Environmental Chemistry Letters
https://doi.org/10.1007/s10311-023-01589-z

REVIEW PAPER q

Check for
updates

Carbon dioxide separation and capture by adsorption: a review
Mohsen Karimi'*3® . Mohammad Shirzad'>3 . José A. C. Silva> - Alirio E. Rodrigues'~2

Received: 9 November 2022 / Accepted: 28 February 2023
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2023

Abstract
Rising adverse impact of climate change caused by anthropogenic activities is calling for advanced methods to reduce carbon
dioxide emissions. Here, we review adsorption technologies for carbon dioxide capture with focus on materials, techniques,
and processes, additive manufacturing, direct air capture, machine learning, life cycle assessment, commercialization and
scale-up.
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Introduction

Recently, the world faces with a dual global challenge
including global warming derived from greenhouse gases
emission as a consequence of industrialization and fossil
fuel consumption, and also escalating level of energy con-
sumption as a result of the exponential population growth
(TakhtRavanchi et al. 2011; Christopher 2011). Accordingly,
lately, significant efforts have been made for carbon capture
and storage from the stationary sources as well as developing
renewable sources of energy, such as biogas to reduce the
dependency on the fossil fuels (Yu et al. 2017; Wang et al.
2018; Scarlat et al. 2018).

To this end, several different technologies have been eval-
uated including absorption with aqueous amine solutions,
adsorption using solid sorbents, cryogenic and membranes.
However, adsorption technology regarding the efficiency,
eco-friendly impacts, simplicity and productivity is among
the most favorable ones, while still there is a long way to
pass for fully developed in the industrial scale (Xie and Suh
2013; TakhtRavanchi and Sahebdelfar 2014, 2021). Accord-
ingly in this work, the last topics related to the carbon cap-
ture for post-combustion and biogas upgrading processes
have been highlighted.

It is worth noting, carbon dioxide capture from flue gas
and biogas upgrading possess an identical process with some
differences in carbon dioxide percentage in the gas mixture
and the operating conditions whereas the biogas as a clean
source of energy, newly, received a notable interest (Baena-
Moreno et al. 2019; Osman et al. 2020; Farghali et al.
2022). On the grounds, in this review paper, the most recent
advances on the adsorption technology for such purposes
have been demonstrated in a holistic and comprehensive way
to the scientific community.

Global warming and climate change

The United Nations defines the climate change as the long-
term shifts in earth’s temperature and weather pattern,
caused by natural or human-made phenomena (United
Nations 2022). The United Nations reported that since
1800s, the human activities have had a major role in cli-
mate change in a way that the earth is 1.1 °C warmer than
1800 (United Nations 2022). According to data published
by National Aeronautics and Space Administration (NASA),
the global surface temperature of earth has increased drasti-
cally in the last two decades (NASAClimate 2022a). Fig-
ure 1 represents the Global Land—Ocean Temperature Index
during the last two centuries. As can be found, a significant
increase in earth temperature has begun since 1980 (NASA-
Climate 2022a).
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Hazardous human activities for meeting the worldwide
energy demand are the consequence of global population
growth, development of industries and lifestyle transfor-
mation. Obviously, the increasing rate of energy demand
has eventuated to more consumption of different energy
resources, especially fossil fuels (Shirzad et al. 2019b). As
indicated in Fig. 2, the global energy consumption has rap-
idly increased during the last decades, which majorly attrib-
uted to the oil, gas, and coal consumption (OurWorldinData
2022). Fossil-fueled energy units exhibit tons of greenhouse
gas emissions to the atmosphere (Ahmed et al. 2021).

Accordingly, carbon dioxide, methane, nitrous oxides,
chlorofluorocarbons, hydrochlorofluorocarbons, and hydro-
fluorocarbons are considered as the major greenhouse gases,
which directly attribute to the global warming (IEA 2022). It
is worth noting that global energy demand decreased about
4% in 2020 due to COVID-19 pandemic compared to 2019;
but at the end of 2021, the global energy demand increased
0.5% compared to the before the pandemic level (IEA 2022).

Based on the Annual Greenhouse Gas Index (AGGI)
combined warming effect of all greenhouse gases compared
to the condition in 1990, after the industrial revolution, the
greenhouse gases in the earth’s atmosphere have risen from
zero to 1, while in the next 30 years, till 2020, AGGI grew
faster and hit 1.47 (AGGI 2022). In other words, nowadays,
the earth’s atmosphere absorbs more energy than the pre-
industrial days, around 3.18 W/m?, which leads to a faster
change in the global climate (AGGI 2022). The increasing
rate of greenhouse gas emissions has led to a drastic global
warming, increasing sea levels, intense natural disasters, for-
ests firing and, melting snows (Karimi et al. 2018b, 2020b,
2022b).

Global land-ocean
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Fig.1 The global land—ocean temperature index for evaluating the
average enhancement of annual global temperature of earth from
1880. Data provided by NASA (NASAClimate 2022a)
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Fig.2 Trends of global energy consumption of oil, gas, coal, solar,
biofuels, biomass, hydropower, nuclear, wind and other renewable
sources during the last two century (OurWorldinData 2022)
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Fig.3 The share of different greenhouse gases in the global warming
including carbon dioxide, methane, nitrous oxide as well as chloro-
fluorocarbon, hydrochlorofluorocarbon and hydrofluorocarbon (Dong
et al. 2019). CO,, carbon dioxide; CH,, methane; CFC, chlorofluoro-
carbon; HCFC, hydrochlorofluorocarbon; HFC, hydrofluorocarbon

It is noteworthy that around 66% and 16% of that warm-
ing effect is related to carbon dioxide and methane, respec-
tively (Karimi et al. 2018b, 2020b, 2022b). The recent data
of different greenhouse gases contributions in climate warm-
ing are illustrated in Fig. 3.

Because of all aforementioned challenges, currently, car-
bon dioxide with the most significant share in greenhouse
gas emissions and global warming is in the center of atten-
tions through scientific efforts. For instance, only coal fir-
ing and natural gas combustion were responsible for about
14.8 and 7.35 Gt global carbon dioxide emissions in 2021,
respectively (IEA 2022). Regrettably, the carbon dioxide
emission follows an increasing rate, which is now more than
40 Gt, annually (Karimi et al. 2020a), and as anticipated, the
carbon dioxide emission reaches to around 46 Gt in 2030
(Dong et al. 2019).

It should be considered that the average concentration
of carbon dioxide from pre-industrial days up to now has
enhanced from 280 to 400 ppm (Karimi et al. 2018b; Regufe
et al. 2021), which fossil fuel combustion is in charge of 75%
of the emission (Karimi et al. 2020a). On the other hand, in
different regions, carbon dioxide emissions have different
growth trends through the years, in which, North America
and Europe had the highest cumulative net anthropogenic
carbon dioxide emission from 1850 till 2019 followed by
Eastern Asia with 560, 380, and 300 Gt, respectively (IPCC
2022). All evidence prove that the carbon dioxide emission
is significantly raising, and serious efforts are required to
mitigate the greenhouse gas emissions for saving the planet
and being in the way of net zero emission (Osman et al.
2022).

