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ABSTRACT

Adsorption-based post-combustion carbon capture is a promising emerging technology for capturing COy
emissions from fossil-fueled power plants due to the ease of adsorbent regeneration in comparison with solvent-
based technologies. To increase its competitiveness, research efforts have focused on the development of new
adsorbent materials and processes. This paper presents a state-of-the-art review of such efforts, focusing on lab
synthesis and characterization of adsorbent materials, (carbon capture) experimental studies, molecular simu-
lation, process modelling\simulation and techno-economic analysis. Most experimental studies on adsorption-
based post-combustion capture are at bench scale. Just a few experimental studies are at pilot scale. There are
currently no commercial deployment of adsorption-based post-combustion capture technology. This review
paper points out challenges encountered in these experimental investigations utilizing different adsorbent ma-
terials, limiting its commercial deployment. These gaps in experimental investigations need further research
especially in the chemical modification of the adsorbent materials to increase the adsorption capacity. Molecular
simulation of adsorbents and process modelling\simulation of carbon capture processes are cost-effective and
time efficient approaches for the assessment of adsorbents’ CO» capture performance. The review also high-
lighted the need for more research in the model development of adsorbent materials at molecular scale and the
model development of adsorption-based post-combustion process adopting new reactor configurations to further
reduce the cost of CO; capture.

1. Introduction

1.1. Background

levels could reach catastrophic level in the future if CO, emission con-
tinues unabated. Reducing CO;, emissions could prevent its undesired
effects such as extreme weather conditions [1], ocean acidification [2]
and sea-level increase [3].

Fossil fuel combustion for power generation, industrial processes and Carbon capture, CO, utilization and storage (CCUS) are considered
transportation is the biggest source of anthropogenic CO, emissions, the most strategic technologies for sustainably and economically
which contributes majorly to global warming [1,2]. Atmospheric CO2 meeting carbon emission reduction targets (CERTs) [4-6]. Among

* Corresponding author.

E-mail address: Meihong. Wang@sheffield.ac.uk (M. Wang).

https://doi.org/10.1016/j.apenergy.2022.119156

Received 20 October 2021; Received in revised form 6 April 2022; Accepted 15 April 2022

Available online 25 April 2022

0306-2619/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:Meihong.Wang@sheffield.ac.uk
www.sciencedirect.com/science/journal/03062619
https://www.elsevier.com/locate/apenergy
https://doi.org/10.1016/j.apenergy.2022.119156
https://doi.org/10.1016/j.apenergy.2022.119156

T.E. Akinola et al.

various CCUS technologies, post-combustion carbon capture (PCC)
technology is the most investigated due to its suitability for retrofitting
in existing power plants to treat flue gas with low CO; partial pressure
[7]. Currently, solvent-based PCC technology using mono-ethanolamine
(MEA) as solvent is the most mature approach for capturing CO, from
power plants and it is commercially deployed. Despite its maturity, key
issues such as 1) the large size of equipment resulting in high capital
cost, 2) the high energy requirement for solvent regeneration, and 3) the
corrosive and degradable nature of MEA solvent, are major concerns
contributing to a significant drop in power-plant efficiency and cost
increase of CO, capture [8,9].

1.2. Motivation

In the quest to reduce the CO5 capture cost and increase the power-
plant efficiency, alternative CO, separation technologies in PCC are
being explored. Adsorption-based PCC has been identified as a prom-
ising emerging technology on the IPCC special report on carbon capture
and storage [10]. The adsorption-based technology do not pose corro-
sion issues and has the potential to reduce the energy penalty of the CO,
capture process, making it an appealing option to the solvent-based PCC
technology [6,9,10,12]. However, challenges associated with the
development of new adsorbent materials and the capture process have
limited its advancement to commercial deployment [8]. In order to take
full advantage of its benefits, it is imperative to review the status of the
technology, address the challenges and point out future prospects.

1.3. Aim and novel contributions

This paper aims to give a state-of-the-art assessment on the ad-
vancements in the lab synthesis and characterization of adsorbent ma-
terials, carbon capture (using adsorbents) experimental studies, as well
as molecular simulation of adsorbents, process modelling and simula-
tion of carbon capture (using adsorbents). Several review papers on
adsorption-based PCC are available in the literature [8,13,22,14-21].

e Samanta et al. [13] reviewed the characterization and mechanism of
various solid sorbents at PCC conditions. Similarly, Sreenivasulu
et al. [16] discussed the adsorption mechanism, material character-
istics, and synthesis methods of micro and mesoporous adsorbents
for carbon capture. Zhao et al. [18] also assessed the application of
carbon-based adsorbents in PCC, where the synthesis methods and
structure-performance relationships were discussed.

Hussin et al. [22] reported on the recently published patents for
various adsorbents from 2014 to 2018 for CO; capture.

Lin et al. [17] and Younas et al. [21] reviewed progress and chal-
lenges in the development of MOFs for CO, capture from post-
combustion flue gas while Mukherjee et al. [20] reviewed ongoing
research on the synthesis of activated carbon from various sources
for adsorption-based PCC

Ben-Mansour et al. [8] carried out a review on three physical ad-
sorbents (e.g. zeolites, MOFs, and carbon-based adsorbents) adopted
for adsorption-based PCC, as well as experimental work carried out
to study the adsorption-based PCC process and mathematical models
developed to simulate the process (mainly using fixed-bed reactors).
Shafeeyan et al. [15] also discussed various studies on the mathe-
matical modelling of fixed-bed columns for CO, capture using
adsorbents.

Hedin et al. [14] reviewed adsorbents for PCC and related swing
adsorption (VSA and TSA), materials and system integration. Sie-
gelman et al. [19] also reviewed the challenges and opportunities
associated with adsorption-based PCC and discussed several prom-
ising candidate adsorbent materials (e.g. MOFs, Zeolites, Amine-
functionalized silicas and porous organic networks)

Some of the review papers mentioned above focused on the
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development and utilization of one or a few adsorbents and adsorption
process types for PCC through experimental studies [10-12,14-19],
while some other review papers focused on the mathematical model
development of adsorption-based PCC process (specifically fixed-bed
column) [6,13]. This review paper is different from most of the previ-
ous review papers in the following ways (1) it reviews lab synthesis
(approaches) and characterization of different adsorbents for
adsorption-based PCC; (2) it provides a review of the various adsorption-
based carbon capture experimental studies at bench and pilot-scale; (3)
it critically reviews the current activities in molecular simulation and
analyses how the molecular simulation studies complement lab syn-
thesis of adsorbent materials. (4) it also critically reviews the current
activities in process modelling\simulation and techno-economic anal-
ysis (TEA) of adsorption-based PCC; (5) it tries to identify challenges
ahead and predict potential breakthroughs of adsorption-based PCC.

1.4. Paper outline

Section 2 will briefly introduce various adsorbent materials and
processes suitable for adsorption-based PCC technology. In section 3, a
review of lab synthesis and characterization of different adsorbents for
PCC. In section 4, carbon capture experimental studies at bench and
pilot scales are presented. A review of recent studies on molecular
simulation will be detailed in section 5. Section 6 reviews process
modelling\simulation and techno-economic analysis of the adsorption-
based PCC. Section 7 will address the knowledge gap and future di-
rections to accelerate the technology for commercial deployment.
Concluding remarks will be drawn in section 8.

2. Adsorption-based post-combustion carbon capture

Adsorption-based PCC process involves the transfer of CO2 molecules
in the flue gas, in bulk phase at atmospheric pressure and high tem-
perature, to a solid surface [1,7]. The attached CO5 molecules called the
adsorbate, form a film on the surface of the solid material, denominated
adsorbent [1,7]. This occurs due to physical forces (physisorption) and/
or chemical bonds (chemisorption). Finally, the adsorbent is regener-
ated through desorption and the CO5 molecules are released from its
surface [1,7]. A unique feature of the adsorption-based PCC is the great
flexibility in design [12,23]. Several adsorption-based PCC processes
have been proposed based on the adsorbent materials used and process
types (regeneration mode and contactor configuration) [12,19,23]. This
review paper focuses on a few adsorbent materials and process types
suitable for capturing CO5 from power plant flue gas stream.

2.1. Adsorbent materials for adsorption-based PCC

2.1.1. Ideal characteristics for adsorbent materials

The selection of the adsorbent material depends on the characteris-
tics it exhibits and the operation conditions it will be used for. Several
desirable traits for the adsorbent materials used in PCC are reported in
the literature, mainly a high capture capacity and a high CO»-selectivity
at low partial pressures (<0.2 bar) [24-26]. These traits are interrelated
with additional characteristics that affect the process performance (e.g.
high porosity, high thermal stability and low level of technical
complexity) [27].

From the process design perspective, tolerance towards impurities
[25] plays a major role in extending the life of the adsorbent for several
cycles. Flue gases from power plants commonly contain 3-15 vol% of
CO3 [28], combining with other gases which can reduce the adsorbent
capacity such as water vapour, Oy, NOy and even SOy [29-31]. Tem-
perature stability is also important, especially when regeneration is
through temperature swing. Flue gases are generated at low pressure (e.
g. 1 bar) at a wide temperature range. Post-combustion applications are
usually between 40 and 200 °C [29-31] although some industrial
streams can reach higher temperatures (from 150 to 400 °C). This is
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challenging for adsorbents with low optimal adsorption temperature
such as carbonaceous materials (CMs) (50 °C, 1 bar), zeolites (0-100 °C,
with a wide range of pressures) or MOFs (room temperature and 35 bar)
[32,33].

Other desired traits for enhancing the cyclic use of adsorbents are:
attrition resistance (mechanical stability), low production cost, high
recycling ability, and a low-temperature gap between the adsorption
and regeneration temperatures [30,34,35]. The regenerability of the
materials [36] and the reversibility of the adsorption [37] are key for
selecting the adsorbent and the regeneration process. Table 1 presents a
summary of the characteristics of the adsorbent materials that influence
the adsorption capacity and their relation with the adsorption cyclic
process.

2.1.2. Common adsorbents for PCC

It is important to mention that adsorbent materials do not necessarily
exhibit all the desired ideal characteristics. Popular adsorbents that have
shown promising results for PCC applications and displayed many of the
desired traits include zeolites, CMs, metal-organic frameworks (MOFs)
and hydrotalcites (HTs). Table 2 summaries the advantages and chal-
lenges of each adsorbents discussed.

2.1.2.1. Zeolites. Zeolites are highly ordered microporous crystalline
alumino-silicates [25] which usually present a honeycomb structure
[38] although they can exhibit diverse topologies, pore sizes and
openings [39]. They can be found in nature or synthesized [39]. The
latter is preferred as it enables controlling their porosity and crystallinity
[40]. In zeolites, the Al (IIT) and Si (IV) atoms form a negatively charged
structure that is balanced with interleaved exchangeable cations (M*k),
e.g. Li, Na, K, Mg, Ca, Ba [39]. Their general chemical formula is the
following, where Z is the number of water molecules present in the
structure:

M** i [ALSiy Os (1) | ZH,0

A typical example of commercial zeolite is Zeolite 13X [41]. As ad-
sorbents, zeolites show high adsorption capacity [8,42], fast kinetics and
the ability to maintain their initial adsorption capacities after several
cycles [33]. However, their poor thermal stability creates a challenge for
their application in power plants [27]. Their performance also decreases
in the presence of polar gases (e.g. water [8,25,38] or SOy [37]).
Additionally, when used at high pressures (>2 bar), zeolites require high
regeneration temperatures [8].

2.1.2.2. Carbonaceous materials (CMs). The term CMs refers to

Table 1
Adsorbent characteristics influencing adsorption capacity [25,27,30,35].

Category Adsorbent Relation to the cyclic process
characteristics
Structure e High porosity An increase in porosity can increase the
e High surface area surface area. Higher surface areas
usually lead to higher adsorbent
capacities.
Stability e Thermal (minimal The stability of the material to sustain
degradation of the the adsorption capacity and
material) characteristics throughout several
e Mechanical (resistance cycles extends the life of the material
to attrition) and reduces cost.
e Chemical (tolerance
towards impurities)
Behaviour o Selectivity for CO, over These will determine kinetics and CO,
other gases diffusion rate, which in turn affect will
o Affinity to CO, affect regenerability
Production e Low cost Synthesis of the adsorbent and residues
o Availability handling must be cost-effective to scale

Recyclability up adsorption-based PCC systems
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Table 2
Advantages and challenges of different adsorbents for PCC [8,25,30,53].
Adsorbents  Advantages Challenges
Zeolites - High CO, adsorption capacity =~ - Poor Thermal Stability
at mild operating conditions - Requires high regeneration
(0-100 °C) temperature
- Fast CO, adsorption kinetics - Performance drop in the
- Good cyclic stability and presence of polar gases
Mechanical stability
CMs - Low production cost - Low CO, adsorption capacity
- Insensitivity to moisture and selectivity
- Reduced energy requirement - Low thermal stability
- High attrition rates in cyclic
process
MOFs - High CO, adsorption capacity - Low performance at partial
- Flexible design- ability in pressure of CO,
terms of structure and - Low economic efficiency
function - Tedious and complication
- Tunable pore size synthesis
- Sensitive to moisture
- Difficult to use at high
temperatures due to destroying
the MOFs structure
HTs - Low regeneration energy - Relative low CO, adsorption

requirement
Low heat of adsorption

Low mechanical stability

activated carbons (AC), graphene, mesoporous carbon, carbon nano-
tubes (CNT) [25,38], charcoal and coal [8], graphite, graphene oxide
(GOx), carbon aerogels, polymer-based carbon [43].

