pl After the pyrolysis process, metal chlorides
will be converted to metal oxides and retained on the surface of the activated carbon; [ This process typically
requires the combination of another medium (e.g., metal hydroxides) to ensure a lower activation temperature, as
compared to physical method.

3. Performance of Activated Carbon in CO, Capture

As summarized in Table 1, irrespective of the types of carbonaceous precursors used,
the activation process is highly desirable to ensure that the developed porous materials
are effective for CO, capture. Thus, in this section, reviews of the recent progress in the
activation methods for effective CO, capture will be discussed, based on the activation
method. Summary tables (Tables 2 and 3) that describe the overall CO, adsorption per-
formance based on the variations in the activation process will be provided at the end of
Sections 3.1 and 3.2, respectively, for effective comparison.

3.1. Physical Activation

Physical activation is a process where carbonaceous raw materials are activated via
physical means through oxidizing agents such as air, CO;, and steam. Nevertheless,
prior to physical activation, the raw materials (i.e., precursors) are required to undergo
pyrolysis or carbonization under inert conditions (e.g., Ar or Ny) [22]. This process creates
a comparatively stable and heat-resistant compound for the development of activated
carbon. In recent years, efforts to develop activated carbon through a single-activation step
have been made due to the advantages of reduced operation, energy consumption and
installation costs [23,24]. Furthermore, it has been reported that performing a single-step
(rather than two-step) activation is feasible for obtaining activated carbon with improved
characteristics, from the standpoint of creating activated carbons with higher surface area
and porosity [23-25].
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As elucidated above, three possible oxidizing agents have been used to create activated
carbon. First, air is commonly adopted instead of pure nitrogen so as to remove the organic
compounds and tar that are potentially generated during the carbonization process [23].
The presence of oxygen allows these carbons to be oxidized into CO, (Equation (1)), thus
creating additional porosities on the generated activated carbon. Furthermore, additional
tuning can be potentially conducted through the increase in oxygen purity by creating
oxygen-enriched gas (OEG) instead of air to increase the oxidization capability of the
carbonaceous materials [26]. Nevertheless, it should be noted that the oxygen content in
the feed requires additional optimization as such increments generally resulted in a higher
carbon oxidation, thus decreasing the overall yield of the activated carbon. The study
of tuning the oxygen content in the feed during the physical activation process has been
conducted by Plaza et al. [27]. In this investigation, three representative concentrations of
oxygen (3%, 5% and 21%) were used to investigate the overall porosity of the activated
carbon. It was observed that at the same activation temperature (500 °C), the overall yield
of the activated carbon could be increased at lower oxygen content, due to a lower burn-off
amount of external carbon. Furthermore, additional investigations into the change in
the activation temperature elucidated the fact that a smaller micropore width could be
introduced at a higher activation temperature due to the increase in the oxidation rate of
the carbon conversion, which resulted in increased microporosity.

Additionally, CO, is also suitable for creating activated carbon. Under elevated
temperatures (>700 °C), the utilization of CO, in the process allows Boudouard reaction
(Equation (2)) to be thermodynamically favored. Therefore, the carbon structures can be
removed to generate activated carbon with large surface areas [24,28,29]. In general, the acti-
vation temperature is highly critical due to Equation (2) being endothermic (+173 kJ mol~1).
Therefore, additional optimization of the activation temperature is required as it is expected
that the diffusion of CO; into the carbonaceous materials is the rate limiting step. In
a typical case, the selection of a suitable oxidization temperature can be performed by
calculating the rate of mass loss at elevated temperature (i.e., 700 °C and higher) [28,30,31].
In addition, alteration to the holding temperature of the pyrolysis process is feasible to
tune the performance. For instance, an increase in the holding time has resulted in a lower
yield of activated carbon, due to the increase in the evaporation amount of the volatile
matter, as elucidated by various authors [32,33]. Alternatively, the utilization of steam as
the oxidizing agent is also feasible to create additional porosities on the activated carbon.
This process can be performed by the introduction of hot steam, which is typically set at
700-800 °C. In this process, HyO reacts with carbon to produce carbon monoxide (CO)
and hydrogen (H,), respectively, as indicated in Equation (3) (water-gas reaction) [34,35].
Nevertheless, from experimental studies, it is necessary to introduce an additional carrier
gas (e.g., Ar or Ny) to transport the steam into the furnace for the oxidation process.

Based on the conditions as summarized in Table 2, irrespective of the type of the
physical activation that will be adopted, the activation temperature is generally set between
700-900 °C to ensure effective pyrolysis, with the eventual aim of obtaining sufficient
porosity for the CO; capture process. Nevertheless, it should be noted that substantial
challenges have been encountered with the use of physical activation to produce the desired
structure. For instance, physical activation lacks explicit tunability as compared to chemical
activation in terms of adjustment of the pore size distribution and average pore size of
the developed activated carbon [36,37]. Thus, most literature studies still adopt chemical
activation despite physical activation generally being considered to be comparatively more
environmentally friendly.

C+ 0Oy =CO, (1)

C +CO, = 2CO @)
C+H,O=CO+H, (3)
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Table 2. Performance of selected activated carbons that utilize physical activation for CO, capture.