Biogas as a renewable source of energy

In the last decades, a massive attention has been devoted
on developing renewable energy resources and specifically
biogas production, to mitigate and overcome the global
warming issue resulted from fossil fuel consumption (Shir-
zad et al. 2019b). Biogas is produced from degradation of
the organic parts of wastes through the anaerobic digestion
(Baena-Moreno et al. 2019). In such a way, heat, electricity,
and fuel can be produced as well as the generated wastes
are managed in a sustainable way (Shirzad et al. 2019b;
Karimi et al. 2022b). Although, the benefits of biogas are
already demonstrated and significant efforts have been made
to supply the energy demands from bioenergy; nevertheless,
a remarkable difference in global energy supply has not been
observed since 2000 (WBA 2022).

Figure 4a represents a comparison between the global
energy supply and the renewable sector increasing rate
through the last two decades (WBA 2022). As can be
observed, bioenergy production has increased at a slower
rate than total energy production. In 2018, 31% of total
energy supply was related to the oil sector. Also, nuclear,
coal, gas, and renewable resources contributed to global
energy supply with shares of 5%, 27%, 23%, and 14%,
respectively (WBA 2022; Farghali et al. 2022). It is con-
cluded that the global energy supply strictly depends on fos-
sil fuels. It is worth mentioning that in 2018, only 11.3% of
total energy supply was attributed to the bioenergy (WBA
2022).

Figure 4b illustrates a comparison between the total
renewable energy supply and the shares of bioenergy, solar,
wind, hydro, and geothermal sectors from 2000 to 2018
(WBA 2022). As shown, the major share of renewable
energy is ascribed to the bioenergy, which is originated from
difference sources such as the agricultural wastes, municipal
solid wastes and, wastewater treatment sludge. As mentioned
earlier, bioenergy is a reassuring global source of energy,
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Fig.4 Comparison between a the total global energy supply and the
total renewable sector increasing rate and b different produced renew-
able energies globally during the last two decades including hydro-
power, solar, wind, geothermal and bioenergy (WBA 2022)

particularly for European countries, which face with energy
crisis.

In Europe, 75% of the total greenhouse gas emission is
related to the energy sector. To this context, greenhouse
gas emissions is planned to reach 55% and zero up to 2030
and 2050, respectively, by increasing the share of renew-
able energy sector in European Union’s overall energy con-
sumption pattern (European Commission 2022a, b). It is also
noteworthy that due to the recent war in Ukraine as well
as Europe’s dependence on Russian fossil fuels, the Euro-
pean Commission established a new target for renewable
energy generation by increasing the former target agreed by
European Union leaders in 2014 from 27 to 45%, according
to European Commission’s plan (REPowerEU) in 2022 for
renewable energy share in 2030.

In other words, Europe’s renewable energy generation
must reach to 1067 GW before 2030 (European Commission
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Fig.5 Estimation of Guidehouse Netherlands B.V. for the European
Union plus UK countries biomethane production potential by anaero-
bic digestion in 2030 to meet the European Commission target (Sacha
Alberici et al. 2022). becm, billion cubic meters

2022a, b). In this context, European countries require to
develop new plants to produce more energy from renew-
able sources. On the grounds, biogas production through
the sustainable deployment can play a key role and contrib-
ute to a considerable reduction in the greenhouse gas emis-
sions. To date, European countries require a comprehensive
action plan to achieve the demand by increasing the capacity
using diverse sustainable processes. It is estimated that 35
billion cubic meters of biomethane are demanded to meet
the defined target before 2030 (Sacha Alberici et al. 2022).
In 2022, Guidehouse Netherlands B.V. estimated the poten-
tial of European Union countries biomethane production by
anaerobic digestion in 2030 to meet the European Commis-
sion target, which is depicted in Fig. 5 (Sacha Alberici et al.
2022).

The state-of-the-art biomethane production in Europe
is demonstrated in Fig. 6a, which clearly approves that
the biomethane production capacity is dramatically lower
than the European commission target for 2030 (European
Commission 2022b; Sacha Alberici et al. 2022). Figure 6b
indicates the European countries biomethane production
separately in 2018 (EBA 2021), which we can conclude that
many countries require to improve their roadmaps to meet
the defined targets. To this end, scientific and financial sup-
ports as well as, economic motivations are required. It is
notable that according to International Energy Agency (IEA)
report in 2020, the average of biomethane production price
is 19 $/MBtu (EBA 2021; European Commission 2022b).
However, after the Ukraine crisis, the gas price in Europe
reached up to 50 $/MBtu, which is significantly higher than
biomethane (EBA 2021; European Commission 2022b).

As indicated in Table 1, the biogas compositions strongly
rely on the feed type and the process of biogas production.
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Fig.6 a Biomethane production trend in European countries from 2011 to 2021 (European Commission 2022b; Sacha Alberici et al. 2022). b
The capacity of biomethane production of each European country countries in 2018 (EBA 2021). bcm, billion cubic meters

For instance, the produced biogas by the anaerobic digestion
process is contained approximately 40% of carbon dioxide
(Karimi et al. 2022b). Accordingly, the biogas to meet the
pipelines standards as a domestic fuel and/or ship for other
industrial applications requires to be upgraded by separating
the carbon dioxide and other contaminants from methane
(Muiioz et al. 2015).

Carbon dioxide capture techniques

Generally, carbon dioxide mitigation methodologies are cat-
egorized in three main ones including post-combustion, pre-
combustion, and oxy-fuel combustion (Karimi et al. 2021c),
which are described in following.

Post-combustion carbon dioxide capture

Post-combustion carbon dioxide capture is ascribed to the
process of carbon dioxide sequestration from the flue gases
after combustion process and before emission to atmos-
phere. In these processes, the flue gas passes through a
carbon dioxide removal unit and hence, a carbon diox-
ide-free flue gas is emitted to the atmosphere. One of the
most important obstacles through the post-combustion
processes is the low partial pressure of carbon dioxide,
normally from 3 up to 15% v/v in the flue gas (Riboldi
2016; Karimi et al. 2021c¢). Other barriers in the post-com-
bustion processes can be mentioned as the huge volume

of flue gas, which is introduced to carbon dioxide removal
unit and the presence of impurities, which can adversely
affect the performance of carbon dioxide capture process
(Riboldi 2016; Karimi et al. 2021c¢).

Pre-combustion carbon dioxide capture

Routinely, this process is related to the carbon dioxide
separation from biogas, natural gas, and syngas to be con-
sidered as a clean fuel to meet the standards of pipelines
or considering for combustion process. In this way, the
biogas is upgraded, and natural gas is sweetened, also
through the syngas process, the produced carbon monox-
ide and hydrogen undergo a further reaction, shift reaction,
by means of steam to generate more hydrogen (Riboldi
2016; Osman et al. 2020).

Further, carbon dioxide removal step is required to
produce an enriched hydrogen stream as the combustion
fuel feed. In pre-combustion processes, the carbon dioxide
volumetric composition is typically between 15 and 60%
with the total pressure of 2—7 MPa. To this context, carbon
dioxide removal in the pre-combustion is companied with
less energy consumption demand (Riboldi 2016; Osman
et al. 2020).