CMs can be obtained from naturally existing sources or spent mate-
rials, reducing their cost and increasing their commercial availability.
For example, AC can be produced by pyrolysis of carbon-containing
resins, fly ash or biomass [8]. The CM’s source plays an important role
in the final adsorption capacity since different precursors exhibit various
pore sizes and surface areas [25,38].

CMs usually show a low CO» adsorption capacity and selectivity
[28]. Degasification is the preferred regeneration process for these
materials since the CO5 attachment to the adsorbent is weak [25,38]. AC
is a popular CM choice since it has a high surface area and large pore
volume [37]. A large surface area makes it efficient for high-pressure
adsorption [8], especially at high CO, concentration. Moreover, AC
shows reproducible and consistent adsorption behaviour [29]. Another
advantage is that, in contrast with zeolites, AC has a higher water
tolerance, reduced energy requirement for regeneration and lower cost
[44]. On the downside, some authors argued that their micro-pore
structure presents low thermal stability [37] and high attrition rates in
cyclic processes [25]. A detailed review of AC for carbon capture can be
found in Rashidi and Yusup [45].

2.1.2.3. Metal-organic frameworks (MOFs). MOFs are a relatively new
material introduced in 1995 [46]. They are hybrid nano-porous mate-
rials made of organic linkers spreading inorganic clusters apart. Usually,
the organic linkers are found on the “edges” of a cubical structure, with
the inorganic clusters forming the vertexes [38].

The advantages of MOFs as adsorbents are their well-defined porous
volume, tunable pore sizes and extremely large surface areas[38].
Currently, over 81,000 different MOFs have been registered in the
Cambridge Structural Database [40]. Promising variants are
M-MOF-74 (M being a metal as Mg or Co) and HKUST-1 [40]. The
main drawbacks of MOFs as adsorbents are their low thermal stability in
comparison with other adsorbents such as zeolites and CMs [41] and the
fact that their large-scale production is still challenging and expensive
[25].
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2.1.2.4. Hydrotalcites (HTs). HTs are natural anionic basic clays [47].
They are the most common layered-double hydroxide (LDH) studied for
CO4 capture. HTs are composed of cationic and anionic layers. The
cationic layers resemble the mineral brucite [48], with the difference
that the divalent cations (generally Mg "2, although Cu, Ni, Mn, Zn have
been used [36,49]) are partially substituted by trivalent cations (such as
Al, Fe, Cr, V [49]). The cations are surrounded by six OH™ ions coordi-
nated in an octahedron, and share edges to form infinite sheets that are
stacked one upon another. As a result, a layered network held by
hydrogen bonds is formed [50]. As the HTs layers are positively charged,
balancing anions and water molecules are typically located in the
interlayer region. The general formula for HTs is [51]:

[z om), | iagmam0]

HTs are attractive adsorbents for CO5 capture because they have a
lower regeneration energy requirement and can work in a wide range of
temperatures, from 200 to 500 °C [25,52]. They present relatively low
heat of adsorption [49] and fast kinetics, which interestingly improve in
the presence of water [51]. Furthermore, HTs show high selectivity for
CO5 and easy regeneration through temperature and pressure swing
[36,51]. They are widely available and are cheaper than alkaline ce-
ramics although more expensive than alkali-meta based oxides [25]. The
disadvantages of HTs are their relatively low CO;, adsorption capacity
[30] and low mechanical stability [53].

There are other types of adsorbent materials that make more use of
the chemisorption process than physisorption, and other composite
materials tailored to improve their performance. For example alkalized
alumina Al, O3 [54], KoCO3 on a support material [55], poly-amine (PEI)
on support silica [56] and metallic oxides on zeolites [57].

2.2. Adsorption process types

The adsorption-based CO5 capture technology from post-combustion
flue gas is generally classified based on the mode of adsorbent
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regeneration chosen[58]. Common regeneration methods adopted are
reducing the pressure (pressure/vacuum swing adsorption, PSA/VSA),
increasing the temperature (Temperature swing adsorption, TSA), or a
combination of both [8,58].

2.2.1. Pressure/vacuum swing adsorption (PSA/VSA)

PSA is a well-established gas separation technique employed in air
separation, gas drying and hydrogen purification separation [59]. In
PSA processes, adsorption occurs at elevated pressure while desorption
is carried out at reduced pressure [8,58,59]. The application of PSA
technology for pre-combustion carbon capture has shown promise due
to its low energy consumption. Since the feed stream is already at high
pressure, rapid cycling time in fixed-bed columns is achieved [59].
However, the PCC process flue gas condition does not favour PSA
[58,60,61]. This is because increasing the flue gas pressure, usually
around atmospheric pressure, results in a rise in energy consumption
and invariably increases the cost of the PCC process. An alternative to
the PSA is the VSA [58,60,61].

VSA is a form of PSA in which adsorption is performed at atmo-
spheric pressure or slightly higher pressure while the adsorbent is re-
generated under vacuum conditions [58,60-62]. The fixed-bed
configuration is mostly adopted for VSA with physical adsorbents
[23,63]. The basic VSA steps include pressurization, adsorption, forward
blowdown and reverse evacuation [23,64,65]. As depicted in Fig. 1, the
flue gas is pressurized to atmospheric pressure at the pressurization step
[64,65]. In the adsorption step, CO; is adsorbed at atmospheric pressure
[64,65]. For the forward blowdown step, the column pressure is reduced
to an intermediate pressure with the aim to remove as much Ny as
possible while retaining CO; in the column [64,65]. Thus, increasing
COq purity. The enriched CO; is recovered in the reversed evacuation
step by decreasing the column pressure to vacuum [64,65]. The cycle
begins with the pressurization step. Despite the simplicity of operating
this basic VSA step, studies have shown that this step can lead to either
low CO; purity or recovery [23,64].

Many alternative combinations of steps and configurations have

N;rich N;rich
(Raffinate) (Raffinate)
Light-product  Z=1
End
PN Pu P. Pl
PL PN PL
Feed End Z=0
CO;rich
(Extract)
Pres::rei:a(ion Adsorption Blowdown Evacuation
(F) (CoD) (CnD)
(FP)
B
L Py ] | |
I | |
I | |
P | | |
' |
sL—Pl<—>
toress I ads
Cycle Time

Fig. 1. Basic VSA 4-step cycle [65].
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been explored to improve the separation performance in terms of COy
recovery and purity [23,60,62,66,67]. For example, 2-stage VSA has
shown promising results as an efficient approach in terms of energy
consumption, while still meeting the target of 90% CO3 recovery and
95% purity [60,63]. Studies have shown that a single-stage system can
achieve similar performance with competitive energy consumption,
however, it requires vacuum conditions which are difficult to implement
on large systems [60].

An advantage of the strategic integration of VSA processes in power
plants is that they only involve flue gas pre-processing. VSA regenera-
tion processes do not require steam extraction from the power plant
[60,68]. On the other hand, the main drawback is the power con-
sumption required to drive the vacuum pumps and fans [60,68] (see
Table 3). Additionally, the scalability of VSA units has limited their
application in large power plants as studies suggest they would create an
excessively large footprint [58]. The need for process intensification of
VSA unit is critical for its large-scale implementation.

2.2.2. Temperature swing adsorption (TSA)

TSA systems regenerate the adsorbent through a temperature in-
crease via hot gas or steam [8,69]. They have been of interest for ret-
rofitting in power plants due to their ability to utilize low-grade thermal
energy for regeneration [8,58,61]. TSA can be applied for both physical
and chemical adsorbents, being more suitable for the latter [58,61].

Fig. 2 shows a schematic of the basic 4-step TSA cycle in a fixed bed
configuration [70]. This includes adsorption, preheating, desorption and
precooling [70]. A major drawback of TSA in fixed-bed columns is the
long duration of the heating and cooling steps, in the order of hours (see
Table 3). This has restricted its use to small-scale applications [58,61]. If
TSA is to compete with solvent-based PCC regarding costs, an intensi-
fication of the process is required to attain rapid cycle time.

Alternative column configurations with better transfer performance
such as fluidized-bed column and moving-bed column have been
explored to overcome this challenge [23,58,61]. The strong mixing in
these configurations favours a quick heat transfer. However, if mixing is
set in a co-current gas-solid flow it can result in lower average CO,
loadings since the adsorbent is in equilibrium with the effluent [71]. On
the other hand, it is still challenging to use moving-bed columns for
large-scale because the gas velocity must be kept low. This leads to large
diameters and mechanical difficulties when handling solids in large-
scale operations [71].

The electrical swing adsorption (ESA), a derivative of TSA that em-
ploys low voltage electric current to heat the adsorbent by the Joule
effect, is considered as another potential to reduce the energy penalty of
adsorption-based CO5 capture [71,72]. It has been identified to be an
appealing option for fast heating of the adsorbent and CO, desorption

Table 3
VSA and TSA Challenges [57,59].
Process Challenges
types
VSA - Impurities and water present in flue gas pose a challenge to VSA
process
- Large footprint
- High capital cost
TSA - Fixed bed

o Low heat transfer rates
o Large heat exchange area
o Large energy consumption
o High pressure drop
- Fluidized bed
o More difficult handing of heat fluxes
o Larger temperature difference between desorption and
adsorption
o Product purity level are limited compared to the best fixed-bed
o Increased complexity
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rate enhancement [23,72]. However, the cost of electrical energy
adopted for ESA is more expensive than the low-grade heat adopted for
TSA [23]. ESA is most likely better suited for small-scale operations
[71].

2.2.3. Novel swing adsorption methods

The development of the adsorption-based PCC technology to achieve
high COy purity and recovery, at a reduced energy consumption
requirement, is key for the commercial deployment of the technology at
an industrial scale. The common regeneration approaches (VSA and
TSA) are encountered with several challenges as discussed above. Some
attempts have been made to overcome these challenges by adopting
hybrid regeneration approaches such as the combined vacuum and
temperature swing adsorption (VTSA). The VTSA shows high purity and
productivity for solid adsorbents with less energy intensity [73]. How-
ever, the VTSA requires a long cycle time for an adsorption-desorption
operation due to the heat transfer between the heat exchanger and the
solid is not fast [73]. Fujiki et al. [73] proposed a steam-aided VSA (SA-
VSA) process using an amine-based adsorbent. Studies from the exper-
iments showed that the SA-VSA is effective for recovering CO5 with high
purity (98%) and recovery rate (93%). Cloete et al.[74] investigated the
novel swing adsorption reactor cluster (SARC) for PCC from a cement
plant. The SARC employs a combination of temperature swing (using
heat pumps) and pressure swing (using vacuum pumps) to capture COz
with solid adsorbents using electrical power [74]. The process was able
to achieve competitive energy efficiency with a specific energy con-
sumption per CO, avoided of 2.04 MJigy/kgco2-

Other studies on hybrid regeneration methods have been carried out.
Sun et al. [75] employed a moisture swing adsorption (MSA) for CO,
removal from natural gas using sorbent of ion exchange membranes
loaded with CO%™ ions. The reversible transformation between CO%~ and
HCO3 at room temperature and normal pressure governs the COs
adsorption/desorption cycles. Studies showed that the energy con-
sumption of the MSA process is less than the MDEA-based CO, removal
process (187.38 kJ/Sm® for MSA and 954-1304 kJ/Sm>).

Cuesta and Song [76] explored the pH swing adsorption (pHSA)
process for ambient CO, capture using activated carbon black adsor-
bents and immobilized carbonic anhydrase biocatalysts. The pHSA ex-
hibits strong operational energy and CO; capture efficiency by
incorporating advantages from both TSA and MSA. The pHSA system
has the potential to reduce energy use and operating costs associated
with CO5 capture.

2.3. Summary

Researchers and scientists have encountered several challenges for
the commercialization of adsorption-based PCC processes, mainly
associated with the development of adsorbent materials and cyclic
processes [8]. To compete with solvent-based PCC processes, adsorbents
must exhibit 1) high CO, capture capacity and selectivity, 2) fast
adsorption kinetics, 3) mechanical, thermal and chemical stability, 4)
ease of regeneration, 5) low cost, 6) energy-efficient cyclic process
[71,77]. Zeolites and CMs are popular for adsorption-based PCC, HTs
show promising results and MOFs have been studied for larger-scale
applications.

Widely used cyclic processes for adsorbent regeneration include
VSA, TSA and a combination of both, aiming at the reduction of the
energy requirement. Efforts to improve both the adsorbent materials and
the cyclic processes through lab synthesis, experimental tests and
modelling at molecular and process scale will be discussed in the
following sections.