Carbonaceous Adsorption €O, CO>/N,
Labels Activation Condition P Adsorption  Selectivity Ref.
Feedstock Condition (mmol/g) [al
3% O, (balance Nj), o
A-3-650-83 Almond shells 650 °C, 83 min 25 °C, 1 bar 2.02 32 [27]
AC-700-800-1H Date seeds CO,,700°C,1h 25°C, 1 bar 2.88 - [32]
AA750 Raw almond shells CO,, 700 °C 25°C, 1 bar 2.50 - [33]
Pennsylvania 65.8% steam (balance o )
AC-850-3 anthracite N,), 850 °C, 3 h 30 °C, 1 bar 2.64 [35]
Polyvinylidene o
ACS-1 chloride (PVDC) N 0°C, 1bar 2.68 - [22]
Polyvinylidene o
ACS-2 chloride (PVDC) N, 0°C, 1bar 2.75 - [22]
Polyvinylidene o
ACS-3 chloride (PVDC) N, 0°C, 1 bar 3.20 - [22]
AOS-A900 Air-oxidized olive 5 o
(45%) P! stones CO,, 900 °C 25 °C, 1 bar 2.52 - [30]
AS Almond shells CO,,750°C,4h 25°C, 1 bar 2.70 20 [28]
B-800-15 Bamboo CO,, 800 °C, 15 min 25°C, 1 bar 2.40 - [29]
Resorcinol-
EC-RF formaldehyde CO,,1000°C,3h 25°C, 20 bar 19.19 1.8 [31]
aerogel
L-A850 Wet impregnation with o
(40%)—PEI [b] Sewage sludge P PgEI 25°C, 1 bar 0.32 - [30]
N-ACS Poly(vinyl alcohol) T2 With Yételr apor 800 50C, 1 bar 2.60 - [38]
. 3% O, (balance Nj), o
0-3-650-115 Olive stones 650 °C, 115 min 25 °C, 1 bar 211 30 [27]
Ordered mesoporous
Ol\{gf(}bl]%c silica templated with CO,, 800°C, 24 h 25°C, 1bar 2.18 - [39]
’ creosote
OS Olive stones CO,,800°C,6h 25°C, 1 bar 3.00 18 [28]
PDS 800 Date seeds CO,,800°C,1h 25°C, 1 bar 1.90 - [32,40]
Hexamethylenetetramine
PRO and novolac-type H,0 (steam), 830 °C, 1 h 25°C, 1 bar 2.75 - [41]
phenolic resins
R-900-0.5h Solid residues CO,, 900 °C, 30 min 25°C, 1 bar 2.40 - [38]
; Peat (commercial H,O (steam) 25°C, 1 bar 1.88 ; [42]

activated carbon)

[a] Calculated using ideal adsorbed solution theory (IAST) unless otherwise stated; [’ The percentage refers to the
burn-off degree (amount of carbon in the composite before and after the activation step).

3.2. Chemical Activation

In comparison, chemical activation is widely adopted to develop activated carbon with
desired porosity. This involves the use of three broadly classified activators such as metal-
based compounds (e.g., oxides, carbonates, hydroxides, and chlorides), acids and doping
(e.g., heteroatoms such as nitrogen, amine-grafting and ionic liquids). These processes
aim to attach additional functionalities or active sites that allow reversible interaction with
CO;. Thus, in this section, investigations on the methods adopted in the literature will be
discussed to verify the merits and limitations of these two approaches.
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Carbon Lattice

3.2.1. Metal-Based Compounds

First, in the case of metal-based compounds, metal hydroxides are commonly utilized
to generate porous activated carbon. Nevertheless, the activation mechanism of metal
hydroxides has not been fully understood due to uncontrolled variables in both the re-
activity of the carbonaceous precursors and experimental parameters [43]. Nevertheless,
the widely accepted activation mechanism using metal hydroxides is illustrated through
the following [44—48]: (a) redox reaction between various potassium compounds as the
activating agent to etch the carbon framework (Equations (4)—(7)); (b) creation of H,O and
CO; molecules as the side reactions (Equations (8)-(10)) that can assist towards the further
development of activated carbon via physical activation (Equation (3)); (c) intercalation of
metallic carbon into the carbon lattices during the activation, which results in the expansion
of the carbon lattice (Equation (4), (6) and (7)), as shown in Figure 1. After the activation
completes, the residual K in the activated carbon can be removed by washing with the
aid of an acidic solution. It is expected that the expanded carbon lattices are not usually
feasible for return to their original non-porous structures after washing, thus generating
activated carbon with high microporosity.

6MOH + 2C = 2M + 3H, + 2M,COs5 )
CO, +C = 2CO ®)

M,COj3 + 2C = 2M + 3CO 6)

C +M,0 = 2M + CO @)
2MOH = M,0 + H,0 ®)

CO + H,O = CO, + Hy )

CO, + MO = M,CO; (10)

Metal-intercalated carbon Activated Carbon
lattice

Figure 1. Potential activation mechanism for the creation of activated carbon by intercalation of
metals into the carbon lattice (C).