Oxy-fuel combustion carbon dioxide capture
Oxy-fuel combustion carbon dioxide capture is assigned

to the process of carbon dioxide separation from the feed
oxidization with pure oxygen (Karimi et al. 2021c). The
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Table 1 Comparison of biogas characteristics originated from anaer-
obic digestion and landfill, as well as the biomethane standards for
pipeline (Spitoni et al. 2019; Naquash et al. 2022)

Parameter Biogas from anaero- Biogas from landfill
bic digestion

Minimum methane 135 130
number

Lower heating value 23 16
MlJ/kg)

Wobbe index (MJ/ 27 18
Nm?®)

Density (kg/Nm?) 1.2 1.3

Composition (%emol)

CH, 60-70 35-65

Cco, 30-40 15-40

H,0 1-5 1-5

N, 0.2 15

H, 0 0-3

Heavy carbon 0 0

Composition (ppm)

Ammonia Less than 100 5

H,S 0-10,000 0-100

Standards for biomethane in gas and liquid form

Components Composition (upper limit)

Gas form Liquid form
H,0 32 (mg/m?) 1 ppmv
H,S 5 (mg/m?) 4 ppmv
Co, 3% 25 ppmv

CO,, carbon dioxide; CH,, methane; H,O, water; N,, nitrogen; H,,
hydrogen; H,S, hydrogen sulfide

high-purity carbon dioxide is produced in this process
owing to the pure oxygen utilization, instead of air. The
technology of carbon dioxide separation in this process
is equivalent to the post-combustion carbon capture pro-
cess. Due to the high purity of carbon dioxide, the separa-
tion process is accomplished with much higher efficiency
(Osman et al. 2020).

It is worth mentioning that in this process, the combus-
tion temperature reaches up to 3500 °C (Riboldi 2016),
which is detrimental to the combustion equipment. In-line
with that the combustion temperature shall be decreased
to around 1400 °C and 1900 °C for the typical gas turbine
and oxy-fuel coal-fired turbines, respectively. To this end,
a recycle flue gas is inserted to the combustion chamber
and moderate the combustion temperature (Riboldi 2016;
Osman et al. 2020). A comparison concerning the benefits
and drawbacks of each category is illustrated in Table 2.
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Carbon dioxide separation technologies

According to the process nature, carbon dioxide separa-
tion/capture technologies can be classified in five major
classes including membrane, absorption, adsorption,
cryogenic distillation, and chemical looping (Thomas and
Benson 2005). Carbon dioxide capture by membrane tech-
nology includes a barrier between two different phases,
which leads the carbon dioxide separation from the next
components (Shirzad et al. 2019a). Generally, three types
of membranes have been applied in carbon dioxide separa-
tion applications such as 1-polymeric membranes, 2-inor-
ganic membranes, and 3-mixed matrix membranes (Yang
et al. 2008).

Carbon dioxide absorption process as the most preva-
lent technology is defined as dissolving carbon dioxide
in a media, through the physical or chemical phenomena
(Yu et al. 2012). Also, carbon dioxide capture through the
adsorption process is implemented using an adsorbent,
physically or chemically (Roque-Malherbe 2018). Further,
cryogenic carbon dioxide separation is a technology imple-
mented in high pressure and very low temperature, in which
carbon dioxide is separated according to different boiling
points (Xu et al. 2012).

Different carbon dioxide separation/capture processes are
schematically represented in Fig. 7, accompanied by some
key instances for each technology. On the other hand, energy
consumption and cost including operating, and maintenance
are two major factors toward the appropriate separation tech-
nology for carbon capture and storage and biogas upgrading,
which these different technologies have been compared con-
cerning these factors in Fig. 8 (Spitoni et al. 2019).

Further, specific capital cost, advantages and limitations
of these techniques have also been specified in detail in
Tables 3 and 4 (Leung et al. 2014; Canevesi et al. 2018; Nag-
uash et al. 2022). As can be found, the high cost, environ-
mental issues, and high energy consumption have faced the
applications of membrane, cryogenic, and absorption tech-
nologies with serious challenges. On the other hand, adsorp-
tion technology not only is an eco-friendly technology, but
also represents a low-energy consumption process, which
is able to selectively separate carbon dioxide in an efficient
way. Accordingly, recently it has received a significant atten-
tion regarding its applications for carbon capture and storage
as well as biogas upgrading (Ho et al. 2008; Khajeh and
Ghaemi 2020; Jin et al. 2021; Karimi et al. 2022b).

Lately, many efforts have been conducted for optimizing
the carbon dioxide adsorption process, reducing the energy
consumption, consequently decreasing the operating cost,
as well as developing the sustainable sorbents for carbon
capture, which detailed description of these investigations
have been extensively discussed in the following sections
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Table 2 Benefits and drawbacks of carbon dioxide capture processes (Younas et al. 2020; Osman et al. 2020; Karimi et al. 2021c)

Category Benefits

Drawbacks

Post-combustion
cesses

Facility of retrofitting the technology to the new and exist-

ing plants

Pre-combustion
efficiency of the process

Fully developing for wide-scale adoption and commerciali-

zation
Low cost of adaptation
Oxy-fuel combustion Relatively simple technology
Suitable for retrofit
NOx is not significant

Maturity comparing with available carbon capture pro-

High CO, concentration in syngas and biogas enhances the

High energy consumption

Low concentration of CO, in flue gas which reduces the
efficiency of process

The presence of various impurities

Requires adsorbent with high CO, uptake capacity and high
selectivity

High capital cost

Decay challenges regarding the hydrogen-rich fuel con-
sumption

The presence of impurities such as H,S and CO
Heat transfer problems

High capital and operating cost

High energy consumption

Requires large quantities of oxygen

CO,, carbon dioxide; CO, carbon monoxide; H,S, hydrogen sulfide; and NOx, nitrogen oxides

(Ho et al. 2008; Khajeh and Ghaemi 2020; Jin et al. 2021;
Karimi et al. 2022b).

Recent adsorbents for carbon dioxide
capture

Through the evolution of adsorbents, various types of sam-
ples including zeolites, activated carbons, metal-organic
frameworks, covalent organic frameworks, and silicates
have been developed for carbon capture and sequestration
(Lai et al. 2021). Generally, carbon dioxide adsorbents are
categorized in two different classes such as physical adsor-
bents, and chemical adsorbents (Lai et al. 2021). In physical
adsorbents, the textural properties including size, surface,

Fig.7 Technologies for carbon
dioxide separation and capture
including absorption, adsorp-

and design of pores play as the key elements on the adsorp-
tion performance. As a basic rule, larger volume/surface area
with the pore diameter less than 0.7 nm is more favorable
for adsorption processes (Presser et al. 2011; Kumar et al.
2020).