3. Lab synthesis and characterization of adsorbents for PCC

In this section, we present the findings of the synthesis and charac-
terization of various adsorbents for PCC at lab scale. Characterization is
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usually carried out using X-ray powder diffraction (XRD) or Fourier-
transform infrared (FTIR) spectroscopy to determine the crystal struc-
ture whereas thermos-gravimetric (TGA) analysis is used to monitor the
evolution of the structure during calcination [36]. Scanning electron
microscopy (SEM) is typically used to observe the morphology and
obtain high quality images, sometimes coupled with energy dispersive
spectroscopy (EDX) to determine the chemical composition. The Brauer-
Ernzhof-Teller (BET) methodology is used to measure the surface area,
similarly the Horvath-Kawazoe model for obtaining the pore size dis-
tribution and the t-plot method for calculating the micro-pore volume
[78].

3.1. Zeolites

3.1.1. Lab synthesis

Zeolites synthesis is generally carried out with a mixture of alumi-
nate and silicate solutions subjected to elevated temperatures in a closed
reaction systems for various periods to produce a supersaturated solu-
tion that undergoes spontaneous nucleation and crystallization pro-
cesses[79]. The choices of raw material and synthesis method are key to
achieving cost-effective zeolites [80]. Different raw materials (natural or
man-made) have been adopted for the synthesis of zeolites which
include coal fly ash, biomass fly ash, kaolin [79,80]. Key factors that
affect the choice of raw materials include raw-material cost, cost of
production, high production yield and amount of foreign substances.
Various approaches have been adopted to produce synthetic zeolites,
including hydrothermal methods, ionothermal methods, solvo-thermal
methods, alkali-fusion method, sol-gel method, alkali-leaching
method, microwave method and ultrasound energy method [80]. Each
approach has its pros and cons as detailed in Table 4.

Amongst the methods listed in Table 4, hydrothermal method is
conventionally adopted for zeolite synthesis. The performance of the
hydrothermal method is affected by several parameters including pres-
sure, temperature, batch composition, Si/Al ratio, reactant materials,
overall alkalinity, aging time, template condition and seeding [80,81].
Several attempts on zeolites synthesis via hydrothermal methods have
been reported [82-86]. The hydrothermal method is traditionally
adopted due to several advantages, which include low energy con-
sumption, ease of maintenance, low air pollution. However, Meng and
Xiao [87] highlighted the limitations of the conventional hydrothermal
method which includes low efficiency of the process due to long time
periods and relatively high temperature, expensive autoclave needed for
the process and corrosive slurries produced that are detrimental to the
zeolite structure. Thus, hydrothermal synthesis is far from an optimum
environmentally friendly zeolite synthesis technology. To overcome
these limitations, researchers have developed several alternative ap-
proaches, including microwave-assisted hydrothermal approach, akali-
fused hydrothermal approach, ultrasound-assisted hydrothermal

Table 4
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Zeolite synthesis methods advantages and limitations .

s/ Synthesis
n method

Advantages

Limitations

1 Hydrothermal

2 Iono-thermal

3 Solvo-thermal

4 Alkali-fusion

5 Alkali-leaching

6 Sol-gel

7 Microwave

High reactivity,

Low pollution and energy
consumption;

Good crystal quality
Production of large crystal and
easy to control crystal
composition

Easy control over the size,
Shape distribution,

Crystalline product

Uses low-grade raw materials;
High quality anhydrous zeolites
production

Enables the use of impure raw
materials and offers efficient
products t.

Less energy consumption;
Expensive equipment not
needed

Faster reaction;
Selective heating,
Higher temperature

Expensive autoclave
Corrosive slurries

High operating time
High toxic chemicals
production

Expensive autoclave
Organic solvent needed

High energy
consumption and cost

Expensive and time
consuming

Cost of precursors;
Residual porosity and
OH groups difficult to
avoid;

Water evaporation;
Heat force control
difficulty

8 Ultrasound
energy

Simple, rapid reaction, high
crystal growth rate, uniform
particle size distribution and
morphology; nucleation process
control

adapted from [80]

approach [80]. For instance, Yit Siew Ng et al. [88], adopted the
ultrasound-assisted hydrothermal approach for zeolite RHO, highlighted
that the synthesis duration of zeolite RHO was significantly reduced
from 7 days to 2 days compared to the conventional hydrothermal
method.

The solvo-thermal and ionothermal methods are similar to the hy-
drothermal synthesis method with the exception of the type of solvent
used. The solvo-thermal method uses organic solvent while the ion-
othermal method uses ionic liquid as solvent for zeolite synthesis.
Similar to the hydrothermal method, the same factors affect the per-
formance of the solvo-thermal and ionothermal methods. A key
advantage of the solvo-thermal method is that the method offers easy
and precise control of the size and shape distribution of the zeolite
product. The ionothermal method produces large size of crystals. It is
also easy to control the growing crystal composition. Several studies
have been reported on zeolites synthesis via solvo-thermal [89-92] and
ionothermal method [93-97]. A major limitation of the solvo-thermal
method is the use of alcohol as organic solvent, which greatly affects
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the nucleation rate and crystal growth[80]. The ionothermal method,
however, produces toxic chemicals and operates for a longer period[80].
Despite these limitations, the use of these methods is gaining popularity
for zeolite synthesis in the research community[80].

Ayele et al.[98] compared the alkali-fusion method with the con-
ventional hydrothermal method for the synthesis of type A zeolite. The
study highlighted the advantages of alkali-fusion method over the con-
ventional hydrothermal method. The alkali-fusion method allows the
use of low-grade materials without purification. However, high energy
consumption remains an issue. The alkali-leaching sol-gel, microwave
and ultrasound methods for zeolites have also been reported by re-
searchers. These studies highlighted the advantages and limitations.
Amongst these methods, the ultrasound energy method is gaining much
attention due to its great influence on zeolite synthesis, which includes
its rapid reaction rate, suitable particle size distribution and morphology
[801.

3.1.2. Characterization

Several experimental studies on the characterization of diverse ze-
olites, to assess their potential for CO5 capture from power plant flue gas,
have been reported[99-101]. In some of these studies, CO5 adsorption
capacity of zeolites were recorded with the TGA analysis at a wide
temperature range (25 °C-877 °C) and atmospheric pressure. Morales-
Ospino et al. [99] also assessed the CO5 adsorption capacity of type X
and A zeolites synthesized from fly ash in comparison with commercial
zeolite 13X materials. It was noted in the study that the synthesized
zeolite exhibited slightly lower CO. adsorption capacities than the
commercial zeolites. All samples show good selectivity for CO, capture.
Wu et al. [101] assessed the COy adsorption performance of zeolite L
samples with different crystal morphologies (cylindrical, disk-shaped
and nanosized). Among these samples, the nanosized zeolite L showed
the highest CO, adsorption capacity of 70 cm3/g with BET specific
surface area of 427.2 m?/g and a total pore volume of 0.382 cm®/g. the
study recorded an IAST selectivity for CO3/N; of 198 at 25 °C and 1 bar.
The nanosized zeolite L demonstrated a higher mass-transfer rate [101].
Key factors that affect the CO5 adsorption on zeolites include basicity
(influenced by Si/Al ratio), pore size and electric field strength as a
result of the exchangeable cation present in their cavities. The optimi-
zation of these factors along with temperature and pressure are key to
enhancing the CO, adsorption capacity [102].

Chong et al. [103] investigated thermal stability as well as the
cycling stability of the zeolite 5A and 13X under humid conditions. The
study reported that the zeolites exhibited high thermal stability as the
TGA shows negligible weight-loss after being heated to 800 °C. How-
ever, the CO capacity of zeolites decreases with an increasing number
of cycles in humid conditions. The study suggested that the formation of
a stable hydrogen bonding network between H,0 and the exposed metal
cation leads to the gradual decrease of CO; adsorption capacity.

3.2. CMs

3.2.1. Lab synthesis

A variety of CMs adsorbents considered for CO, capture have been
developed from diverse sources which include sawdust [104], coal, peat,
skins of coffee beans [105], olive stones [106], coconut shells, almond
shells [45] and even waste Coca-Cola® [107]. The use of biomass
sources are gaining much attention in the bid to develop low-cost CMs
for CO5 capture. are These CMs includes ACs, carbon aerogels, carbon
nanotubes, graphene and biochar [43]. This review focuses on ACs.

Various synthesis methods such as pyrolysis, hydrothermal carbon-
ization, molten salt carbonization and ionothermal carbonization have
been adopted for the preparation of CMs. Table 5 details the advantages
and limitations of each synthesis strategy. Amongst these strategies,
pyrolysis is most common. Pyrolysis usually occurs at temperatures
below 800 °C in order to devolatilize the material, whereas oxidation is
typically carried out between 800 and 1000 °C [45]. The volatilization
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Table 5
CMs synthesis methods advantages and limitations .

s/ Synthesis Limitations

n method

advantages

Most conventional
method for char
synthesis

High porosity
High product yield

1 Pyrolysis Requires biomass with

low moisture

Suitable for wet
agriculture residues
Lower energy

2 Hydrothermal
Carbonization

Slow process
Low surface area and
porosity

consumption e Needs activation
(chemical or physical)
3 Molten Salt e Low cost e Detailed generation and
Carbonization o Versatile for a variety mechanism for CMs
of agriculture waste synthesis still needs more
investigation
4 Ionothermal e Ionic liquids can be e Intensive energy
carbonization adopted as solvent, consumption of ionic

template and catalyst
Enables porous
carbon production in
a one-step process

liquid recycling

adapted from [109]

of substances promotes the widening of existing pores and the formation
of new ones. In consequence, there is also an increase in the internal
surface area [108]. However, a major limitation is the energy-intensive
nature of the process due to the drying of the biomass [109]. Hydro-
thermal carbonization is an alternative approach that allows the use of
wet biomass. The hydrothermal carbonization is operated at a relatively
mild temperature (150 °C—350 °C), which reduces energy consumption.
However, the process is quite slow due to the long residence time
(ranging from hours to days). The pyrolysis and hydrothermal carbon-
ization processes are typically followed by a subsequent physical acti-
vation in the presence of oxidants such as air, CO2 or steam [45].
Depending on the precursor, chemical activation can also be used to
improve the pore volume of the AC. In this method, the precursor is
impregnated with a dehydrating agent prior to carbonization such as
KOH, NaOH, ZnCl; or H3POy4 (acidic, alkaline or salt mediums). In this
case, the activation temperature is between 600 and 800 °C which could
reduce the energy required for the production [45]. However, if chem-
ical activation is applied, the adsorbent requires intensive washing to
remove residual chemicals and impurities [45].

Ionothermal carbonization approach enables a one-step synthesis of
CMs using ionic liquids without the need for activation as the ionic
liquid does not only act as a solvent but also as a template for pore
structuring[109]. Despite the ability to develop highly porous CMs, in
one step, within a short period (residence time ranges from one to
several hours), the energy consumption intensity of ionic liquid recy-
cling is a key limitation. To deal with this limitation, molten salts are
adopted for carbonization due to the ease to recover the molten salt
[110]. Wang et al.[110] prepared a porous N-AC using low price chi-
tosan with LiCl-ZnCly molten salt, which demonstrated high CO; ca-
pacity, good selectivity and excellent recyclability[110].

3.2.2. Characterization

In general, CMs have a weak affinity to CO3, dominated by phys-
isorption with the heat of adsorption less than 25 kJ/mol. In conse-
quence, CMs usually show a low CO; adsorption capacity and selectivity
(CO2/N; 5 and CO,/CH4 < 3) [28]. This is explained by CMs relatively
uniform electric potential on their surface and low enthalpy adsorption
[8], as is the case of AC, unless the material is chemically modified [38].
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ACs show reproducible and consistent adsorption behaviour [29].
ACs have higher water tolerance, require less energy for regeneration
and are cheaper [44]. Their highest adsorption capacity is reached at
temperatures under 50 °C and pressure over 4 bar [25]. They lose their
adsorptive properties after 250 °C [37] unless chemically modified. One
of the main factors that affect the adsorption capacity of AC is the pore
size. At atmospheric conditions, narrow micropores (<1 nm) assist in
CO4, retention into the pore wall and block N passage. The fraction of
micropore volume is a primary contributor to the CO, adsorption, even
more influential than the surface area [45]. For example, AC from
sawdust can achieve an adsorption capacity of 8 mmol/g even with a
low surface area of 1,643 m?/ g if the micropore volume is near 73%,
whereas samples with a surface area of 2,435 m?/g only captured 4.73
mmol/g when the micropore volume was 29% [111]. Nonetheless, ACs
with high surface area can be advantageous for high-pressure applica-
tions [8].

Balsamo et al [112] investigated the effect of inlet CO, concentration
and temperature on the adsorption performance of a synthetic nano-
porous AC obtained from a mixture of coal tar pitch and furfural. From
the study, the CO, intake increases with temperature (30 °C, 50 °C and
80 °C) [112]. The researchers attributed this to the increase in mass
transfer rate due to the higher process driving force. On the other hand,
for a fixed inlet CO5 concentration, the breakthrough curve showed a
shift towards a lower break-point time as the temperature increases,
indicating a reduction in the adsorption capacity [112].