Research efforts in improving the tunability of the micropore size of the activated
carbon have been made with the use of different alkali metal ions as the activating agents.
Thus, in the study conducted by Zhou et al. [49], the pore size of ultra-microporous carbon
was examined using different alkali metal ions (Li*, Na*, K*, Rb* and Cs*), as shown in
Figure 2a. Remarkably, based on the N sorption isotherm and CO, adsorption isotherm
(Figure 2b,c), the porosity of LiIAC is much underdeveloped. As an illustration, changing
the alkali metal ions from Li* to Cs* illustrates a sharp increment in BET (Brunauer—
Emmett-Teller) surface area (111 to 1312 m?/ g) and total pore volume (0.07 to 0.70 cm3/ 2),
respectively. It was proposed that the activating strength of the metal ions was increasingly
thermodynamically feasible (i.e., computed using change in Gibbs free energy, AG) when
pyrolysis was performed. Based on the computed value of AG from Equation (12), the
formation of LiAC and CsAC was reported to be 231 and —143 kJ/mol, respectively,
indicating that the formation of LiAC is not spontaneous. Apart from this, all alkali
metals except Li are feasible for use in generating metallic vapor (based on the boiling
point) in a ready manner. This allows the metal ions to intercalate deeply into the carbon
lattices, resulting in a well-developed porosity. Such a phenomenon is also supported
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by Lee et al. [50], where the insertion of an alkali metal-graphite intercalation compound
(AM-GIC) is feasible to obtain a relatively high BET surface area with the use of Cs as
compared to other analogues (i.e., Li, Na, K and Rb), due to the possible extraordinary
volume expansion for the as-developed activated carbon (Figure 2d).
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Figure 2. (a) Effect of the utilization of different sizes of the alkali metal ion on the average pore size
of the developed activated carbon; (b) N, physisorption isotherm (77 K) and (c) CO, adsorption
isotherm (273 K) of the activated carbon. Reprinted with permission from Ref. [49], Copyright 2016
Wiley-VCH Verlag GmbH & Co., Germany; (d) Proposed reaction mechanism between Cs-activation
and K-activation. Reprinted with permission from Ref. [50], Copyright 2020 Wiley-VCH Verlag
GmbH & Co., Germany.

As elucidated above, KOH is commonly adopted in activated carbon development
due to the creation of an activated carbon that is highly microporous with a high specific
surface area [51-53]. Nevertheless, due to its strong alkali nature, the removal of residual
KOH after the synthesis has led to the creation of byproducts such as wastewater after
the cleaning process [54]. Thus, several authors [54,55] have suggested using a K-based
derivative such as potassium carbonate (K,CO3), which is the byproduct from the pyrolysis
process when KOH is used as the activating agent (Equation (8)) instead. However, the
reactivity of K,COj as the activating agent has been shown to differ greatly as compared to
KOH. Based on thermal stability, K,CO3; melts at 891 °C and decomposes at 1200 °C, in
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comparison to KOH (380 and 769 °C, respectively) [56]. Therefore, K,COj is comparatively
less reactive due to its high thermal stability [57-59]. Furthermore, KCO3 has been proven
to be not thermodynamically favored with carbonaceous materials, based on the value
of AG (>0) [60]. Thus, minimization of such undesirable behavior can been performed
through a wet impregnation process to lower the decomposition temperature of K,COj3
(c.a. 890 °C), as reported by Hayashi et al. [58,59]. Nevertheless, based on the recent
investigation performed by Kim et al. [56], the utilization of impregnated activated carbon
with the use of K,COj3 possesses only ca. 70% of the BET surface area as compared to the
use of KOH.

On the other hand, the utilization of metal chlorides has been considered as an ap-
proach for the creation of activated carbon. Zinc chloride (ZnCl,), for instance, is commonly
used due to its price competitiveness [61,62]. Efforts to understand the potential mecha-
nism for the creation of activated carbon were made by Li et al. [63]. First, ZnCl, was also
adopted, as compared to the aforementioned approaches (e.g., KOH), due to two possible
reasons: (1) a low melting point (283-293 °C) that allows better contact with the carbon
surface at the designated activated temperature; and (2) the creation of smaller micropores
due to its small ionic radius (Zn?*: 74 pm) as compared to K* (138 pm), which is a common
reagent to create activated carbon. In general, ZnCl, will react with the residual water or
hydroxyl functionalities that are present in the carbonaceous precursors to create zinc oxide
(ZnO) and hydroxy dichlorozincic acid (H[ZnCl,(OH)]) (Figure 3), which will remain in the
pore structure. This framework is expected to retain the overall porosity once removed by
acid washing, as shown in Figure 3. Nevertheless, based on the recent research conducted
by Sarwar et al. [64], utilization of ZnCl, as the activation agent does not create a sufficiently
high BET surface area as compared to the use of KOH or phosphoric acid.

- G9 + ‘9__'6%

dehydration
 —————

o® + 9fe S

=y @

Wash

“?nl’fl ‘%.’?n(} I.RIHO @ O groups QN groups

Figure 3. Proposed activation mechanism for the proposed formation of activated carbon with the
aid of ZnCl,. Reprinted with permission from Ref. [63] Creative Common License.