Furthermore, an optimum value for enthalpy of sorption,
which satisfies the adsorption and desorption quality is in-
line with the carbon dioxide capture purposes (Presser et al.
2011; Kumar et al. 2020). On the other hand, the chemical
adsorbents are commonly metallic elements, which have
been employed in either salt or oxide forms including mag-
nesia and calcium oxide, alkali-metal compounds as lithium
silicate, hydrotalcites, lithium zirconate, and double salts
(Songolzadeh et al. 2012). In this way, during the adsorption
process the acidic gas, such as carbon dioxide reacts with

( CO, Separation Technologies )

tion, membrane, cryogenic and

chemical looping (Canevesi

et al. 2018; Madejski et al.
2022). CO,, carbon dioxide;
MOF, metal-organic frame-

Adsorption

Cryogenic Chemical
Membrane distillation looping

Ph\slcal lxed Metal Calcium looping
lnorgamc Pol) meric . .
dsnrptlon mamx oxides comustion

work; COF, covalent organic Chemical Physical Chemical
framework absorption, absorption, dsorpnon
. Amine-based
Amines,
sorbents
Blends, R
. Amine-grafted
Tonic X
liquids Metal oxides
u Metal salts
Double salts

Carbons Por(v.us
Zeolites
Zeolites .
MOF Alumina Copper
COE s Polycarbonates Iron
SlllC: Dense: Manganse
Palladium

@ Springer



Environmental Chemistry Letters

Yearly Cost Yearly energy
(Million €/year) consumption (MWh/year)
3.0 21000

—0O—Yearly energy
consumption (MWh/year)

I Maintenance cost
Operating cost

2.5+ 20000

19000

2.0 4

18000

1.0 17000

16000

©
0.0 15000

L) L} L}
Iater Organic Chemical Pressure rvi i
Water g Membrane CrYogenic

scrubber solvent  solvent  swing system

scrubbeer scrubber  adsorber

Fig.8 Comparison between energy consumption, maintenance cost
and operating cost of different carbon dioxide separation and capture
technologies such as water scrubber, organic solvent scrubber, chemi-
cal solvent scrubber, pressure swing adsorption, membrane and cryo-
genic (Spitoni et al. 2019). MWh, megawatt-hour

Table 3 Capital cost of carbon dioxide separation technologies (Nag-
uash et al. 2022)

Separation technology Specific
capital cost (€/
(Nm*/h))

Water scrubber 5500

Organic solvent scrubber 4500

Chemical solvent scrubber 3200

Pressure swing adsorber 2700

Membrane 2500

Cryogenic system 5600

Nm?/h, normal cubic meters per hour

adsorbent to create metal carbonates in the strong chemical
bonds. Accordingly, the desorption of chemical adsorbents
as highly energy waster is the main drawback of this class
of sorbents (Ben-Mansour et al. 2016).

However, carbon dioxide capture at the high temperature,
over than 300 °C, is also considered as the main benefit of
these sorbents. It is notable that in some cases to improve
the reversibility of chemical adsorbents, chemical treatments
using alumina with alkali-metal carbonates and/or alkaline
metal oxides are employed (Yong et al. 2002).

The carbon dioxide adsorbents in another classification
are also categorized based on the adsorption operation tem-
perature in three different classes including low-temperature
carbon dioxide adsorbents for operation temperature less
than 200 °C, intermediate-temperature carbon dioxide adsor-
bents for operation temperature between 200 and 400 °C,
and also high-temperature carbon dioxide adsorbents for
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operation temperature higher than 400 °C (Wang et al.
2010).

An adsorbent to be considered as a proper candidate for
carbon capture and storage as well as biogas upgrading
applications shall represent some key specifications, which
the basic ones are high surface area, high porosity, minimum
thermal degradation, chemical stability, high carbon dioxide
selectivity, low cost of synthesis and proper loading capacity
(Akinola et al. 2022). In the following, different classes of
carbon dioxide adsorbents have been discussed in detail for
such purposes concerning these phenomena.

Zeolites

Zeolite was firstly introduced in 1756, by the Axel Fredrik
Cronstedt (Ruthven 1984), which because of their significant
positive specifications, study on zeolites rapidly grew and
today, they are a major element of adsorption technology
(Choi et al. 2009; Kumar et al. 2020). Totally, zeolites are
silicate-based materials composed with alumina to result
a crystalline structure, high surface area, and tunable pore
design (Kumar et al. 2020). On the ground, various param-
eters may affect the zeolite adsorption capability such as
alumina content in zeolite structure and the adsorbent pore
diameter (Barthomeuf 2002; Henrique et al. 2019). In fact,
the alumina content determines the total exchangeable cati-
ons concentration in the adsorbent structure (Barthomeuf
2002).

On the other hand, the studies on some types of zeolites
approved the one with larger pore diameter, zeolite 13X
showed higher adsorption capability than other types of zeo-
lites including 4A, 5A, APG-II, and WE-G 592 (Siriwardane
et al. 2005). Further, employing the alkali and alkaline earth
metals demonstrated positive impacts on the zeolite physical
properties and consequently, their adsorption capacity (Shen
et al. 2002). Structurally, zeolites differ in Si/Al ratio, the
charge balancing cation type, and operationally, the pretreat-
ment process procedure (Byung Yoon 2002).

It is worth mentioning that the effect of earth metal
modifier addition to the zeolites on their long-term sta-
bility is still unknown (Choi et al. 2009). For instance,
Table 5 indicates some key physical and chemical proper-
ties of prevalent zeolites 13X, 5A, 4A, WE-G 592, and
APG-II (Siriwardane et al. 2005; Nikolaidis et al. 2018;
Zhao et al. 2018).

Besides the promising features of zeolites for carbon
dioxide adsorption, however some drawbacks still con-
strain the zeolite applications. In general, at the higher
temperatures, carbon dioxide adsorption on zeolites sig-
nificantly reduces and tends to zero at 200 °C (Inui et al.
2002). The low selectivity of zeolites is another drawback
of available zeolites for carbon capture and sequestration
as well as biogas upgrading purposes (Kumar et al. 2020).
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Table 4 Advantages and limitations of carbon dioxide separation/capture technologies (Clausse et al. 2011; Leung et al. 2014; Canevesi et al.

2018)

Technology Advantages

Limitations

Purity and Recovery

Adsorption  Reusable adsorbents

High efficiency
Mature technology

Environmentally friendly

Quick and simple installation

Chemical High efficiency
absorption
(with a
reagent)
The most matured technology
Physical High purity
absorp-
tion (with
water)
H,S removal also occurs
Matured technology
Cryogenic  Large-scale applications are
already available
Matured technology
Membrane  High purity

Low energy requirement
Simple installation

Compact structure

Well knowledge on technology

In some cases, requires pretreatment for separating
other impurities including H,S and water vapor

Requires adsorbents with very specific characters

High energy consumption in terms of flue gas and
TSA process

Highly energy consumption

Corrosion effects

Environment problems

Absorption highly depends on CO, concentration
Purified gas requires a further drying step

Energy requirement for water cooling
Environment problems
Highly energy consumption

Only viable for high CO, concentration

Large equipment requirement

Low capacity

Fouling

Low selectivity

High cost

H,S removal requirement before CO, adsorption

PSA, Purity: 50-99% & Recovery: 30-90%

TSA, Purity: 95% & Recovery: 80%
ESA, Purity: 20% & Recovery: 93%

Purity: 99% & Recovery: 98%

Purity: 99% & Recovery: 98%

Purity: 99.9% & Recovery: 90%

Purity: higher than 95% & Recovery: 90%

PSA, pressure swing adsorption; TSA, temperature swing adsorption; ESA, electric swing adsorption; H,S, hydrogen sulfide; and CO,, carbon

dioxide

Additionally, zeolites represent high hydrophilic charac-
ter, which significantly decreases their performance at the
humid operating conditions, especially their regeneration
(Choi et al. 2009).