Regeneration experimental study on the effect of the regeneration
operating condition on AC, carried out by Cen et al. [113], showed that a
lower vacuum pressure, about 4 kPa as the desired limit, results in a
higher regeneration efficiency (>90%) and the working capacity be-
comes larger [113]. Investigation of the re-utilization of AC F50
revealed that a constant CO; adsorption capacity is maintained after 15
consecutive cycles [112].

It is important to highlight that the operation conditions of ACs tend
to the lower temperature range. For example, after 10 regeneration
cycles at 25 °C, carbons co-doped with N and O presented high regen-
erability [114]. Although Di Biase and Sarkisov[29] argued that AC is
stable at high temperatures as well [29], Leon et al.[37] Commented
that their micropore structure presents low thermal stability. Also, the
soft nature of AC results in high attrition rates in cyclic processes [25].
This could be a challenge when scaling up the adsorption process.

3.3. MOFs

3.3.1. Lab synthesis

MOFs are usually produced through a modular synthesis in which the
metal ions and organic ligands are combined to yield the crystalline and
porous framework [115]. Synthesis methods are usually regarded as
conventional or modern. [116]. Each synthesis method was detailed in
Table 6 with their respective advantages and limitations to industrial
implementation. Amongst the several methods, solvo/hydro-thermal is
the most common. This involves heating the reagents dissolved in a
solvent in a close autoclave reactor. It has been observed that higher
pressures and longer time render bigger crystals [116]. When using
water as the solvent in an effort to avoid the hazardous nature of the
solvents, it is called hydrothermal. The most promising modification to
this synthesis process is to assist it with microwave heating, especially
for large-scale synthesis of MOFs. For a more detailed description of each
method, the reader can refer to [116,117] .

The properties of MOFs, such as pore sizes and pore functionalities,
can be fine-tuned by modifying the length and functionality of the li-
gands [115]. However, these inorganic ligands are usually expensive,
which makes their large-scale production difficult [25] and hinders their
utilization in commercial applications. This is why scaling up the
continuous production of MOFs is a great achievement. MOF Technol-
ogies™, a partner in the GRAMOFON project was able to develop a
continuous MOF production process at pilot-scale (production rate of
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Table 6
MOFs synthesis methods advantages and limitations adapted from
[116,117].

s/ Synthesis method Advantages Limitations
n
1 Solvo/ e Wide operating e High cost of sealed
hydrothermal temperature regime enclave
method e Ease of heating and e High energy
cooling temperature consumption
ramps to help crystal e Long reaction time
growth
e Easy industrial
transposition
2 Microwave e Simple and energy- o Difficult to isolate large

heating method efficient approach
High yield and
reduced
crystallization time
Ease control of the
reaction parameters
Control of
morphology, phase
selectivity and
particle distribution

single crystals

No easy and quick
industrial
implementation

Efficient isolation of e Ultrasound waves can
phase-pure materials break crystallites, which
Homogeneous particle hinders the formation of
size and morphology large single-crystals for
in short periods X-ray diffraction studies
Suitable for nano-

3 Ultrasonic
synthesis method

sized MOFs
4 Electrochemical e Rapid synthesis e Low yield
synthesis e Good porosity e More by-products
e Controllable particle produced
morphology
e Continuous synthesis
e Reduced solvent
required
e Mild reaction
conditions
5 Continuous flow e Rapid synthesis e High temperature and
chemistry e Precise control on pressure
reaction parameters
e Lower energy
consumption
o Easy integration
6 Milling e No pressure and e Low output
temperature required o Difficult to separate for
e Good yield and X-ray single-crystal
reproducibility diffraction
e Long equipment
downtime
7 Twin-screw e Easy integration e Material loss
extrusion e Used in continuous e Slow process speed

manufacturing e Non-uniform crystal
process structure
o Special instrumentation
is needed

1-10 kg/hr) [118,119]. The process minimizes the use of solvent, re-
duces costs and enables the manufacture of customized geometries for
different applications.

Studies reveal that the performance of powdered MOFs can decrease
up to 10% when they are scaled and shaped [120]. An innovative MOF
shaping process is the use of hydrocolloids to prepare spheres of MOFs as
in molecular gastronomy methods [121]. With this method, the MOFs
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Table 8
Characteristics of the approaches to calculate the PES.

Table 7
HTs synthesis methods advantages and limitations adapted from [127].
s/ Synthesis Advantages Limitations
n method
1 Co-precipitation e Allows control of charge e Low yield of well-
method density crystallized HT-like
phase
2 Urea Hydrolysis e Large particle size is e Operated at high
obtained temperature
e Allows preparation of HT
compounds with a high
charge density
3 Solvo/ e Enables improved e Long reaction time
hydrothermal crystallized structures
e Results in particle size
increase
4 Combustion Short crystallization time -
synthesis No solvents required

Cost effective -
Simplicity

Enables control of

homogeneity and structural
properties of HTs

5 Sol-gel method

6 Microwave e Fast heating can be achieved -
Irradiation e Reduced period of aging and
tedious washing
7 Steam e Improves crystalline e May deteriorate the
Activation structures quality of HT

do not show degradation; and when using chitosan as the particle-
forming agent, the created spheres show a higher crushing strength
than Zeolite 13X [121]. The use of hydrocolloids has been successfully
used to produce Ni-MOF beads in kilogram quantities [122].

Chemical modifications to increase the CO, capture capacity of
MOFs, such as the addition of amines and polarising functional groups
after their synthesis is common [115]. Loading the MOF framework with
poly-ethyleneimine is popular for improving the adsorption capacity
(~2 mmol/g for a BET surface area of 480 rnz/g) [116].

3.3.2. Characterization

MOF’s high adsorption capacity is usually explained by their extra
high porosity and the interaction of the COy with the framework,
resulting in capacities higher than zeolites and AC, especially at room
temperature and high pressure (~35 bar) under equilibrium conditions
[25]. Examples of MOFs with high adsorption capacity are HKUST-1
(3.3 mmol/g, with BET surface area of 850 mz/g), UIO-66 (2.323
mmol/g, with BET surface area >1,400 m2/g) and Cus(BTC), (4.4
mmol/g, with BET surface area >1,400 m?/g) [116]. Additionally, due
to the interaction of the framework with the quadrupole of CO5, MOFs
exhibit high CO,-selectivity [38]. However, their high adsorption ca-
pacity is limited to a low-temperature range, from 0 °C to 30 °C [116], a
challenge for post-combustion applications. For example, Cu-BTC can
achieve an adsorption capacity of 9.59 mmol/g at 0 °C at atmospheric
conditions, but it decreases to 5.33 at 25 °C [123]. Additionally, for gas
mixtures under dynamic conditions, the COy adsorption capacity of
MOFs decreases abruptly [8], especially in the presence of moisture.
When water is present, the MOF’s surface area reduces, possibly due to a
partial collapse of the pores [38] as the water molecules displace the
ligands, destroying the crystal lattice [25].

MOFs tend to have low thermal stability [41], thus recent studies
focus on this issue. Studies comparing different MOFs (with Mn, Fe, Mg,
Co, Zn) have shown that MOF-Mn and MOF-Mg are promising candi-
dates for TSA cycles, approximating their behaviour with the weighted-
dual site Langmuir (w-DSL) isotherm [124]. It is observed that higher
productivity is achieved when the heating temperature of the TSA cycle
is maximal and the cooling temperature is minimal, ~227 °C and ~
20 °C respectively, attributed to the sharp decrease in the adsorption
capacity associated with the temperature increase [124]. Preliminary
experiments with the MOF UiO-66, synthesized by the sol-gel method

Quantum Mechanics Molecular Mechanics

o The atom is described as a
sole entity [152]

Accuracy level o Differentiates atoms
nuclei and electrons
Can describe electrons
interactions

Input required e The atomic number of the
elements in the system

Initial configuration of the
atoms in the system [155]

Force Field (FF) containing
the parameters for the
functions representing the
interaction of the particles,
usually derived from
experimental data or QM
calculations [155]
Examples of FF used for
studying adsorption
processes: CLAYFF [158],
AMBER [159], TraPPE
[160-163], UFF
[162,164,165], DREIDING
[166] and ReaxFF
[157,167]

Advantages e Capable of modelling the e Lower computational
creation or braking of power requirement [169]
bonds (chemical e Larger systems can be
reactions) and dynamic simulated (up to millions
processes [168] of atoms) thanks to the use

of simple-interatomic po-
tentials [155]
o Disadvantages e High computational cost o It is difficult to create an

Better suited for smaller
systems (hundreds of
atoms) [155]

adequate Force Field
adapted to the structure
and conditions of the
simulation. [155]

Ab initio: Molecular Newtonian laws
Orbital Theory

Semi-empirical: Hiickel,

Valence Bond theory,

Density Functional

Theory (DFT) [168,170]

e Basis Theory

e Common
applications

Geometry optimization of e Molecular dynamics
the system simulations

Calculation of interaction e Monte carlo simulations
forces between small

pieces of the structure and

few gas molecules

has shown promising results with PSA regeneration.

MOF and GOx composites (MOF/GOx) have been proposed for
improving the thermal and electric conductivity of MOFs and subse-
quently, their efficiency for TSA, electrical swing adsorption (ESA) and
microwave swing adsorption (MSA) regeneration [125]. MOF/GOx with
5 wt% GOx has shown suitability for MSA process. In other experiments,
MOF/GOx showed a CO adsorption working capacity of 7.5 wt% after 9
cycles and a significant reduction of the time and energy requirement by
50% [118].

3.4. HTs

3.4.1. Lab synthesis

Co-precipitation is the most usual synthesis process for HTs. Metallic
salts containing the desired cations, e.g Mg(NOs), e 6H,O and
Al(NO3)4 @ 9H,0, are dissolved in deionized water. Then, a precipitation
agent is added, such as NaOH, as well as a solution of the desired anion,
for example Na,COs3. The precipitation agent also controls the pH of the
reaction, which influences the cationic ratio [52] and crystallinity of the
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final product [25]. The precipitate is then separated, washed and dried
[126]. Other common methods for HTs synthesis are urea hydrolysis,
solvo/hydrothermal process, microwave irradiation and sol-gel [50].
Table 7 details HT synthesis methods advantages and limitations. Oth-
man et al [127] gave a comprehensive review of the different methods of
HTs synthesis [127].

The properties of the final synthesized HTs depend on many factors.
The lateral size of the layers and the degree of stacking. For example,
vary depending on the conditions for their synthesis [128]. The usual
thickness of one layer is 4.8 A [129], with the interlayer distances
varying from 0.3 to 3 nm [127]. The composition of HTs (i.e. the com-
bination of cations, anions, and the ratio of the cations M*2/M*3) can
greatly influence the interaction between the COy molecules and the
HTs, as well as the regenerability, cyclic stability and kinetics of the
adsorbent [25]. For example, experiments varying the interlayer anions
have shown that the morphology, and thus the BET surface area, can
also be affected. HT containing CO3 presented a spheroidal “sand rose”
morphology, with approximately 400 to 450 nm of diameter, and
“petals” of 24-25 nm, each containing between 30 and 32 brucite-like
sheets. In comparison, HTs synthesized with other anions such as NO,
S04, Cl and HCO3 exhibited a “stone” morphology, with non-porous
particles from several to several-tenth ym [52], with larger anions
producing a greater interlayer space [25].

The surface and structural properties of HTs in crystalline phase are
not suitable for reversible CO, sorption. This is because the CO4 sorption
in the crystalline HT is driven by the acid-base reaction of Mg-OH and
CO4, to form Mg(HCO3),, which is irreversible [36]. In order to increase
the adsorption capability and surface area of the HTs, a thermal treat-
ment called calcination is used. This treatment produces mixed metal
oxides that show high thermal stability, good dispersion of the metals,
and high surface area [130]. The mixed metal oxides present lewis ba-
sicity, whereas the CO is a weak Lewis acid [24], and thus calcination
increases the COy adsorption capacity of the material. It is important to
control the calcination temperature. This is because the number of
active basic sites of Mg-O for adsorption decreases when the calcination
temperature is too high. This phenomenon is attributed to the formation
of crystal MgO [36] and Aly,O3 [25]. The optimal calcination tempera-
ture for Mg-Al-CO3 HT has been reported as 400 °C [34].

3.4.2. Characterization

The adsorption capacity of HTs is usually regarded as low in contrast
with other adsorbents. For example, Mg-Al-CO3 HTs adsorption capacity
(depending on the synthesis and calcination methods) ranges from 0.1 to
0.92 mmol/g with a BET surface area in the range of 55 to 258 m2/g.
However, they have the advantage of being able to operate in a much
higher temperature range, from 100 °C to 400 °C
[24,36,48,52,129,131].

There are different studies investigating how to increase the
adsorption capacity of HTs. They can be divided on synthesis method
variations, composition variations, impregnation with alkali metals and
the use of supporting materials. Many studies prefer the co-precipitation
synthesis method, possibly due to the easiness of the process and the
capacity to tune the characteristics of the final material. Regarding the
composition variation, experiments using CO# as the anion have re-
ported the highest adsorption capacity. For example, the adsorption
capacity at 300 °C and 1 bar is 0.5 mmol/g whereas for HT using OH™ as
anions is 0.2 mmol/g [33]. The cations also influence the properties of
the material. Trivalent cations determine the structure evolution of the
material after calcination [52] while changing the divalent cation with
other elements such as Be ™2 or Cd 2, results in materials different to HTs
[127]. Interestingly, a specific and strong affinity for CO5 is more rele-
vant than the available surface area or the pore volume. HTs impreg-
nated increased their adsorption capacity in more than 50% compared
with non-impregnated samples [132].