3.2.2. Acids

The utilization of alternative reagents such as phosphoric acid (H3PO4) has been
potentially considered as compared to metal hydroxides or carbonates. This is attributed to
its lower toxicological and environmental constraints with reference to ZnCl, (due to the
potential release as chlorine (Cl,) gas) as well as lower working temperature (as compared to
KOH or NaOH). In general, H3PO4 has been proposed to be able to promote bond cleavage
and/or crosslinked reactions on the carbon surfaces. Despite the actual mechanism of the
function of HzPOy as the activating agent remaining unclear, the proposed reactions can be
simplified as shown in Equations (11) and (12), respectively, at mild activation temperatures
(500-600 °C) [65-67]. Research has shown that the porous structures can be created on
the activated carbon at high temperatures (>700 °C), however, inevitable pore collapse is
expected to take place under such conditions [64,68]. Nevertheless, the creation of activated
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carbon through this approach is not feasible for obtaining a reasonably high BET surface
area, as compared to the use of KOH as the activating agent.

4H3PO4 — P4Oq9 + 6H,O (11)
P,Oq9 + 10C — P4+ 10CO (12)

3.2.3. Doping

Potential improvements in the CO, adsorption performance can be achieved through
the modification of the surface chemistry that is present on carbonaceous materials. This
can be performed through the addition of nitrogen-containing atoms or compounds into the
carbonaceous precursors prior to the pyrolysis process, which are not limited to pyridinic-,
amine/imine-, and pyrrolic-containing functional groups. This process, often termed as
N-doping, is advantageous for CO, capture due to the introduction of nitrogen atoms
making it feasible to improve the surface alkalinity via acid-base interaction, leading to an
improved adsorption of acidic gases [69-71]. Apart from this, it is expected that the CO,
adsorption capacity and selective adsorption of CO, with N-containing functionalities can
be achieved through other methods such as hydrogen bonding or quadrupolar interaction,
as in most cases the amine content in the activated carbon is fairly low (<4 wt%), based
on the elemental analysis (EA) [72]. For instance, in the study by Yang et al. [36], a
series of melamine-containing-functionalized phenolic resins as carbon precursors has
been developed through the addition—condensation reaction with 2,4-dihydroxybenzoic
acid (Ph), melamine (M) and formaldehyde, together with metal hydroxides (AOH) as
the catalyst to create activated carbon (Figure 4a). Notably, despite with the addition of
melamine which contains a substantially large number of N atoms, the nitrogen content
that was present in the sample was low (<2 wt%), based on elemental analysis (EA) and
X-ray photoelectron spectroscopy (XPS). This is possibly attributed to the addition of
melamine into the framework which only served as the sacrificial template for the pyrolysis
to create micropores of a larger pore size. Such a phenomenon is proven from the Nj
physisorption measurement (Figure 4b), where the addition of melamine (indicated as M)
was used to increase the N, physisorption substantially, thus corresponding to an increase
in BET surface area. In this regard, the amount of nitrogen content in the activated carbon
can be potentially increased through the utilization of a nitrogen-rich carbon precursor,
as performed by Sethia et al. [73]. It was observed that after the pyrolysis process, the
resulting nitrogen content in the activated carbon remained high (c.a. 22.3 wt%), leading to
a high CO, adsorption capacity (23.7 wt%) at ambient condition. Furthermore, the presence
of large quantities of ultra-micropores that were less than 0.7 nm in diameter also served as
an important role for effective CO, adsorption.

(a) (b)

COOH .
= NH; COOA ] e
e o] AOH (y) . i AO. & s
+ NN + - £ :
i 5 w e - . SRR
Al H" 'H addition- EN“ ‘,.N\ N % B bbb
OH AR condensation IL‘\ ,/L - GA R @ 500 y ,::L'_‘,:_u;;aalasuna&-ns‘ua&;&ss
rZH o &
i) w104 \‘& carbon precursor E 4004 00000 NN E NN OO RO
% AR O Tu e
900 °C £ 00l°
¢ = cp= A= rolysis o~ . —Ph8M2Cs9 - Ph8M2Cs11
e e AR z < Ph6M4Cs9  —»— ——PhEM4Cs11
R = CH, or CH,0CH, 200 L . .
PhxM(0—-x)A 0.0 0.2 04 0.6 0.8 1.0
xM(10-x)Ay
) PP

Figure 4. (a) Reaction scheme containing Ph, M formaldehyde; (b) N, physisorption isotherm of the
developed activated carbon based on the reaction scheme in (a). Reprinted with permission from
Ref. [36], Copyright 2019 Elsevier.
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The addition of nitrogen-containing functionalities can be achieved through postsyn-
thetic modification with amine-containing groups. Such an approach can be performed
through the wet-impregnation process, which is analogous to the synthesis of amine-
appended adsorbents (e.g., zeolites, mesoporous silicas, porous polymers, and metal-
organic frameworks (MOFs)) [4,16,74,75]. In general, it is expected that with such incorpo-
ration it is feasible to increase the CO, adsorption at low partial pressure (<0.2 bar), which
is critical in postcombustion CO, capture. Thus, in the study conducted by Plaza et al. [76],
activated carbons are impregnated with different functional groups such as diethylenetri-
amine (DETA), polyethyleneimine (PEI) and pentaethylenehexamine (PEHA) for potential
application in CO; capture. As expected, CO, adsorption is comparatively higher as com-
pared to non-impregnated activated carbon, particularly for the case of PEHA-appended
activated carbon, based on the pressure determined at < 0.005 bar. However, the incorpora-
tion of amine functionalities often has an undesirable effect on the actual practicability due
to a large decrease in the accessible surface areas. As an illustration, a 90% decrease in the
BET surface area has been observed when PEHA was attached to the activated carbon. This
behavior is expected to influence the CO, adsorption kinetics substantially [71]. Further-
more, due to the expected chemisorption behavior between CO, and the amine groups, an
extraordinarily high regeneration condition may be required to allow effective desorption
of CO; from the synthesized adsorbents.