Carbon-based adsorbents
Activated carbon

Activated carbon is a substance addressing the carbon-rich
materials, which includes well-structured porosity and car-
bon networks. A wide range of chemical functional groups
on the surface of these samples, highly organized macro-,
meso-, and micro-pores, accompanied with high surface area
nominate this sample in broad range of applications (Karimi
et al. 2021a). Accordingly, recently it has been considered
as a versatile adsorbent to be employed for wastewater

treatment, pharmaceutical science, air pollution control from
inhabited places, automobile pollution control devices, sol-
vent recovery, food processing industry, and gas mask filter
manufacturing technology (Karimi et al. 2021a).

Alongside of all mentioned applications, one of the main
domains of activated carbon application is being an adsor-
bent for gas adsorption (Karimi et al. 2021a, 2022b). On the
grounds, recently numerous studies have been devoted to the
engineering aspect and/or material nature of activated car-
bon for carbon dioxide capture (Karimi et al. 2022b). Rou-
tinely, carbon-based adsorbents regarding their hydrophobic
character, fast kinetic, large surface area, tunable structure,
high chemical and thermal stability, low heat of adsorp-
tion, large diversity of sources, and reasonable efficiency
are among the oldest and favorable adsorbents for carbon
capture studies (Karimi et al. 2018b, 2020a, b).

Despite of several benefits of activated carbons, the low
selectivity is one of the major drawbacks of this adsorbent
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Table 5 Zeolite’s physical

: i Property Unit Type of zeolites*

and chemical properties

(Siriwardane et al. 2005; 4A 5A APG-II  WE-G 592 13X

Nikolaidis et al. 2018; Zhao

et al. 2018). CO,, carbon Earth metal modifier — — NA®  Ca NA NA NA

dioxide and N,, nitrogen Pore diameter A 4 5 10 10 10
Zeolite surface area m2g™! NA NA 710 625 710
Aluminum content wt% 13.6 14.8 10.7 15.6 14.2
Silicon content wt% 16.1 16.7 14.3 16.5 18.2
Breakthrough time® min 9 13 15 24 20
Adsorbent mass g 7.21 6.53 6.40 12.46 19.3
CO, loading® mmol g~ 0.5 0.38 0.38 0.6 0.7
Gas flow rate cm® min~ 5 5 5 5 5
selectivity (CO,/N,)°  — NA NA NA 15.5 23.11
Potential application - NA NA NA Post-combustion ~ Post-combustion
Heat of adsorption® kJ mol™ -5 —-63 — 66 -55 - 63

#All zeolites are represented by their commercial names

"Not available

“Data reported at 120 °C and 1 atm

for gas adsorption concerning the separation of carbon diox-
ide and methane and/or carbon dioxide and nitrogen, espe-
cially at low percentage of carbon dioxide. Accordingly, in
the recent years, a major attention has been devoted to the
modification of activated carbons, which activating reagents,
temperature, and reagent/carbon mass ratio are considered
as the most effective parameters on the modifications/acti-
vations of commercial activated carbon as carbon dioxide
adsorbent (Srenscek-Nazzal and Kietbasa 2019).

Through the years, researchers tried to improve the
textural properties of commercial activated carbons by
introducing new media to the activated carbons structures
(Sreriscek-Nazzal and Kietbasa 2019), impregnation via
chemical reagents (Liu et al. 2013b), or through the dielec-
tric barrier discharge plasma (Glonek et al. 2017). In this
way, recently Karimi et al. (Karimi et al. 2018b) employed
different chemical treatments using hydrogen peroxide, sul-
furic acid, nitric acid, and urea as well as thermally modifi-
cations till 800 °C to improve the characters of commercial
activated carbons.

Further, Srenscek-Nazzal et al. (2016) modified the com-
mercial activated carbon by potassium hydroxide, potassium
carbonate, and zinc chloride and reported an enhancement
on carbon dioxide adsorption capacity due to the optimized
structural properties. Some of helpful information concern-
ing the surface modification and activation of carbon materi-
als can be found in (Abd et al. 2021).

Biomass/biochar-originated carbon dioxide adsorbent
Lately, novel activated carbons derived from renewable

and plentiful resources, which are abundant and economic,
such as agricultural wastes, food wastes, animal manure,
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and industrial by-products, have attracted massive interests
for carbon dioxide adsorption applications (Karimi et al.
2022b). Annually, thousands of tons of these wastes are
dumped or burnt throughout the world, without any benefi-
cial usage that leads to drastic environmental concerns (Patra
et al. 2021). For instance, Table 6 indicates the potential
of some biomass and animal wastes throughout the world,
which have already been evaluated as a source of adsorbent
(Karimi et al. 2022b).

The biomass usually undergoes a conversion process,
incomplete combustion such as pyrolysis, to produce bio-
oil as well as carbon dioxide and digestate. In this way, the
digestate, through an aerobic process is transformed to bio-
char (Karimi et al. 2021a), which as a low-cost and enriched
carbon precursor for carbon dioxide adsorption is promising
not only in the view of abundant resources, but also as a
prominent strategy for solid wastes management and carbon
dioxide capture in a sustainable way to be substituted with
commercial adsorbents (Karimi et al. 2022b).

In-line with that numerous studies have investigated the
feasibility of various carbon precursors including olive, pine
sawdust, oat, wood pellet, coconut, almond, oil tea, white-
wood, rice, peanut, palm, coconut shell, pinecones, wood
ash, bagasse, corncob, argan fruit shells, eggshell, animal
wastes, and bio-sludge of waste water treatment plant as a
source of adsorbent for carbon capture (Karimi et al. 2022b).
Further, researchers proved that the huge volume of munici-
pal solid wastes, which adversely affect the planet and the
human life, can be sustainably managed by turning these
materials to energy and also the activated carbon, through
the anaerobic digestion and afterward, an activation process
(Karimi et al. 2021c; Madejski et al. 2022).
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Commonly, to produce activated carbon from carbona-
ceous resources, after carbonization, a pretreatment pro-
cess is required (Sharma et al. 2021). In this context, the
carbonized samples are washed and then dried at about
100 °C (Karimi et al. 2020a, 2022b). Afterward, the fully
dried samples are grinded to be prepared for the activation
step (Karimi et al. 2020a, 2022b). Two routine methods
for sample activation are physical and chemical treatments.
The physical activation consists of a two-step procedure,
in which the sample is firstly carbonized at temperature
between 400 and 850 °C, afterward, activated by steam,
carbon dioxide and air (Karimi et al. 2018b, 2020a,
2022b).

On the other hand, chemical activation includes a one-
step activation method, implemented by means of some rea-
gents such as hydrochloric acid, phosphoric acid, sulfuric
acid, and sodium hydroxide. It is worth mentioning that in
some cases, two activating methods are utilized simultane-
ously, either physical at the first or chemical (Karimi et al.
2020b). It should be considered that various parameters
affect the biochar-to-adsorbent process such as conversion
temperature, heating rate through the conversion, feed’s
nature, chemical reagent, and conversion process duration.
Accordingly, pyrolysis, gasification, torrefaction, and hydro-
thermal carbonization are the main conversion processes of
biomass to biochar mentioned in the literature (Shirzad et al.
2019b).

A comparison between some prevalent precursors acti-
vated through physical or chemical process and other car-
bonaceous-based adsorbents for carbon dioxide capture is
reported in Table 7. It should be considered that moderate
heat of adsorption of carbon dioxide on derived activated
carbons from biomass/biochar leads to a convenient regen-
eration process. In this way, manifold low-cost biomass/

biochar-originated activated carbons have been investigated
under cyclic adsorption processes (Karimi et al. 2022b).
Nowadays, activated carbons from spent materials, which
showed reasonable carbon dioxide uptake and high regener-
ability, can play a significant role in carbon dioxide seques-
tration and global warming mitigation through a fully sus-
tainable path (Karimi et al. 2020b).