To the best knowledge of the authors there are no published exper-
imental studies focusing on the regeneration of HTs in PCC conditions.
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Most of the studies are aimed at increasing the adsorption capacity and
current projects such as DISPLACE are still in the development stage
[133]. However, modelling the desorption isotherms is possible based
on the equilibrium theory of adsorption in fixed beds [132].

Researchers expect that an easier regeneration of K-promoted HT,
modified with Ga using PSA beds [132]. On the other hand, experiments
in pre-combustion carbon capture conditions and TSA have shown that
the CO- adsorption capacity of K-promoted HTs reduced to 7% after ten
cycles, which is attributed to the partial conversion of the KO promoter
into KoCO3 [134].

4. Experimental studies and commercial deployment on
adsorption-based carbon capture

This section details the current status of various adsorbent-based
carbon capture experimental studies at different scales. These scales
are generally categorized into bench, pilot and commercial scale.

4.1. Bench-scale experimental studies for carbon capture

4.1.1. Research triangle Institute (RTI) bench-scale test

The RTI's bench-scale system was commissioned by RTI Interna-
tional at the RTI's Energy Technology Development Facility (ETDF)
located in North Carolina, USA. The RTI’s bench-scale contactor eval-
uation unit (CEU) is a multi-stage fluidized moving-bed reactor (FMGR),
which uses an adsorbent comprised of poly-ethylene mine (PEI) on silica
as a support material, carrying out adsorption at 50-90 °C and TSA
regeneration above 110 °C [56].

Experimental studies using this test facility included verification of
key parameters that affect the efficiency of the solid sorbent-based CO,
capture process when implemented on coal-fired power plants, natural
gas combined cycle (NGCC) power plants and cement plants. The
bench-scale test unit can capture 0.15 tCO2/day. Test campaigns were
carried out to assess the performance of the adsorbent-based PCC bench-
scale system using simulated flue gas (flowrate varied from 300 to 900
SLPM) from coal-fired power plant with 15 vol% CO concentration. The
BsCEU was able to maintain 90% COz capture over a long period by
adjusting the solid circulation rate). During the test campaign, it was
observed that as the adsorption temperature increased, the regenerator
heat duty decreased.

The BsCU was implemented to treat flue gas from a cement plant at
Norcem in Brevik, Norway. However, researchers found that the CO,
loading capacity of the adsorbent drops 30% after 100 adsorption/
regeneration cycles in the presence of 100 ppm of SO; in the flue gas,
indicating the need for deep scrubbing before the capture unit [56].

4.1.2. Precision combustion Inc (PCI) bench-scale test

A bench-scale PCC system was installed at the national carbon cap-
ture center (NCCC) test bay in the United States by PCI and a test
campaign was carried out to assess the operability of the system [135].
The bench-scale system is a compact, low-temperature swing PCC sys-
tem that utilizes high internal volume nano-sorbents (MOFs) supported
on a tailorable microlith substrate for cost-effective carbon capture
[136]. The sorbent bed geometry is 0.43 inner diameter (ID) x 0.44
outer diameter (OD) x 0.41height (H)[136].

The test campaign was conducted, for 2 cycles, using a simulated flue
gas flowrate of 60 L/min with a composition of 8 vol% CO,, 8.1 vol% O,
83.9 vol% N. Sorbent showed a stable performance throughout the test
campaign with a cycle time of 27 min and capturing CO5 of 0.0066 t/day
[137].

4.1.3. InnoSepra, LLC bench-scale test

InnoSpera LLC carried out a bench-scale development and test of a
novel adsorption process for PCC with a capacity of 1 tCO,/day at Indian
River coal-fired power plant in USA[138]. This was aimed at demon-
strating the effectiveness of an innovative fixed-bed adsorption-based
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CO; capture technology utilizing a combination of novel physical sor-
bents with low heats of sorption and novel TSA cycles[138].

The bench-scale test utilized dry flue gas (flowrates of 80 and 100
SCFM) with 10-12 mol% of CO5 and about 50 ppm SO5 [138] The test
campaign includes variation of adsorption temperature (25-33 °C),
adsorption time and flue gas flowrate. Key findings from the test indicate
that the performance of the CO, capture unit can be enhanced by
accelerated bed cooling[138].

4.1.4. TDA 4-bed VSA bench scale system

TDA in USA carried out experimental tests on CO, adsorption and
desorption using adsorbent material consisting carbon material modi-
fied with surface functional groups in a 4-bed VSA bench scale system
[139]. The bench scale system shown in Fig. 3 was used to treat flue gas
(flowrate of 28 SLPM) from coal-fired power plant with a CO5 concen-
tration of 13.2 vol%[139]. The bench scale system is housed on a skid
dimensioned 1.83 m length (L) x 0.61 m width (W) x 1.83 m height (H).
The 4-bed VSA bench system was able to achieve 95% CO» capture and
above 90 vol% CO; product purity[139]. The sorbent material main-
tained stable performance in the presence of 370 ppmv NOx and 50
ppmv SOx[139]. Further experimental test assessing the performance of
amine functionalized resins adsorbent structure in the 4-bed VSA bench
scale system will be carried out. This is under the second phase of the
TDA project on a new sorbent process for transformational carbon
capture process[139].

4.1.5. 1-bed rapid PSA bench-scale system

The university of south Carolina (USC) designed, developed and
demonstrated a bench-scale process for efficient and cost-effective sep-
aration of CO5 from flue gas using PSA[140]. The bench-scale system,
located at NCCC USA, utilized the 1-bed PSA column (see Fig. 4) with
0.038 m ID and 0.4572 m H to assess the performance of Zeolite 13X
adsorbent to capture CO, from flue gas with a flowrate of 12 SLPM and
15 vol% CO5[140]. The experiment on the bench-scale system revealed
that zeolite 13X achieved a performance of 90% CO- capture (recovery)
and 95 vol% CO. purity [140] (see Fig. 5).

4.1.6. VeloxoTherm™ bench-scale testing station (VTS)

The VeloxoTherm™ bench-scale testing station developed by Svante
was used to assess the performance of CALF-20 MOF sorbent using flue
gas from the cement plant at Larfarge’s Richmond cement plant, Canada
[141]. The VeloxoTherm™ process uses the rotating bed reactor,
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Fig. 4. Pictorial view of the 1-bed rapid PSA bench-scale system at
NCCC [140].
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Fig. 3. Pictorial view of the 4-bed VSA bench-scale system [139].
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specially created for reducing cycle time (<60 s) and energy consump-
tion of the VTSA process [142]. Adsorption is carried out at 50 °C,
although due to the exothermic reaction the bed temperature increases
to 80 °C [143], and desorption occurs at 110 °C [144]. The long-term
test of the VeloxoTherm™ process at the scale of 0.1 tCO,/day using
CALF-20 MOF Structured Adsorbent Beds (SABs) to treat cement flue gas
with a composition of 17 vol% CO3, 10 vol% O, 5 vol% H,0, 68 vol% Ny
showed a very good performance[141]. The VTS contains 8 sorbent beds
with the overall dimension of 0.025 m (L) x 0.025 m (W) x 1 m (H)
[141].

4.2. Pilot-scale experimental studies for carbon capture

4.2.1. Handong dry-sorbent CO2 pilot plant

The pilot Hadong dry-sorbent CO, capture system led by the Korea
Electric Power Research Institute (KEPRI) is the largest adsorption
project registered, with a capture capacity of 200 tCO,/day, equivalent
to a 10 MW coal-fired SCPC power plant [145-147]. This pilot unit is
located at the Hadong power plant in South Korea and operated from
April 2014 to 2017 using a specially developed adsorbent: KEPCO2P2.
The material consisted of 35 wt% K,COs, which reacts with CO5, and 65
wt% of a support material [145] for solids management. The dry-sorbent
pilot facility was able to handle 35,000 Nm®/h of flue gas with CO,
concentration from 14 to 15 vol%, which consists of using a fluidized-
bed type carbonator for, a fluidized-bed type regenerator, sorbent
cooler and several cyclones[55]. The pilot-scale plant is housed in 34 m
(L) x 15 m (W) x 59 m (H) building. The adsorption was carried out at
80 °C and regeneration of the sorbent at 200 °C [18,147].

Over 1000-hr continuous operation of the pilot plant has been per-
formed and the results showed that the dry-sorbent gave a stable per-
formance of 80% CO, capture rate and 95% CO, purity in the
regenerator throughout the test campaign.

4.2.2. TDA Pilot-scale unit at NCCC

TDA Research Inc carried out pilot-scale test on the solid-sorbent-
based PCC slipstream pilot unit installed at National Carbon Capture
Center (NCCC), Wheat Ridge, Colorado, USA [148]. The pilot-scale is
housed on a skid with 12.2 m (L) x 9.8 m (W) x 3.5 m (H) dimension.
The pilot-scale unit consists of a multiple (10 sorbent bed) fixed bed
contactor with a capture capacity of 10 tCOy/day (0.5MWe). The test
aim was to demonstrate the performance of alkalized alumina (Al,O3) as
adsorbent and PSA regeneration at realistic conditions [148]. Adsorp-
tion takes place at 140-150 °C and 1 bar with a flue gas flowrate of 0.6
kg/s and 12 mol% CO- (equivalent to 0.5MWe), whereas regeneration
occurs at the same temperature range, with an increase of pressure to
1.11 bar using steam [54]. The test campaign showed that the pilot unit
successfully maintained high purity COy of above 90 mol% [54,149].
Future plans include the upscaling of the process to 25 MWe [54].

4.3. Bench and pilot facilities for carbon capture under development

4.3.1. TDA fixed-bed radial flow bench-scale unit at TCM

TDA is developing a fixed-bed radial flow bench-scale unit to test the
CO4, capture capacity performance of MOF adsorbents at TCM site [150].
The bench-scale unit is designed to capture CO, with a capacity of 0.04
tCO,/day using flue gas from coal-fired power plant[ 151]. The novel
radial flow contactor shown in Fig. 5 increases the feasibility of using
sorbents in fixed-beds for post-combustion capture by reducing the
pressure drop through the beds and allowing for rapid sorbent regen-
eration [150,151]. The radial flow configuration allows for multiple use
of modular beds for ease of scale-up to large scale [150,151].

4.4. Summary

Although extensive research and development on adsorption-based
PCC technology have been carried out, all investigations have been
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mainly limited to bench and pilot scale. The largest pilot plant is the
Hadong dry-sorbent CO; pilot plant in South Korea with a capture ca-
pacity of 200 tCOy/day. No commercial deployment (at or over 1 million
tons CO; captured per year) has been attained for the technology. Thus,
adsorption-based PCC has not been fully demonstrated.

5. Studies through molecular simulation

Molecular simulations are time and cost-effective computational
methods that are complementary to the synthesis and experimental
methods of adsorbent materials[40]. They comprise a diverse range of
methods and techniques in continuous evolution. Molecular simulations
can guide the experimental studies by providing insights into CO,
adsorption and desorption mechanisms of the adsorbent materials
[152]. When aided by data science, molecular simulation facilitates the
large-scale screening of porous materials for discovering useful adsor-
bents [40,153]. This will aid in narrowing down the choices of prom-
ising adsorbent materials [154]. This is very key as there is a large
number of available adsorbent materials and it is practically impossible
to these adsorbents purely using experimental methods. Since molecular
simulation provides insights into adsorbents synthesis and the CO5
adsorption mechanisms, we consider it must be included in relevant
reviews on the topic. This section introduces key concepts of the area of
molecular simulation and presents a summary of the findings and in-
sights given by molecular simulation studies that complement the
experimental investigation of the materials mentioned in previous
sections.

5.1. Key concepts

5.1.1. Potential energy surface (PES)

The PES describes the energy of a system as a function of the position
of the particles or elements. Knowing the PES enables the calculation of
macro-properties of the system such as the temperature or pressure
[155,156]. There are two main approaches to describing the atomic
interactions and calculating the PES: (a) quantum mechanics (QM); (b)
classical mechanics (also known as molecular mechanics MM), each
with different levels of accuracy [155]. QM methods are capable of
differentiating the atom’s nuclei and electrons, whereas classical me-
chanics take the whole atom as a sole entity. The characteristics of these
approaches are summarized in Table 8. In addition to these approaches,
some semi-empirical methods that are halfway the two levels of accu-
racy also exist [155], e.g. ReaxFF [157]. Upon calculating PES, Common
means in which it can be traversed and searched include geometry
optimization (GO), molecular dynamics (MD) and Monte-Carlo (MC)
simulation.

5.1.2. Geometry optimization (GO)

GO, also known as energy minimization (EM), involves minimizing
the energy of the atom configuration with respect to its geometry[155].
This is done by varying the bond parameters systematically to follow the
potential energy curvature until a minimum is reached [155]. GO is
essential to determine the proper molecular arrangement in space. After
GO, An optimized structure is obtained which can be used to carry out
further molecular simulations such as MD and GCMC.