Apart from this, the utilization of nitrogen-containing functionalities can also be
achieved with the use of reactive NHj gas. It is expected that at high temperature, the
free radicals created from NHj3 may feasibly be decomposed into free radicals (i.e., NH,
atomic hydrogen and NH) may react with the surface oxides that are present on the carbon
surface to create nitrogen-rich functional groups. For instance, in the study conducted by
Shafeeyan et al. [77], activated carbon was created through the flow of NH3 gas with and
without preoxidation (i.e., air of pure N;). Based on the calculation of the BET surface
area, the preoxidation process resulted in the partial blockage of micropores as well as
the collapse of adjacent pore walls during the preoxidation stage [78], thus leading to a
decrease in accessible surface area. This eventually resulted in a comparatively inferior
CO; adsorption for the case of preoxidized activated carbon in comparison to heat-treated
activated carbon.

Table 3. Performance of selected activated carbons that utilize chemical activation for CO; capture.

Labels

CO; CO,/N,

Carbonaceous
Feedstock

Activation
Condition [

Adsorption
Condition

Adsorption
(mmol/g)

Selectivity
[b]

Ref.

a-CL

Celtuce Leaf

KOH, 800 °C, 1 h

25°C, 1 bar

4.18

[51]

AC1

Bamboo chips

80% H3POy, 500 °C,
4h

25 °C, 50 bar

18.00

7.22 ldl

[67]

AC2

Rubber seed shell

Ionic liquid, 800 °C

25°C, 1 bar

2.27

[79]

AC-2.5-600

Date seeds

KOH (2.5:1), 600 °C,
1h

25°C, 1 bar

2.18

[80]

AC-5

Rice husk

KOH (1:2), 600 °C,
1h

25°C, 1 bar

2.10

[69]

AC-850-3-NH3z-
650

Pennsylvania
anthracite

NHs;, 650 °C, 90 min

30 °C, 1 bar

2.55

[35]

AC-850-3-PEL

Pennsylvania
anthracite

Wet impregnation
with PEI

30 °C, 1 bar

0.21

AC-KOH

Corncob

KOH, 600 °C, 1 h

30 °C, 1 bar

3.39
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Table 3. Cont.
Label Carbonaceous Activation Adsorption Ad COzt' SClOzt/.N.Zt Ref
abels Feedstock Condition [ Condition sorption € eﬁ,]wl y et
(mmol/g)
AC-PA Corncob H3POy4, 600 °C,1h 30 °C, 1 bar 2.25 - [64]
AC-ZnCl Corncob ZnCl,, 600 °C,1h 30 °C, 1 bar 2.84 - [64]
ANS00 Raw almond shells NHj3, 800 °C, 2 h 25°C, 1 bar 2.18 - [33]
AOS-A900 Air-oxidized olive Wet impregnation o
(45%)—PEI stones with PEI 25°C, 1 bar 1.98 i [30]
Air-oxidized olive 5 o
AOS-NH, NHjs, 400 °C, 2 h 25°C, 1 bar 2.25 - [30]
stones
: Air-oxidized olive 8% NHj (balance air), o )
AOS-NO400 stones 400°C,2 h 25°C, 1 bar 2.11 [30]
CA-HC300 Glucose KOH (12?11800 C 25 °C, 1 bar 4.30 - [54]
CAC-5 Rice h.usk with KOH (1:2), 600 °C, 25°C, 1 bar 3.68 } [69]
chitosan 1h
Charcoal activated o
CeO,/AC carbon Ce(NOs),-6H,O 25°C, 1 bar 1.20 - [81]
Coal-K-Im Coal KOH, 850°C,1h 25°C, 1 bar 5.88 - [52]
Trimethylsilyl
CP-600 imidazole, N,, 600 °C,2h 25°C, 1 bar 1.82 54 [73]
chloroacetonitrile
2,4-
CsAC dihydroxybenzoic o o gpp°c,2h  25°C, 20 bar 9.18 - [49]
acid (Ph),
formaldehyde
Cs-sponge-600 Marine sponge CsOH, 600 °C, 1 h 25 °C, 1 bar 6.09 33 lc [50]
Commercial Cu(NOs3),-3H,0, 350 o
CuO(0.6)/AC activated carbon C.4h 30 °C, 1 bar 2.20 60 [82]
Eucalyptus . o
H, camaldulensis H3PO, (?';)’ 450°C, 30 °C, 1 bar 2.98 - [20]
wood
Eucalyptus ) o
HK camaldulensis KOH (3'?';)’ 900°C, 30 °C, 1 bar 4.10 - [20]
wood
HTA-400 Granularactivated iy y90c 21, 30°C, 1 bar 141 . (7]
carbon (palm shell) £ ’ ! ’
Granular activated o o
HTA-800 carbon (palm shelly  NH3/800 C,2h 30 °C, 1 bar 1.64 - [77]
KOH:FPV_850- Commercial KOH (1:1),850°C 25 °C, 35 bar 16.29 ; [55]
1 activated carbon
K-sponge-700 Marine sponge KOH, 900 °C,2 h 25 °C, 1 bar 4.82 g [c [50]
L-A850 Sewage sludge Wet impregnation 25°C, 1bar 0.32 - [30]