Carbon molecular sieve and graphene

Carbon molecular sieves belong to a special branch of car-
bon-based materials. These microporous structures possess
pore diameter about 0.3 nm, which is tunable for different
species separation (Lai et al. 2021). It is worth mention-
ing that the selectivity of carbon molecular sieves can be
adjusted for specified adsorbate that is considered as a sig-
nificant advantage in adsorption purposes. On the other
hand, this type of adsorbent suffers from the high toxicity,
high cost, and low carbon dioxide capacity (Lai et al. 2021).

Graphene, which has also been evaluated in some studies
for carbon capture and sequestration (Huang et al. 2018; An
et al. 2019; Zhou et al. 2021), is a two-dimensional carbo-
naceous material constructed in hexagonal-shape structures
(Lai et al. 2021). The tunable layer characteristics and wide
range of functionalization reagents through a matured tech-
nology specified graphene as a carbon dioxide adsorbent
with high potential. However, sensitivity to the structural
defects has hindered to extend its applications in carbon
dioxide removal applications (Lai et al. 2021).

Table 6 Biomass production in

. . Biomass/waste Production (M Country Year References

various countries tons/y)
Soybean 41.65 Argentina 2018 FAO (2022)
Rapeseed 21.48 Canada 2020 OurWorldinData (2022)
Bagasse 758 Brazil 2020 Silalertruksa and Gheewala (2020)
Wood pellet 52.7 Worldwide 2020 Saosee et al. (2020)
Wheat 281.15 Europe 2020 OurWorldinData (2022)
Corncob 20 China 2015 Liet al. (2015b)
Pine sawdust 0.28 Mexico 2019 Parascanu et al. (2019)
Cassava 66.14 Nigeria 2020 OurWorldinData (2022)
Sweet potato 7.62 Malawi 2020 OurWorldinData (2022)
Soybean 134.26 Brazil 2020 OurWorldinData (2022)
Pea 3.02 Russia 2020 OurWorldinData (2022)
Sugar crops 408.41 India 2020 OurWorldinData (2022)
Potato 24.8 Ukraine 2018 FAO (2022)
Rice (paddy) 91.54 Indonesia 2018 FAO (2022)
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Table 7 Comparison of biomass precursors activated through physical or chemical process and other carbonaceous-based adsorbents for carbon

dioxide capture

Samples Activation method Operational condition CoO, Selectivity Potential application References
capacity
Tempera- Pressure (mmol/g)
ture (°C) (bar)
Rice husk ash Chemical 50 1 2.95 - - Hemalatha et al.
(2012)
Date seed Chemical 20 1 1.79 - - Ogungbenro et al.
(2020)
Sunflower seed shell Chemical 25 1 4.55 CO,/N,: 6.69  Post-combustion Deng et al. (2015)
Beer waste Physical 0 1 2.6 CO,/N,: 13 Post-combustion Hao et al. (2013)
Oil tea shell Chemical 0 1 6.15 CO,/CH,: 2.37 Biogas upgrading Zhang et al. (2018)
Lignin waste Chemical 0 1 7.4 - - Sangchoom and
Mokaya (2015)
Peanut shell Chemical 0 1 7.45 CO,/N,: 8.28  Post-combustion Lietal. (2015a)
Rambutan peel Physical 30 1 1.70 CO,/N,: 30 & Post-combustion &  Zubbri et al. (2020)
CO,/CH,: biogas upgrading
37.5
Peanut shell Chemical 0 1 4.0 CO,/N,: 6.45  Post-combustion Deng et al. (2015)
Coffee ground Physical/chemical 0 1 4.9 - - Plaza et al. (2012)
Olive stone Physical 0 0.95 4.65 CO,/N,: 6.74  Post-combustion Gonzilez et al. (2013)
Olive and cherry Physical 25 3 2.53 CO,/CH,: 3.73 Biogas upgrading Alvarez-Gutiérrez
stone et al. (2014)
Poplar anthers Chemical 25 1 4.15 CO,/N,: 10.38 Post-combustion Song et al. (2014)
Horse manure Physical 0 1 3.8 CO,/N,: 7.6 Post-combustion Hao et al. (2013)
Algae Chemical 25 1 4.5 CO,/N,: 9 Post-combustion Sevilla et al. (2012)
Coconut shell Physical 30 1 2.45 CO,/N,: 6.13  Post-combustion Wawrzynczak et al.
(2019)
Palm kernel Physical 30 4 7.32 - - Nasri et al. (2014)
Tobacco wastes Chemical 25 1 2.6 CO,/N,: 104 Post-combustion Sha et al. (2015)
Agaricus Chemical 0 1 5.5 CO,/N,: 27.3  Post-combustion Wang et al. (2012)
Rice husk ash Physical 75 1 3.93 - - Zeng and Bai (2014)
Beech wood Physical 23 1 2.54 - - Gebald et al. (2014)
Municipal solid Chemical/physical 40 2.5 2.6 - - Karimi et al. (2020b)
waste
Sawdust, cellulose, ~ Chemical 25 1 4.8 CO,/N,: 5.4 Post-combustion Sevilla and Fuertes
and starch (2011)
Commercial acti- Chemical 30 1 22 CO,/N,: 11 Post-combustion Chen et al. (2021)
vated carbon
Commercial acti- Physical 25 1 1.88 - - Rashidi and Yusup
vated carbon (2021)
Molecularsieve Physical 30 0.4 0.9 - - al Mesfer et al. (2020)
Molecular sieve - 0 1 4.92 CO,/N,: 11 Post-combustion Yang et al. (2020)

CO,, carbon dioxide; N,, nitrogen; and CH,, methane

Metal-organic frameworks

Li et al. (1999) firstly introduced metal-organic frameworks
as an appealing candidate for gas separation and storage,
catalysis, and molecular recognition, which showed stable
porosity without guest ions or solvent. They reported that
these materials illustrate surface tuning and pore function-
alization more than other conventional adsorbents (Li et al.
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1999). Metal-organic frameworks are basically constituted
of metal ions and clusters, and organic ligands with surface
area and pore size designed up to 10,000 m*/g and 150 nm,
respectively (Huang et al. 2003; Furukawa et al. 2013).
Totally, metal-organic frameworks are synthesized
through various methods including solvothermal as most-
repeated in the literature (Chen et al. 2017; Hsieh et al.
2022), electrochemical (Stassen et al. 2015), hydrothermal
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(Chen et al. 2019), microwave-assisted (Vakili et al. 2018),
mechanochemical (Chen et al. 2018b), sonochemical (Vait-
sis et al. 2022), template (He et al. 2019b), ionothermal
(Zunita et al. 2022), atomic layer deposition (Lemaire et al.
2017), sol-gel (Shamsudin et al. 2019), ultrasound-assisted
(Sargazi et al. 2017), spray-drying (Mitsuka et al. 2021), and
flow chemistry (He et al. 2019a), which is the most up-to-
date one (Rubio-Martinez et al. 2017).