5.1.3. Molecular dynamics (MD) simulations

MD simulations are used to study the evolution of a system with time,
usually carried out with MM. In MD simulation, the PES is explored by
solving Newton’s laws of motion for the system. The evolution of the
system through time is usually investigated in femtoseconds (10™'° secs)
scale [40]. This enables the examination of kinetic processes [171]. Non-
equilibrium conditions analysed with MD enables the evaluation of the
rate of adsorption and diffusion properties of adsorbents [40]. Insight
from MD enables the proposal of CO5 diffusion mechanism through the
adsorbent materials[40]. An important disadvantage of the MD
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approach is timescale. It is challenging to simulate a system for more
than 1-10 ns, so it is hard to contrast with experimental data [155]. Due
to computational power limitations, it is not practical to simulate a real
adsorption process, which takes at least several minutes [172].

5.1.4. Monte Carlo (MC) simulations

MC simulations search for local minimums in the PES by sampling
different system configurations. These configurations are generated
based on random changes in the particle position according to pre-
defined rules [155]. Grand Canonical Monte Carlo (GCMC) molecular
simulation is one of the most common methods for investigating
adsorption and separation in crystalline porous materials [40]. GCMC
can provide information regarding the gas uptake and selectivity of the
material at different temperatures and pressures, which can be used to
obtain the gas adsorption isotherms in various adsorbents
[40,153,173,174]. The isotherms obtained can be adopted for the
mathematical model development of adsorption based PCC process.

5.2. Molecular simulation studies of CO2 capture on zeolites

Experimental calorimetric and volumetric adsorption techniques
that provide information regarding the composition and general struc-
ture of the zeolites cannot differentiate between different types of cation
sites. Other techniques such as X-ray crystallography and neutron
diffraction, used to characterize the zeolite structure, fail to provide
information of the adsorption energy [175]. Computational studies
tackle these shortages by providing information of the interaction en-
ergy and its components based on the structure of the adsorbent and the
adsorbate [176].

5.2.1. GO

GO calculations correspond to studies of the structure. GO using DFT
calculations of the QM approach is very popular to study the topology
and charges of zeolites framework. However, DFT alone is not capable of
representing weak molecular interactions, such as the dispersion. It was
the development of the DFT- Coupled-Cluster DFT/CC method that
enabled the description of the interactions of CO, molecules with
various alkali-metal exchanged zeolites [175,177].

For example, in the work of Zukal et al [205], DFT/CC calculations
revealed that there are three main factors influencing the CO, adsorp-
tion enthalpy: 1) The coordination of the cation in the framework, 2) the
existence of a “dual cation site” and 3) the effect of the dispersion
interaction between the adsorbent and the adsorbate (~20 kJ/mol). The
highest interaction energies of the adsorption corresponded to “dual
cation sites”, where a CO, molecule is bridged between two alkali metal
cations [177]. Other studies found that dispersion interactions play a
key role in adsorption, accounting for about 50% of the interaction
energy [204,205].

5.2.2. MD simulation

MD simulations has been used for screening different zeolite struc-
tures, based on the diffusivity of the gas on the adsorbent. Studies
showed that NaX (Si/Al ratio 1.18) and NaY (Si/Al ratio 2.56) zeolites
are the best CO, adsorbent options [154]. the good performance was
attributed to the electrostatic interactions of the CO, and to the high
permeability derived from the large open pore structure and their high
degree of correlation [154]. The predicted permeation selectivity of NaY
membranes for CO, /N, agreed with previous experimental results [178]

5.2.3. GCMC simulation

Insights obtained from GCMC simulations show that NaY zeolites
exhibit a higher maximum adsorption capacity than NaX zeolites,
attributed to the volume effect of Na cations in the zeolite framework.
Researchers also observed that the available volume for packing the gas
molecules becomes more important at higher pressures[173]. Studies
using zeolite 13X showed that the presence of moisture can hinder CO,
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capture performance due to the reduced accessible pore volume and the
shift from heterogeneous adsorption across 3 sites to competitive
adsorption at up to a relative humidity of 15% [172].

In general, molecular simulation studies of CO, adsorption in zeolites
has corroborated the importance of the cationic charge distribution. It is
the position of the cations which induces heterogeneity of the frame-
work, and creates electric field gradients. Quadrupole molecules, such as
CO,, are strongly adsorbed in these gradients, which can be reflected as
a high selectivity [172]. Interestingly few simulations of zeolites report
chemisorption of CO,, possibly due to the temperature and pressure
considered in the simulations, as well as the assumption of a rigid
framework.

5.3. Molecular simulation studies of CO, capture on CMs

Unlike MOFs and zeolites, CMs do not possess a crystalline structure.
Their pore size distribution and morphology depends on the synthesis
procedure and precursor material, as mentioned in section 4.2. Due to
their complex structure, experimental measurements from X-ray and
neutron diffraction are not able to provide their structure [179]. From a
computational chemistry perspective, it is then imperative to first create
a realistic structural model of the CM before studying its adsorption
capacity.

In general, CMs can be modelled in computational studies as inde-
pendent, non-interconnecting slit-shaped pores [174], sometimes with
smooth and homogeneous walls [180]. The simplest structure repre-
sentation is the idealized carbon slit-shaped pore, which is in agreement
with experimental measurements that suggest the predominance of slit-
shaped pores in the region of 0.4 to 1.5 nm [105]. It must be noted
however, that this model is oversimplified and does not account for the
pore connectivity nor the highly disordered pore structure of many CMs
[179].

The “dumbbell” shape model was proposed to improve pore repre-
sentation [179]. In this modification of the idealized slit pore model, a
constriction is added to the pore channel, which then resemble a
“dumbbell” shape. It enhances pure CO, adsorption results, explained by
the stronger adsorbate-adsorbent interaction energy caused by the re-
striction. Widening the pore size increases the number of CO3 molecules
the structure can accommodate. At high pressures, the pore accessible
volume governs the CO; loading, explaining the CMs observed experi-
mentally [179].

5.3.1. GO

Another approach to studying the behaviour of CO5 on the surface of
CMs is the use of DFT calculations. However, in this case, the GO of the
structure is not the main aim. Instead, the energy of adsorption can be
calculated for a fragment of the CMs structure when CO3, is positioned at
different locations near fragment. This approach gives insights into the
role of functionalised groups in the CMs surface. For example, N3 and O,
co-doped porous coal-derived carbons (NOCKs) have a higher adsorp-
tion capacity than adsorbents with only O-modifications.

Wang et al [130] reported an adsorption capacity of 4.46 mmol/g at
25 °C and 1 bar in contrast with 3.85 mmol/g capacity of non-modified
coal precursor [114]. Another insight from this study was that despite
the doping, the pore structure (~1 nm in diameter) has a greater in-
fluence in the adsorption capacity than the N and O content [114].

5.3.2. MD simulations

Moliner et al. [181] carried out a MD simulation study to assess the
effect of temperature, pressure and pore width on the adsorption of an
equi-molar CO2/Ny mixture on a natural-based microporous CM using
LAMMPS MD package via classical mechanics approach. The study
revealed that the CO5 adsorption capacity increased at a higher pressure
and low temperature. However, the CO, adsorption capacity is slightly
lowered as pore size is increased, the position of adsorption peaks are
not affected by these factors.
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MD studies of the separation of a CO5/CH,4 mixture with graphite at
high pressure (40 bar), best fit for pre-combustion capture, showed that
charged defects on the surface of the adsorbent could be used to enhance
the separation [182].

5.3.3. GCMC simulations

GCMC simulation studies of CMs (e.g. ACs) reveal that CO, adsorp-
tion capacity increases when adsorbent surface has a higher concen-
tration of oxygen atoms. Disordered surfaces also show enhanced
adsorption in contrast with homogeneous graphitic surfaces [180].

GCMC simulation studies show that the gas-solid interactions are
extremely strong in micropores, e.g < 1 nm, because of the overlapping
potentials of opposing walls and the single energy minimum located at
the centre of the pore [108]. Furthermore, for even smaller pores, the
repulsive interaction of the opposite walls starts to interfere, leading to a
reduced attraction of the gases [174]. On the other hand, for wide
enough pores, the wall attraction is almost negligible and the fluid
density is closer to the bulk one.

5.4. Molecular simulation studies of CO capture on MOFs

Searching for adequate MOFs for CO, capture can be very chal-
lenging due to a large number of possible combinations of the organic
“linker” molecules and inorganic “secondary building units. For a
thorough description of different types of MOFs, the reader can refer to
[183]. Molecular simulations can provide insights of the adsorption
process and explore scenarios that cannot be investigated experimen-
tally [184]. Moreover, new and hypothetical MOFs can be easily
screened using molecular simulation even before they are synthesized
[185].

5.4.1. GO

DFT studies have been used to study the interaction between the
quadrupole moment of the CO, and the open metal sites in the MOFs
[183]. However, DFT calculations are usually applied to obtain the
partial charges of the MOF framework and for optimizing the geometry
of the structure in order to optimize force field parameters [162,165].
Nevertheless, DFT has deficiencies when used to model dispersion in-
teractions of the system. Other methods can model weakly bonded
systems, as the Mgller-Plesset (MP2), but at a much higher computa-
tional cost [183]. The charge equilibration method has also been used to
calculate the MOF framework partial charges, with an increase in speed
of ~50% [185].

5.4.2. MD simulations

MD simulations have been used to compute the self-diffusivity and
the corrected diffusivity of CO2. MD studies on the MIL-47(V) MOF
showed that at low loading, the CO, adsorption close to the pore wall is
mainly due to its interaction with the carboxylate group and the
adsorbate molecules sit preferentially in the centre of the pore at higher
pressure as a consequence of their strong self-interaction [186]. On the
other hand, simulations on MIL-53(Cr) showed that the CO5 molecules
align themselves along the direction of the tunel, parallel to each other.
This led to a double interaction with the hydroxyl groups present at the
pore wall [187].

5.4.3. GCMC simulations

GCMC studies have shown that the electrostatic interactions between
the CO, molecules are essential for predicting the inflection and steps in
the adsorption isotherms in MOFs [188]. Yazaydin et al [185] proposed
a combined experimental and modelling methodology to screen for
promising MOFs [185]. They combined experimental data with GCMC
simulations using the electrostatic interactions model Lennard-Jones
(LJ) and different FFs parameters. The partial charges of the MOFs
structures were derived from DFT calculations [185]. MOF structures
and the CO, molecules are considered to be rigid. This approach for
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MOFs screening showed a good agreement with the experimental CO,
uptake. They observed that the MOFs M/DOBDC, HKUST-1, UMCM-150
and UMCM-150(N), have a particularly good CO, uptake. They attrib-
uted it to the open metal sites density, measured either per unit of sur-
face area or per unit of free volume material [185].

A GCMC systematic computational study comparing Mg-MOF-74,
CUBTC and zeolite 13X showed that Mg-MOF-74 is a promising mate-
rial for VTSA processes, with better tolerance to impurities than zeolite
13X [189]. The combination of GCMC simulations with macroscopic
PSA adsorption has recently been developed as a general evaluation
metric for rapid screening of adsorbents [190]. A similar approach
including molecular simulation process optimization and machine
learning models also showed MOFs were promising materials in VSA
settings [191].

5.5. Molecular simulation studies of CO2 capture on HTs

The characterization of HTs, which are anionic clay minerals, is often
problematic due to their polymorphic nature and the variability of their
composition [171,192]. Experimental data from techniques such as X-
ray diffraction have a limited resolution due to the structural disorder
and small particle size [193]. Molecular simulations can provide some
insights out of reach of experimental techniques.

5.5.1. GO

The complexity and size of HT structures usually rule out the use of
quantum mechanics approach except to understand the interactions
between small compounds and reactive groups on the clay sheets and to
analyse small clusters with DFT [199,223]. For example, DFT calcula-
tions of the fresh structure [194] and metallic oxides were used to
elucidate the calcination process and the top-tactic transformation of
Mg-Al LDH [195]. The results showed that at 330 °C, the decomposition
of the CO%’ into CO, and residual O, occurs via a monodentate inter-
mediate, thermodynamically favoured over a bidentate. This means that
only one of the oxygen atoms of the CO%~ attaches to the cationic layer.
In consequence, a hydroxyl OH™ of the layer detaches and forms a water
molecule. It was only after the water evaporated that the CO; molecule
also detached from the structure. When heated at 450 °C, the structure
of the HT framework is maintained in the cationic layer direction,
however, there is a significant migration of the cations in the c-axis,
perpendicular to the layers. Al atoms displayed a much lower mobility
than the Mg atoms, attributed to the stronger electrostatic interaction
between the AP+ and the 0> and OH~.