(40%)—PEI

with PEI
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Table 3. Cont.
Labels Carbonaceous Activation Adsorption A ds((j)?ztion S((ejlgjt/il\\zlizt Ref
Feedstock Condition [ Condition P [b] y ’
(mmol/g)
African palm
stones H3PO,4 + CaCl,, o )
MCa2FAL (lignocellulosic 450 °C, 2 h 0°C, 1 bar 7.20 [68]
precursors)
African palm
MPA48FAL | stones H;POy, 600 °C, 2 h 0°C, 1 bar 4.10 - [68]
(lignocellulosic
precursors)
Commercial Wet impregnation
N-DETA activated carbon with DETA (60 °C, 25 °C, 0.005 bar 0.27 - [76]
(Norit CGP Super) 300 mbar, 30 min)
Commercial Wet impregnation
N-PEHA activated carbon with PEHA (60 °C, 25 °C, 0.005 bar 0.85 - [76]
(Norit CGP Super) 300 mbar, 30 min)
Commercial Wet impregnation
N-PEI activated carbon with PEI (60 °C, 25 °C, 0.005 bar 0.36 - [76]
(Norit CGP Super) 300 mbar, 30 min)
Trimethylsilyl ) 5
NAC-1.5-600 ["] imidazole, KOH (1'2';)’ 600°C, 250°¢, 1 bar 5.39 62 (73]
chloroacetonitrile
Ordered
OMCreo CA 4:1 mesoporous silica KOH (4:1), 850 °C, o )
850 templated with 1h 25°C, 1 bar 419 3]
creosote
Granular activated 50% NHj (balance o
OXA-400 carbon (palm shell) air), 400 °C,2h 30°C, 1 bar 0.95 ) [77]
Granular activated 50% NHj (balance o
OXA-800 carbon (palm shell) air), 800 °C, 2 h 30°C, 1 bar 1.48 B (771
PAC-2 Vitamin B9 KOH (2:2131' 800°C, 25°C, 1 bar 3.66 - [83]
Poplar sawdust,
PCSK-2-3-800 sulfur containing K7Cy0y, 800 °C,2h 25°C, 1 bar 3.80 - [84]
waste liquid
24-
dihydroxybenzoic
Ph8M2Cs11 acid (Ph), CsOH, 900 °C,2h 0°C, 1 bar 3.64 - [36]
melamine and
formaldehyde
24-
dihydroxybenzoic
Ph6M4K11 acid (Ph), KOH, 900 °C,2h 0°C, 1 bar 3.19 - [36]
melamine and
formaldehyde
Hexamethylenetetr-
PR4-700 amine and KOH (1:1), 700 °C, 25°C, 1 bar 3.65 - [41]

novolac-type
phenolic resins

1h
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Table 3. Cont.
Labels Carbonaceous Activation Adsorption A ds((j)?ztion S((ejlgjt/il\\r]izt Ref
Feedstock Condition [ Condition P [b] y ’
(mmol/g)
Molecularly
SBL-MIp-gog  ‘mprinted polymer  KOH (2:1),800°C,  p500 o5y, 17.90 13.7 [85]
with sugar beet 1h
leaves
Aliphatic vacuum )
VR5-1:1 residue with 5% KOch(lzlii 800 25 °C, 1 bar 3.63 - [53]
mesophase content !
Aliphatic vacuum . o
VR5-4:1 residue with 5% KOH (4'2131' 800°C, 25 °C, 45 bar 34.09 - [53]
mesophase content
Eucalyptus .
Zy.75 camaldulensis ZnClzo(é).725hl ), 500 30°C, 1 bar 1.90 - [20]
wood !
Binary mixture of
} petroleum 5 o }
coke—palm kernel K,CO3, 700 °C 25°C, 1 bar 2.40 [42]
shell
- Olive waste H3POy (1:1), 600 °C 25 °C, 18 bar 7.60 - [66]
- Petroleum coke K»CO3, 700 °C 25°C, 1 bar 2.26 - [42]

NACS = nitrogen-modified resin-based activated carbon spheres [2! If the ratio is indicated in the table, it refers to
the ratio between the chemical agent used with respect to the raw material; ! The selectivities are calculated using
ideal adsorbed solution theory (IAST), unless otherwise stated; [! Henry’s law is used to calculate the selectivity.

4. Evaluation of the Separation Performance of Activated Carbon in CO, Capture

In general, it is required to evaluate the performance of adsorbents in the field of
CO, capture. Nevertheless, such evaluation has been often limited to the study of CO,
adsorption at ambient condition (25 °C and 1 bar), which in most cases it is not relevant to
the condition set for postcombustion CO; capture, as CO; partial pressure is typically less
than 0.2 bar with N as the major component. Thus, in this section, performance evaluation
for CO, adsorption will be briefly discussed.