However, almost the synthesis procedures of all
metal-organic frameworks pursue a similar protocol, but the
final structural form possesses a major effect on adsorption
capacity (Hiyoshi et al. 2005; Serna-Guerrero et al. 2008).
The limitations of some of the most-employed metal—organic
frameworks synthesis techniques are described in Table 8
(Stassen et al. 2015; Sargazi et al. 2017; Rubio-Martinez
et al. 2017; Vakili et al. 2018; Yulia et al. 2019).

The adsorption kinetics of numerous metal-organic
frameworks follow the Langmuir-like form, in which, at the
low carbon dioxide partial pressure, a small change in the
pressure leads to a large differentiation in carbon dioxide
adsorption capacity. On the other hand, there is an induc-
tion gap in the adsorption isotherm of several metal-organic
frameworks. To this context, in moderate pressure, a slight
change in pressure contributes to a significant variation in
adsorption capacity; on the other hand, in lower pressure,
the capacity variation would be negligible (Choi et al. 2009).

As mentioned earlier, various metal—organic frameworks
exhibit low carbon dioxide capacity in lower pressure range
of around 0.1-0.2 bar. It is noteworthy that the intermolecu-
lar forces between adsorbed carbon dioxide and adsorbent
are typically insignificant. Hence, adsorbent regeneration in
the cyclic adsorption processes occurs in low temperatures,
around 30 °C (Wang et al. 2010). A comparison between

carbon dioxide uptake capacities of some of the most popu-
lar metal-organic frameworks is demonstrated in Table 9.

Beside the promising characters of metal-organic
frameworks, which are highly interesting for carbon diox-
ide capture studies, one of the major concerns related to
the large-scale applications of these adsorbents is the cost
(Younas et al. 2020). Accordingly, in the synthesis step,
the solvent cost dominates the total cost of production
(Younas et al. 2020). Quantitatively, aqueous synthesis of
metal-organic frameworks associates with lower net price
of 13-36 $/kg of adsorbent, which is much lower than
the conventional method of solvothermal with an average
price of 35-75 $/kg (Younas et al. 2020). Nevertheless,
the other steps of the carbon dioxide adsorption process
via metal-organic frameworks including adsorption and
regeneration are comparable to the conventional adsor-
bents (Younas et al. 2020).

Further, the instability under humid operating conditions
is the other drawback of these sorbents, which has dimin-
ished the application range of this adsorbent, practically.
On the grounds, numerous researchers have attempted to
develop the metal-organic frameworks with characteristics
as water-resistant adsorbents (Ding et al. 2016; Vakili et al.
2018; Palakkal and Pillai 2022). In this way, high oxidation
state metals utilization and metal sites and/or organic link-
ers replacement with hydrophobic substances are among the
possible solutions (Vakili et al. 2018). In recently attempts,
composite forms of metal-organic frameworks with novel
substances have presented appealing adsorption proper-
ties for carbon dioxide capture (Ding et al. 2016; Palakkal
and Pillai 2022), which refer to a new window toward the
metal-organic frameworks characteristics optimization.

Table 8 Limitations of the
most-employed metal-organic

Additionally, polyethylenimine (Tao et al.
2013), polynaphtylene (Ding et al. 2016),
MOF synthesis method Limitations Reference

High energy consumption

Sargazi et al. (2017)

Slow reaction
Attributed to Zr-based MOFs

Stassen et al. (2015)

Acid consumption

frameworks synthesis methods. Solvothermal

Zr, zirconium; MOFs, metal—

organic frameworks
Electrochemical
Hydrothermal
Sonochemical

Slow reaction

Rarely applied

Chen et al. (2019)
Ghanbari et al. (2020)

Not accommodation with organic solvent

Microwave-assisted
Ultrasound-assisted

Mechanochemical

Nonthermal effects
Cost issues

Slow reaction

Vakili et al. (2018)
Sargazi et al. (2017)
Sargazi et al. 2017; Yulia et al. (2019)

High temperature

High pressure

Large production limitations

Flow chemistry

Spray-drying

Unmatured

Process difficulties

Rubio-Martinez et al. (2017)
Rubio-Martinez et al. (2017)
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Table 9 Comparison of recently developed metal-organic frameworks for carbon dioxide capture and sequestration

MOFs* BET sur- Pressure (atm) Tem- CO, uptake Selectivity Potential application Reference
face area perature  (mmol g71)
(m?g) C)
Cd-4TP-1 728.6 1 0 2.7 - Post-combustion Pachfule and Baner-
jee (2011)
MIL-101(Cr/EDTA- 1259 1 25 2.46 CO,/N,:9.46 Post-combustion Chen et al. (2018a)
Ac)
Ni-MOF-74 - 0.7 25 52 - - Bae et al. (2014)
MIL-101(Cr) 495.23 2 25 5.7 CO,/N,: 57 Post-combustion Lin et al. (2014)
MIL-101(Cr,Mg) 3274 25 3.28 CO,/N,: 41 Post-combustion Hu et al. (2014)
BUT-161 308 1 25 2.14 0O,/N,: 57 & CO,/  Post-combustion Zhang et al. (2019)
CH,: 10 and biogas

upgrading
MAF-X27(0x) 1167 1 25 6.7 CO,/N,: 262 Post-combustion Liao et al. (2015)
Mg-MOF-74 1174 1 25 8.6 CO,/CH,: 10.1 Post-combustion Bao et al. (2011)

and biogas

upgrading
Co-MOEF-74 957 1 25 7.5 - - Yazaydin et al. (2009)
Al(HCOO)3(ALF) - 1.18 50 43 CO,/N,: 350 Post-combustion Evans et al. (2022)
MOF-177-EDTA-20% 855 1 25 2.83 - - Gaikwad et al. (2021)
MOF-177-TEPA-20% 585 1 25 3.82 - - Gaikwad et al. (2021)
MW-180-30 - 1 25 2.02 CO,/N,: 29.7 Post-combustion Chen et al. (2019)
MOF-1 [Ni- - 1 30 4.1 CO,/N,: 82 Post-combustion Nandi et al. (2017)

(4PyC)2-DMF]

MOFs, metal-organic frameworks; BET, Brunauer; Emmett and Teller technique. CO,, carbon dioxide; N,, nitrogen; and CH,, methane

2All reported adsorbents are commercial and/or patented names

1-ethyl-3-methylimidazolium thiocyanate (Manuel Vicent-
Luna et al. 2018), benzoic acid-functionalized graphene
(Kumar et al. 2016), mesoporous silica (Chakraborty and
Maji 2014), graphene oxide (Liu et al. 2013a), and carbon
nanotube (Xiang et al. 2011) have been utilized as modifier
in metal-organic frameworks structure. Permyakova et al.
(Permyakova et al. 2017) lately developed Al dicarboxy-
late metal-organic frameworks denoted MIL-160(Al) as
a water-stable sample using high valence metal cations,
which has already demonstrated interesting results for gas
separation and purification studies.

Further, incorporating this type of adsorbent with
mixed matrix membranes is the other technique, which
has been considered to develop high-efficient adsorbents
with supreme selectivity and productivity characters (Pet-
tinari and Tombesi 2020). A summary of pros and cons of
metal—organic frameworks for gas separation and purifica-
tions applications is described in Table 10.