5.5.2. MD simulations

Initial attempts to create FFs capable of modelling clay minerals
showed that hydrated clays are very sensitive to the model used to
represent the water molecules, since they must reproduce properties for
both bulk water and the interacting energies of the interlayer spacing
and hydration energies [196]. A key work for achieving the computa-
tional representation of clays was the development of a general FF for
clay materials by Cygan, Liang and Kalinichev referred to as CLAYFF
[158]. MD simulations with CLAYFF to elucidate the thermal decom-
position of the structure of an Mg-Al-Cl structure showed that at
926.85 °C the HT had turned into periclase, returning to an amorphous
oxide structure at 1,426.85 °C [197]. Other MD studies using CLAYFF
and Mg-Al-Cl HT suggest that water molecules create an extensive H
bond network, which changes the orientation of the interlayer CO3~ and
increases the diffusivity of CO; in the adsorbent [198]. Studies of Ni-Al
LDH showed that hydrated structures had a larger inter layer spacing,
which resulted in a decrease of the electrostatic interaction between the
adjacent sheets. In general, results suggest that larger atomic charges
and smaller inter atomic distances result in larger binding energies
[199].
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5.5.3. GCMC simulations

GCMC simulations for static adsorption analysis with CLAYFF in Mg-
Al-Cl structure showed there is no significant difference in the adsorp-
tion capacity of structures with altered Mg/Al ratio. The adsorption
process showed a type II isotherm, which indicates multilayer adsorp-
tion [197]. Other studies using the consistent-valence force field (CVFF)
studied the structural transition in a thermal gradient. They showed a
discrepancy between the experimental and computed diffusivities. Re-
searchers attributed this to two main factors. 1) during synthesis, ag-
gregates create a polycrystalline material, whereas atomic
computational models only consider a single crystal. As a result, diffu-
sion takes place in the inter-particle regions, rather than in the interlayer
space as expected in a single crystal.

Second, the computational method used for calculating the diffu-
sivities is an unsteady state method, whereas experimental techniques
are steady-state and equilibrium techniques [200].

6. Process modelling/simulation and techno-economic analysis
of adsorption-based carbon capture

Model development involves the use of coupled partial differential
equations to represent the flow field, mass and energy balances within
columns to predict the behaviour of the adsorption system[15,201,202].
After model development, the model is validated with experimental data
before it is can be used for further process analysis. This section focuses
on research carried out on modelling and simulation of adsorption-based
PCC process using a fixed-bed or a fluidized bed column.

6.1. Process modelling and simulation for the fixed-bed adsorption
column

6.1.1. Current status of modelling of a fixed-bed adsorption column

Utilization of the fixed-bed column for the adsorption-based PCC
process is very popular due to its advantages of simplicity of imple-
mentation for either PSA/VSA or TSA and low utility and maintenance
cost especially for PSA process type [201]. In the fixed-bed column,
steady-state condition never exists during adsorption [203]. Hence,
mathematical models of the fixed-bed adsorption column are generally
expressed in dynamic state.

For the fixed-bed column, the dynamic behaviour is generally clas-
sified based on 1) the nature of the relationship between the gas species
and the solid adsorbent at equilibrium and 2) the complexity of the
mathematical model necessary to describe the adsorption mass transfer
mechanism[8,15]. The nature of the gas-solid equilibrium can be rep-
resented with equilibrium isotherms such as Langmuir, Freundlich and
Toth. Different models exist to describe the mass transfer mechanism
and are generally classified into the local equilibrium model and mass
transfer resistance model [201]. The local equilibrium model is based on
the assumption of negligible effect of the mass transfer resistances. In
contrast, the mass transfer resistance models take into account the
several resistances that hinder the transfer of molecules from the bulk
gas phase to an adsorption site on the internal surface of the adsorbent
particle. The potential resistances include external film resistance and
intra-particle diffusional resistances, macropore diffusional resistances
and micropore diffusional resistance [15]. The dominancy of any one of
these potential resistances is dependent on the specific system condi-
tions. It should be noted that more than one of the resistances to mass
transfer could be dominant. Rigorous mathematical models can be used
to express the dominant resistances to mass transfer, which will accu-
rately predict the behaviour of the fixed-bed adsorption column. How-
ever, the complexity associated with the rigorous mathematical model
reduces their practical applicability. Hence, simpler models such as
linear driving force (LDF) approximations are desirable. In these ap-
proximations, the model practical applicability is increased without
reducing its accuracy. This is sufficient for representing physical
adsorption (physisorption). However, for the chemical adsorption, the
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model also has to take into account the surface reaction mechanism. The
gas-solid reaction kinetic model are generally categorized into model-
fitting kinetic reaction models, model-free kinetic reaction models and
generalised kinetic models. With model-fitting kinetic models being the
simplest models and generalised kinetic models being more complicated
to implement. Details of the gas-solid reaction kinetic model can be
found in [204]. Other assumptions generally made for fixed-bed column
models includes plug flow pattern or axially dispersed plug flow pattern,
negligible radial variation in temperature and concentration, ideal gas
behaviour, negligible heat transfer between gas and solid adsorbent and
negligible pressure drop across the bed [8,15].

6.1.2. Studies of fixed-bed adsorption-through modelling and simulation

Various studies on the model development and simulation of the
solid-sorbent-based PCC process have been carried out as shown in
Table 9. Most of these studies are focused on TSA and PSA/VSA cycles.
An extensive literature review on the modelling and simulation of the
fixed-bed column has been carried out by Shafeeyan et al.[15] and Ben-
Mansour et al.[8]. The majority of these studies adopted a simpler model
(LDF approximation method) to represent the mass transfer mechanism
within the adsorbent particles.

Regarding model validation, most of the studies have validated their
models using experimental data from lab-scale tests. Few models have
been validated using experimental data from pilot-scale demonstrations
[64,67,205]. For example, Wang et al.[205] carried out a model vali-
dation of VSA, TSA and VTSA by comparing the predicted CO2 recovery,
CO purity and productivity with their respective experimental data.
The model predictions showed good agreement with their respective
experimental data, with an approximate error percentage of less than
10%, showing that the model is accurate and reliable. However, further
pilot-scale validation is required to verify the diffusion mechanism,
especially for newly developed novel adsorbent materials.

Recent studies based on modelling and simulation of the fixed-bed
adsorption analysed several aspects of the adsorption process. They
include assessments/screening of various adsorbents and process opti-
mization based on several key performance indicators (CO; purity, CO2
recovery, energy performance and productivity)[206-212], economic
analysis[208,213], comparison of several PSA/VSA/TSA cycle configu-
rations [62,208,211,214] and assessment of novel fixed-bed column
configurations[106,215]. The models in these studies were developed
using commercially available software such as Matlab®, Fortran®,
gPROMS® and Aspen Adsorption®. Key findings from revealed adop-
tion of novel cycle and column configurations has significant impact on
reducing its energy consumption and invariably the CO5 capture cost.

Simulation analysis carried out by Riboldi et al.[216] on the inte-
gration of an advanced supercritical (ASC) pulverized coal-fired power
plant with fixed-bed VSA adsorption process with zeolite adsorbent
material showed that the power plant efficiency is lower (28%)
compared to when ASC power plant is attached to solvent-based PCC
process (33.4%). The simulation study also showed that a large footprint
is required for the fixed-bed VSA adsorption process to handle the entire
flue gas flowrate from the power plant, which makes it on uncompetitive
compared to the solvent-based PCC process. Thus, modelling and
simulation of a novel VSA cycle configuration integrated with power
plant is essential to understand its technical and economic impact on the
power plant.

6.2. Process modelling and simulation for Fluidized-bed adsorption
column

6.2.1. Current status on modelling of a fluidized-bed adsorption column
The unique qualities of the fluidized bed adsorption column, such as
faster heat transfer and high compactness compared to fixed-bed col-
umn, have made them the most attractive for TSA-based PCC, especially
when using chemical absorbents[222]. Hence, understanding the
mechanism of the fluidized bed column, through modelling and
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Table 9
Summary of the Fixed-bed adsorption column modelling studies for CO, capture.
s/ Authors Application Regeneration  Gas -solid Mass Steady- Validation data Software
n equilibrium transfer state/
relationship Dynamic
1 Zhao et al. A comprehensive performance  TSA 1. Activated N/A Dynamic N/A Matlab®
[210] evaluation of TSA for PCC carbon: Toth (odel5s)
Isotherm
2. Zeolite 13X:
Extended Sips
3. Zeolite NaUSY:
Dual-site Langmuir
4. Mg-MOF-74:
Dual-site Langmuir
2 Plaza et al. Evaluation of a novel multibed ~ VTSA Ideal adsorption LDF Dynamic Experimental data Aspen
[12] heat-integrated VTSA PCC Solution obtained from Plaza et al. Adsorption®
process [217-219] V8.0
3 Wilkins and Measurement of competitive VSA Dual-site Langmuir ~ LDF Dynamic Experimental data Matlab®
Rajendran CO; and N adsorption on (odel5s)
[220] Zeolite 13X for PCC
4 Ben-Mansour Evaluation of Mg-MOF-74 for PSA Extended Langmuir ~ LDF Dynamic Complete experimental Matlab®
et al. [209] PCC through PSA data set for CO,, capture
using zeolite M 13X
5 Joss et al. Rational design of TSA Binary Sips LDF Dynamic Experimental data from Fortran®
[207] temperature swing TSA PCC Marx et al. [221]

simulation, for proper process design and optimization is paramount.

The mechanism of the fluidized-bed adsorption column is classified
based on the complexity of the mathematical model required to describe
(a) gas-solid interaction and (b) the hydrodynamics. The gas-solid
interaction models are generally classified into the equilibrium model
and the kinetic model. Details of the model classification have been
addressed in section 7.1.1.

Model representation of the hydrodynamic phenomena with the
fluidized bed adsorption column is quite complicated as the hydrody-
namics vary significantly between the fluidization regimes [223].
Computational fluid dynamics (CFD) simulators are capable of model-
ling the full hydrodynamics within the fluidized bed column[223,224].
However, the extreme computational complications and time demand to
reach solution have limited its use for process design and optimization
[223]. Few hydrodynamic models have been developed, which capture
the important hydrodynamic characteristics of the system, while
remaining computationally simple[223]. These models include Kunii
and Levenspiel model [17,20], Kato and Wen [223,225] and de Souza-
Santos [223,226,227].

6.2.2. Studies of fluidized-bed adsorption through modelling and simulation

Modelling and simulation studies on the fluidized bed adsorption
column are gaining much attention. These studies include the modelling
(steady state [223] and dynamic [228]) of bubbling fluidized bed (BFB)
adsorption column for COy capture. Kunii and Levenspiel model repre-
sent the hydrodynamics for BFB, while a model-fitting reaction kinetic
model represents the gas-solid reaction mechanism. Another modelling
study on the BFB adsorption column assessed the novel configuration
(multi-stage) and heat exchange between the columns [229]. However,
these models were not validated. Thus, the fidelity of the models is yet to
be verified.

Modelling and simulation studies on the circulating fluidized bed
(CFB) adsorption column include the assessment of the different con-
figurations [230], performance evaluation of the absorbent material
based on key process performance indicators[5] and assessment of heat
recovery [224]. These models are limited to steady-state. Only the CFB
adsorption column model carried out by Park et al. [224] was validated
by experimental data obtained in the Korea Research Institute of
Chemical Technology (KRICT) pilot plant. It should be mentioned that
only dataset from the adsorber operation was obtained. Thus, only the
model for adsorber was validated.
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6.3. Techno-economic analysis (TEA) of adsorption-based PCC process

The growing interest in climate change mitigation pathways calls for
a reliable techno-economic analysis (TEA) of adsorption-based PCC
process. TEA assesses the economic viability of the adsorption-based
PCC technology based on the efficient use of the adsorbent material in
a contactor type. Samanta et al.[13] carried out a review of previous
studies on TEA of adsorption-based PCC systems using various contactor
types. It highlighted the challenge of limited process design and eco-
nomic analysis due to the lack of adequate data on adsorbent materials
in various contactor configurations. Recently, a few studies on TEA of
adsorption-based PCC have been carried out.

Khurana and Farooq [231] carried out a performance assessment of
4-step and 6-step VSA using zeolite 13X and UTSA-16 based on levelized
cost of electricity (LCOE). Results showed that UTSA-16 has a lower
LCOE than zeolite 13X for both 4-step and 6-step cycles [231]. The study
also revealed that the lowest achievable LCOE for 4-step and 6-step cycle
are 2.6% and 11.8% lower than the minimum LCOE using UTSA16 for 4-
step and 6-step cycles respectively [231]. Sensitivity analysis revealed
that the LCOE is most sensitive to vacuum pump efficiency and annu-
alization factor [231]uu.

Danaci et al.[213] assessed the performance of 25 adsorbents using a
3-step VSA for different CO, capture scenarios (NGCC, pulverized coal
power plant, cement plant and steel mill) based on CO; purity, CO2
recovery and annualized capture cost. The study utilized a simplified
VSA model that does not consider the column dynamics to carry out the
analysis [213]. Results from the analysis showed that UTSA-16 gave the
best performance. However, the performance were below the 90% tar-
gets in term of purity and recovery (69 mol% CO; purity and 81 mol%
CO4 recovery)[213]. The study revealed that a large footprint (at least
18000 m?) is required for NGCC scenario, which imposes a limitation on
retrofitting possibilities [213]. Also, the capture cost is generally high
compared to the use of amine-based solvents [213]. The study also
highlighted that optimizing the adsorbent properties in terms of CO5/N>
selectivity and heat of adsorption has a great impact on increasing CO5
purity and recovery, and reducing CO, capture cost gives the best per-
formance [213].