4.1. Equilibrium Gas Adsorption Isotherm

The single-component gas adsorption isotherm is expected to provide the most fun-
damental data in terms of the capability of the adsorbents in the field of CO, capture.
Regardless of the available gas adsorption system, manometric (volumetric) or gravimetric
method are typically used to perform the measurement (Figure 5a,b) [86,87]. The mea-
surement of the pure component gas adsorption system relies on the assumption that
competitive adsorption among different adsorbates can be ignored (CO, and N in the case
of postcombustion CO, capture). Furthermore, it is necessary to ensure that the measured
gas adsorption fully equilibrates with the appropriate adjustment of the equilibration time.
This is particularly evident if the adsorbents are postsynthetically modified with amine-
appended frameworks due to the decreased accessibility of CO, gases onto the available
active sites, considering the presence of dangling amine functionalities [71].
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Figure 5. Measurement tools for effective investigation for CO,-based separation process:
(a,b) equilibrium measurement via volumetric and gravimetric method; (c) dynamic breakthrough
measurement. Reprinted with permission from Ref. [87], Copyright 2019 Elsevier, Amsterdam, The
Netherlands.

Hence, to allow a proper evaluation of the CO, separation performance of activated
carbon, the mixed-gas selectivity of an adsorbent needs to be determined. From the per-
spective of CO, /N, separation under postcombustion CO; capture, a typical composition
of 5-20% CO, with the Nj as the residual component is expected to be the most industrially
relevant [17,88]. Thus, selectivity can be calculated by utilizing Equation (13), with S, p;
and q; referring to the selectivity, partial pressure and quantity adsorbed of component i,
respectively. A simplified manner to calculate the selectivity equation (i.e., ideal selectivity)
involves the direct interpolation of CO, and N, adsorption at the specified partial pressure.
For a more accurate prediction, calculating the mixed-gas selectivity is a common practice
involving the utilization of a theoretical approach such as ideal adsorbed solution theory
(IAST) [89,90]. This requires the solving of Equation (14) with the use of appropriate curve
fitting for the gas adsorption isotherm. This involves the use of mole fraction of the bulk
phase (known value, x; and x;) with the aim of calculating the mole fraction of the adsorbed
phase (y; and yj). It should be noted that despite this calculation having been proven to be
reliable, it is generally not feasible to perform accurate calculations on flexible frameworks
such as MIL-53 and UTSA-300 which present breathing (gate-opening) effects upon CO,
adsorption [13,87,91-93].

P1/P2
Py, /% q; PY]'/ X; qj
/O Ligp = /0 Jdp (14)
JdInP
~Qu = RTZ( - ) (15)
q

Next, the calculation of the isosteric heat of adsorption (—Qs) that illustrates the
binding energy of the active sites for CO; is important for separation performance as it
evaluates the overall processing rate of the adsorbents [94]. It can be computed through
Equation (15) (i.e., Clausius—Clapeyron Equation), which is a function of CO; loading
(q)- Thus, it is necessary to measure multiple gas adsorption isotherms over the desired
temperature (T) range (usually at a span of 10 °C). However, due to the nature of the
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expression, it is currently only feasible for isotherms that are fitted well with single- or
dual-site Langmuir equations [2,95]. Thus, the Freundlich-based models which are used
to express the explicit expression of pressure, P as a function of temperature, T are only
feasible for modelling using the virial equation of state [96], despite the lack of clear
physical meaning on the virial parameters presenting a major limitation on this approach.
Alternatively, calorimetric measurement is expected to provide an accurate —Qs; result,
despite the experimental setting being quite challenging due to the need to ensure a well-
controlled environment throughout the process.

4.2. Breakthrough Measurement

Multicomponent breakthrough analysis was considered as the common way to in-
vestigate the CO, /N, separation performance of an adsorbent under dynamic operating
conditions (Figure 5c). On the other hand, multicomponent equilibrium measurement
remains challenging due to the necessity of sophisticated equipment and data analytics [88].
The major advantage of breakthrough analysis is the ability to cater for a simultaneous
multicomponent feed stream towards the adsorption cell during the gas adsorption process
in both dry and humid conditions. It should be noted that the accuracy of the breakthrough
measurement is sensitive to the quantity of samples used [88]. Therefore, it is necessary to
ensure that the sample quantity remains sufficient to provide meaningful results from the
breakthrough curve.

4.3. Idealized Swing Adsorption

In a practical operating process for gas adsorption, pressure (PSA), temperature
(TSA) or vacuum (VSA) swing adsorption are commonly involved. In the context of
postcombustion-CO, capture, PSA is less practical considering the required energy penalty
to pressurize the feed stream. Thus, TSA or VSA operation are expected to be the feasible
approaches from the engineering design perspective. The investigation of the practical
feasibility for the idealized swing adsorption process is performed by utilizing the pure
component gas adsorption isotherm, as illustrated in Figure 6. This involves the parameter
termed working capacity (WC), which is the amount of adsorbate that can be fully recovered
after adsorption—desorption processes [97]. In the practical swing adsorption process,
it is expected that the adsorption column will be fully saturated with CO, gas rather
than the feed composition (i.e., CO,/Nj mixture). Thus, the evaluation for the swing
adsorption process should be selected at the relevant desorption pressure by ensuring that
the calculated WC is not overestimated [17].

(@ (b)
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I’. 54 L
I’./ au " -
— " = - 40°C
= 64 - a4 -
. - E | wh
N T E
£ = - 34 o
£ 44 = 2 : ’ :
P = £ :| working capacity
- & wC-2 2 2 :
a WC-1 : o »
2 24 7 : Q'
o : M O 14 :
o ! : P " 170
04 0 o""...
T T T T T T T 4 . 1 . !
0 4 8 12 16 20 0.0 0.2 0.4 0.6 0.8 1.0
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Pressure (bar)

Figure 6. Illustration for the calculation of working capacity (WC) for idealized (a) PSA and (b) TSA.
Reprinted with permission from Ref. [17], Copyright 2018 Elsevier and Ref. [98], Copyright 2013
Royal Society of Chemistry, London, United Kingdom.
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5. Potential Utilization of Activated Carbon in Simulation and Pilot Scale Studies

Efforts to increase the practical feasibility of activated carbon in the field of CO,
capture have been made to ensure that this unit operation can complement the current unit
operations, namely cryogenic distillation and amine scrubbing that suffers a substantial
energy penalty. Thus, efforts to utilize activated carbon for pilot scale studies have been
performed through swing adsorption processes.

First, in the study conducted by Li et al. [99], a TSA system was integrated into a
natural gas combined cycle (NGCC) and sequential supplementary firing combined cycle
(SSFCC), where the process was performed with process simulation (Figure 7a). The
adsorption/desorption system was developed in the form of a fluidized bed in comparison
to a moving bed configuration as the latter suffers from poor regeneration due to limited
heat transfer during desorption process [100]. This configuration allows the adsorbents to
be circulated effectively in a closed-loop configuration. The adsorption/desorption system
is maintained at a constant temperature by ensuring that the system is circulated with
cooling water and thermal heat that is generated from the power plant, respectively. A
cyclone, on the other hand is used to entrain the adsorber to allow CO,-free flue gas to
escape to the atmosphere through the stack. After the desorption process is performed,
the desorbed CO; is utilized for applications such as enhanced oil recovery (EOR). Based
on the calculated value of the regeneration heat (i.e., normalized based on per tonne of
CO,), it can be observed that the required energy for heat regeneration was comparatively
high (Figure 7b) in comparison to amine-appended adsorbent polyethyleneimine (PEI)
(impregnated with silica) and absorption monoethanolamine (MEA) due to activated
carbon possessing a lower CO, adsorption capacity. Nevertheless, in terms of the power
losses (which are caused by loss in power output and power auxiliaries as well as CO,
compression during the operation), activated carbon consumed a much lower power
due to a much lower isosteric heat of adsorption as compared to the amine-appended
frameworks. This illustrates the potential benefits of activated carbon to be utilized in a
TSA operating process.

Furthermore, the potential utilization of activated carbon has been investigated
through the dual-reflux vacuum pressure swing adsorption (DR-VPSA) system [101,102].
This involves the use of a two-stage separation process by utilizing a single adsorption
system that is partitioned into two sections. Such an approach performed as a single-stage
adsorption system has been observed to be incapable of achieving appropriate CO, purity
(i.e., >95%). The long-term stability of the adsorbents was examined by characterizing
the performance of the adsorbents before (fresh) and after 808 h (used) continuous plant
operation. Based on the available information, the total amount of accessible BET surface
area decreased in the range of 18-30%, respectively, a loss that was attributed potentially to
the presence of other undesirable substances such as dust, sulfur oxide (SOx) and nitrogen
oxide (NOy). Such behavior was also reflected in the pure component gas adsorption (e.g.,
CO; and Ny) isotherm, which illustrated similar behavior. Thus, to improve the potential
workability of the activated carbon, there is still some room for improvement in terms of
the upstream treatment steps such as desulfurization, NOx and SOy removal, and dust
filtering medium.
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Figure 7. (a) Schematic illustration of adsorption system for TSA operation; (b) regeneration heat
and (c) power loss for effective CO, capture, with the use activated carbon (AC), monoethanolamine
(MEA) and amine-appended adsorbent (PEI/silica) as the medium. Reprinted with permission from
Ref. [99] Creative Common License.

6. Conclusions and Future Perspective

In conclusion, activated carbon is capable of demonstrating effective CO, separation
performance in comparison to other adsorbents such as zeolites and metal-organic frame-
works, which tend to suffer poorer performance in humid conditions. Nevertheless, in
terms of the controllability of the synthesis protocol, it is comparatively limited as the
overall method is refined to two major approaches, namely physical and chemical mod-
ification. Thus, this has resulted in undesirable challenges for the effective tuning of the
resulting properties, particularly of particle size which is less easily adjustable. Future
efforts should therefore be conducted to allow the overall structure to be modified more
easily, as compared to other porous materials.

Furthermore, it is also critical to emphasize the need to perform the experiments under
more realistic conditions. For instance, as elaborated above, for the case of postcombustion-
CO; capture, the presence of competitive adsorption among the various gases is expected
to be prominent, leading to poor CO, adsorption performance. Such behavior is highly
evident with the presence of undesirable impurities such as water and corrosive gases
(e.g., SOx, NOx, etc.) that can potentially hamper the desired CO, adsorption during
long-term operation. Therefore, the focus on gas adsorption should not only be restricted
to pure component gas adsorption (which is an equilibrium measurement), but with more
emphasis on the multicomponent gas adsorption process to increase the reliability of the
studied adsorbents in practical operation.
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