Subraveti et al.[232] carried out a techno-economic assessment of a
4-step VSA process for PCC from steam-methane reformer dried flue gas
containing 20 mol% CO;. A comprehensive techno-economic optimi-
zation model was developed, which takes into account VSA process
model, vacuum pump performance, scale-up, process scheduling and a
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thorough cost model [232]. In the study, 3 adsorbents (2 MOFs: UTSA-
16, IISERP MOF2 and 1 zeolite 13X) were optimized to minimize the
CO4, capture cost [232]. Results showed that the 4-step VSA process with
IISERP MOF2 outperforms the other 2 adsorbents with the lowest CO2
capture cost of €33.6/tonne CO; and an associated CO, avoided cost of
€73/tonne CO, [232]. However, the CO, avoided cost obtained for VSA
is higher than that of the baseline MEA-based absorption process by
9.6% [232].

Subraveti et al.[233] carried out an integrated techno-economic
optimization of a 2 single —stage PVSA cycle for PCC to determine the
lowest possible cost of CO4 avoided for different industrial flue gas COy
compositions and flowrates by optimizing the adsorbent properties and
process design variables simultaneously. Key findings of the study
revealed that the CO, composition in flue gas significantly impacts the
cost limits of PVSA. The 4-step PVSA cycle and 6-step PVSA cycle has 8%
and 35% lower cost compared to MEA-based CO; capture respectively
for CO, compositions >7.5% over a range of flue gas flowrates.

Jung et al.[234] presented a techno-economic assessment method to
evaluate 4 adsorption-based PCC process, which includes fluidized-bed,
moving-bed, fixed-bed and rapid TSA configuration based on rigorous
simulation and experimental isotherm/kinetics of amine-functionalized
solid adsorbents [234]. The performance of each adsorption process was
evaluated based on the cost of electricity, COy capture and CO; avoid-
ance [234]. TEA results revealed that the fixed-bed adsorption process
gave the lowest CO, capture cost of $48.1/tonne CO,. Amongst the
configurations evaluated, only the CO» capture cost of fluidized-bed
adsorption process ($75.2/tonne CO») is higher than the MEA-based
CO4, capture process with 30 wt% ($62.8/tonne CO2) [234].

7. Knowledge gaps and future directions
7.1. Achievements so far

7.1.1. Lab synthesis and characterization of adsorbent materials for PCC

Several approaches on the synthesis of different adsorbents for PCC
have been extensively explored in the Lab scale. The adsorbent material
properties are greatly influenced by the raw materials composition and
synthesis approaches. In most cases, the composition of the material can
be modified by selecting different reactants, as in the case of zeolites,
MOFs and HTs [111,131,140]. On the other hand, the adsorptive
characteristics of the CMs depend more on the precursor, which in most
cases cannot be fine-tuned unless chemically modified [45]. The adop-
tion of cost-efficient synthesis approaches is key to the development of a
lost cost, environmentally friendly adsorbent with large surface area.
Promising cost-efficient synthesis approaches have been identified in
terms of cost, environmental impact, energy consumption, process
speed. For example, Microwave heating and Ultrasonic methods have
been identified as a promising synthesis approach for zeolites, MOFs and
HTs in terms of the above parameters. For the synthesis of CMs, the
molten salt carbonization has shown a lot of promises.

For each promising synthesis approach, the adsorbents have
demonstrated high CO5 capacity, with good CO2/Ny selectivity and
fairly good cyclic stability under humid conditions, which reflects the
PCC conditions. For HT, The calcination process is of great importance
to increase its surface area and adsorption capacity[130].

Adsorption studies have shed light on the behaviour of the COy
molecules in contact with the solid material. First, the size of the pores
must be enough to allow the entrance of the molecules. Second, modi-
fying the components of the adsorbent structure can further increase the
adsorption capacity, depending on the interaction of their electric field
and the quadruple moment of the CO,. Weaker electric fields lead to a
weaker affinity to CO3 and lower selectivity, and ease the regeneration
process, as seen with CMs[8]. On the other hand, a strong electric field
can be a disadvantage in the presence of polar gases, especially water
[8]. This can hinder the adsorption capacity of the adsorbent as in the
case of zeolites and MOFs. From the materials discussed, MOFs and HTs
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are among the most promising.

7.1.2. Experimental studies on adsorption-based PCC process

Major progress has been made for adsorption-based PCC process
through bench and pilot scale experimental studies. These studies
explored various contactor configuration types (fixed bed and fluidized
bed) as well as several regeneration types (PSA,TSA,VSA,VTSA) for
adsorption-based PCC process. Currently, the largest pilot-scale plant in
the world is located at Hadong power plant, South Korea with a capture
capacity of 200tCOy/day. The adsorption-based PCC process experi-
mental studies using several solid adsorbents showed promising results.
This has given the basis for further experimental work at the pilot-scale
to advance its TRL.

7.1.3. Molecular simulations

Molecular simulations has contributed a lot to understanding the
relationship between the structure and property for each adsorbents.
The molecular simulation technique have been able to give clarifications
on the underlying adsorption mechanisms involved at the microscopic
scale through MD and GCMC, which complements the experimental
studies. Significant advances has been made in the application of mo-
lecular simulation techniques for screening novel adsorbents for post-
combustion CO5 capture process.

7.1.4. Process modelling and simulation

The advancement in the computational capacity of available
modelling and simulation tools has enabled the detailed model devel-
opment and simulation studies of adsorption-based PCC process (espe-
cially fixed-bed) by various research groups [235-240]. Simple
approximations were adopted to represent the mass transfer mechanism
for fixed-bed and hydrodynamics for fluidized-bed, which reduces the
complexity of the models without reducing the accuracy of the model
when validated against experimental data [64,67,205]. Significant
progress in screening of various novel adsorbents based on the key
performance indicators of the adsorption-based PCC process through
process analysis and optimization has been attained using model
developed [206-212]. Also, several novel cycles and column design
have been explored through process modelling and simulation to ach-
ieve cost-efficient adsorption-based PCC process [66,233].

7.2. Challenges ahead

7.2.1. Lab synthesis and characterization of adsorbent materials for PCC

Despite the advanced investigations of promising adsorbent synthe-
sis approaches, these investigations have been carried out at lab scale.
The large-scale deployment of these promising synthesis approaches has
been difficult to attain due to the issue with a scalability from lab scale to
large scale at a reduced cost and environmental issues (especially for
MOFs).

For the other adsorbents such as zeolites, CMs, another challenge lies
in the variability of raw materials, resulting in inconsistent adsorption
characteristics. On the other hand, HTs requires further study since it
greatly influences the structure of the adsorbent. Chemical modification
of the adsorbents by adding functional groups or supporting materials
increases adsorption capacity, but it also increases the complexity and
cost of synthesis. This is why the computational approach to investigate
relevant combinations of functional groups and adsorbents is comple-
mentary to experimental studies.

7.2.2. Experimental studies on adsorption-based PCC process

Despite progress in the experimental studies of the adsorption-based
PCC process at bench and pilot scale, there is no commercial deployment
of the adsorption-based PCC technology. Major challenges encountered
during the bench and pilot-scale test that have limited its commercial
deployment includes;

1) The continuous large-scale production of the adsorbent.
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Specialized adsorbents for PCC can be difficult and expensive to pro-
duce. 2) Heat management and temperature control. Due to the
exothermic nature of adsorption, it is imperative to control the tem-
perature of the adsorption column to prevent the loss of adsorption ca-
pacity. 3) Achieving solids handling and circulation control. The
manipulation of the adsorbents in powder form is challenging and can
affect the pressure drop in the column. Residues management of the
spent material requires attention as well.4) the possible decrease of the
process efficiency due to the presence of other pollutants. Some adsor-
bents are less tolerant towards common pollutants in flue gases, espe-
cially water. Due to its polar nature, the pollutants highly interact with
the electric field of the adsorbents framework, reducing the number of
active sites for CO5 adsorption.

7.2.3. Molecular simulation

Most of the molecular simulation studies lack the representation of
chemical reactions, this means that CO, chemisorption, which is rele-
vant at higher temperatures or in cases where a reactive functional
group is added (e.g. PEI) is not represented.

Additionally, simulations tend to use pure crystalline structures and
assume they are rigid in order to accommodate periodic boundary
conditions. However, it is extremely difficult to synthesize defect-free
crystal structures without interfaces between grain boundaries. Under
reactive environments, the structure may change. Care must be taken
when extrapolating the simulations results, taking into account the time
restrictions of the simulations. For example, tested temperatures be-
tween 0 °C and 25 °C are not representative of realistic PCC conditions,
thus results from studies at this temperature range are mainly useful for
MOFs comparison. Challenges for QM simulations remain related to the
computational power and the size of the simulated system.

7.2.4. Process modelling and simulation

Despite the extensive process modeling and simulation studies of the
adsorption-based PCC, One major challenge is the utilization of the
model developed for process control and real-time optimization. For
appropriate and efficient process control design and implementation,
the optimal operation of the adsorption-based PCC process in the face of
disturbances and set-point changes is very critical especially when
coupled with a power plant. The direct use of first principles adsorption-
based PCC models for process control and real-time optimization are
impractical due to high computational demand because of large partial
differential and algebraic equations, despite the use of simpler models to
represent the adsorption mechanism. Thus, it is imperative to obtain a
reduced model that captures the essential dynamics of process.

7.3. Perspectives or potential breakthrough

7.3.1. Lab synthesis and characterization of adsorbent materials for PCC
The development of adsorbents with higher adsorption capacity,
which are more tolerant towards pollutants is under development. Next
important steps are scaling up the production and reduction of the costs.
Research which looks into the working capacity of the adsorbents will be
crucial to develop complete PCC units. Most of the research carried out
uses in adsorption columns with 0.5-1 g of adsorbent, without regen-
eration. Thus, investigating heat management and solids handling be-
comes very difficult. Future research must take this into account.

7.3.2. Experimental studies on adsorption-based PCC process

A potential bypass to challenge 1 in section 8.2.2 is the use of
commercially available materials, even though if their performance is
not as good as tailored adsorbents. It was interesting to observe the use
of K,COs for the largest pilot plant in Hadong. The carbonation reaction
rate for the K,CO3; was considered too slow to be practical at large scale
until recently [34]. Reactor and process design can address the chal-
lenges 2 and 3. The use of fluidized beds and waste heat are a possible
solution for this the implementation of a heat integration strategy. A
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possible solution to the low pressure drop and dust formation is to vary
the size of the pellets or to change the design of the reactor. The MOF-
Microlith project exemplifies this. Mixed matrix membranes of MOF
and polymers have shown high energy-efficiencies and a smaller foot-
print, a direction now pursued by MOF Technologies™ [118].

7.3.3. Molecular simulation

Potential breakthrough on molecular simulation studies is closely
related with the advancement in computational methods. The creation
of new theories that allow the reduction of computational demand could
make simulations more efficient, as in the case of DFT calculations.

The development of adequate FFs for each adsorbent could improve
the accuracy of the models. They should account for reactive environ-
ments at pressure and temperature conditions relevant for PCC
adsorption settings. On the other hand, the advent of new technologies
that enhance computational power could facilitate the simulation of
larger systems.

Additionally, the development of fast screening tools (such as
adopting machine learning technique for molecular simulation) can
enable researchers to focus efforts on relevant adsorbents. Such
screening tools are mostly developed for MOFs. Similar screening tools
for other materials could promote the development of adsorption-based
PCC.

7.3.4. Process modelling and simulation

Further research on the technical performance of newly developed
novel process/cycle configuration using tailored-made adsorbent ma-
terials should be investigated through process modelling and simulation.
This is to discover what configuration is competitive with the solvent-
based PCC process.

Another potential breakthrough is the adoption of data-driven
modelling approach to obtain a reduced model that captures the
essential adsorption-based PCC process dynamics. With the computa-
tional advancement in data science and artificial intelligence, various
data-driven technique are available to obtain a reduced model from
experimental data. Further research should explore the implementation
of data-driven modelling approach to obtain reduced models for process
control and real-time optimization.

8. Conclusion

A growing interest on research of the adsorption-based PCC has been
directed towards development of new adsorbent materials and new
processes. A state-of-the-art assessment of research work was carried out
so far in adsorption-based PCC. This includes lab synthesis and charac-
terization of adsorbent materials, experimental studies of the
adsorption-based PCC process in bench and pilot scale, molecular
simulation-based studies of adsorbents and process modelling\simula-
tion of carbon capture processes. Currently, there is no commercial
deployment of the adsorption-based PCC technology. Based on the
recent developments, challenges ahead and potential breakthroughs
were highlighted. More efforts in the future should be focused on the
following: (1) cost-efficient large scale synthesis of adsorbents for large
scale PCC application; (2) development of fast screening tools for ad-
sorbents through molecular simulation and machine learning tech-
niques; (3) More large-scale demonstrations of the adsorption-based
PCC process using novel adsorbents with novel process configurations to
reduce energy consumption as well as the cost of COy capture. Thus,
further research efforts are required to advance the adsorption-based
PCC technology to large-scale commercial deployment.
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