Covalent organic frameworks
Basically, covalent organic frameworks are crystalline highly

porous polymers and organic materials linked by strong
covalent bonds via z-structure forms (Co6té et al. 2005;
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Feng et al. 2012). Covalent organic frameworks as versatile
materials with tunable pore size and specific thermal and
chemical stability represented significant characteristics in
carbon dioxide adsorption purposes (Gole et al. 2018). In
general, they follow a repetitive pattern of organic materi-
als and exhibit high surface area, satisfying density, numer-
ous functional groups adaption whereas can be occasionally
tuned (Gole et al. 2018).

One of the first synthesis of covalent organic frameworks
was attributed to Coté et al. (2005) in 2005. The two-dimen-
sional COF-1 and COF-5 were synthesized via solvothermal
method using phenyl diboronic acid and hexahydroxytri-
phenylene as the building blocks (Coté et al. 2005). After
the prosperous study of Cote et al. (2005), other research-
ers also developed the covalent organic frameworks with
novel ingredients to develop more efficient adsorbents for
gas separation studies (Wang et al. 2021a; Lyu et al. 2022;
Sani et al. 2022). Accordingly, some studies evaluated the
covalent organic frameworks enriched by nitrogen sites (Lyu
et al. 2022). These types of sorbents demonstrated signifi-
cant affinity toward carbon dioxide molecules.

Lyu et al. (2022) also developed a novel covalent organic
framework incorporated with reactive aliphatic amine mate-
rials including 3-aminopropyl amine, which led to synthesize
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Table 10 Advantages and disadvantages of metal-organic frame-
works (Wang et al. 2010; Lee and Park 2015; Younas et al. 2020; Pal-
akkal and Pillai 2022)

Advantages Tunable surface characteristics

Incorporation with other modifiers

As additive to modify the capacity of other tech-
nologies
Catalytic characteristics for CO, conversion
Reasonable regenerability
High porosity
Disadvantages Instability in humid condition
Cost issues
Storage capacity
Encapsulation of molecules with larger size
Lower mechanical stability in higher porosity
Negligible capacity in low pressure

Complicated synthesis process

a more efficient adsorbent with 29% higher capacity than
pristine framework and more stable toward water presence.
High affinity toward carbon dioxide contributed to the intro-
duction of this novel adsorbents as an attractive adsorbent
candidate in low carbon dioxide concentration conditions,
specifically direct air capture (Lyu et al. 2022). However,
cost issue is still one of the main concerns for large-scale
applications of this class of sorbents (Sani et al. 2022).
Typically, covalent organic frameworks are synthesized
through various methods, which the main ones accompanied
with advantages and disadvantages illustrated in Table 11

(Feng et al. 2012; Wei et al. 2015). It is noteworthy that
solvothermal is the most popular and the most reliable one
among the reported covalent organic frameworks synthe-
sis methods (Wei et al. 2015). Table 12 also demonstrates
a comparison between some of recent developed covalent
organic frameworks for carbon dioxide adsorption.

However, while this type of sorbent received a specific
interest for gas adsorption applications, but still the synthesis
methods suffer from maturity and reliability that requires
more efforts for developing novel synthesis methods and dis-
covering new linkage reactions to expand the ability of these
materials for carbon capture in more efficient way (Feng
et al. 2012; Wei et al. 2015). Finally, Table 13 compares the
key characters of activated carbons, zeolites, metal-organic
frameworks and covalent organic frameworks for carbon
dioxide sequestration purposes.

Methods to validate adsorbent materials

As already discussed, there has been phenomenal growth
in the development of adsorption techniques and adsorp-
tive technologies regarding the increasing demand for
energy and the environmental challenges (Sircar 2006).
Accordingly, researches and studies on adsorption tech-
nology span a variety of end-use applications such as
carbon dioxide capture from post-combustion processes
(Liu et al. 2021a), gas sweetening (Tagliabue et al. 2012),
biogas upgrading (Aghel et al. 2022), air separation (Pan
et al. 2017) and hydrogen storage (Yang et al. 2012), while

Table 11 Advantages and disadvantages of synthesis methods for covalent organic frameworks (Feng et al. 2012; Wei et al. 2015)

Method Advantages Disadvantages
Solvothermal Maturity Synthesis problems with fully soluble and
insoluble building blocks

Microwave Rapid reaction Used for COF-5* and COF-102% only
Simple large-scale production
No requirement to sealed vessel
Better porosity

Tonothermal High temperature requirement -

Building block selection limitation

Synthesis on metal surfaces

Synthesis on HOPG surfaces
Synthesis on graphene surfaces -

Large-scale production

Requirement to precise reaction condition
High purity of building blocks
Utilization of a single-crystal metal surface

The presence of CuSO,.5H,0 as a water reservoir —

Unmatured

HOPG, Highly ordered pyrolytic graphite; CuSO,.5H,0, copper sulfate pentahydrate; COF, covalent organic frameworks

*Represents the commercial name of covalent organic frameworks
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Table 12 Comparison of recently developed covalent organic frameworks for carbon dioxide adsorption

COFs?* Surface ~ Tempera-  Pres- CO, uptake Selectivity Potential application References
area ture (°C) sure (mmol/g_l)
(m*/g) (bar)
COF-10 1760 0 1.2 CO,/CH,: 2 Biogas upgrading Furukawa and Yaghi (2009)
COF-10 1760 25 341 CO,/CH,: 7.5 Biogas upgrading Furukawa and Yaghi (2009)
SQ-COP-1 8700 25 3.29 CO,/CH,: 4.14 & Biogas upgrading and Huang and Cao (2016)
CO,/N,: 4.83 post-combustion
SQ-COP-3 8500 25 3 1.93 CO,/CH,: 8.5 & CO,/ Biogas upgrading and Huang and Cao (2016)
N,: 7.08 post-combustion
TDCOEF-5 2050 0 1 2.09 CO,/CH,: 2.91 Biogas upgrading Kahveci et al. (2013)
ILCOF-1 2723 0 1 1.38 CO,/CH,: 2 Biogas upgrading Rabbani et al. (2013)
ILCOF-1 2723 25 5 3.8 CO,/CH,: 2 Biogas upgrading Rabbani et al. (2013)
PCTF-4 1404 0 1 4.66 CO,/CH,: 20 & CO,/  Biogas upgrading and Gu et al. (2015)
N,: 56 post-combustion
FCTF-1-600 1535 0 1 5.53 CO,/N,: 19 Post-combustion Zhao et al. (2013)
CTF-TPC 1668 0 1 4.25 - - Zhang et al. (2011)

COF, covalent organic frameworks; CO,, carbon dioxide; N,, nitrogen; and CH,, methane

2All reported adsorbents are commercial and/or patented names

the process conditions of each application differ (Shade
et al. 2022).

Routinely, gas adsorption studies include exposing the
sorbates on an adsorbent system, thereafter determining the
adsorption facts including loading capacity, heat of adsorp-
tion, selectivity, kinetic, thermodynamic and finally develop-
ing cyclic adsorption processes (Karimi et al. 2022b). In this
way, different methods to validate adsorbent materials can
be classified in four major classes including:

I. Breakthrough
II. Gravimetric
III.  Volumetric
IV. Volumetric-Gravimetric

Breakthrough technique
The history of modern breakthrough technique is back to

1952 (Bartle and Myers 2002), where Martin and James
presented the separation of volatile fatty acids using

chromatography considering the nitrogen gas as the mobile
phase and a stationary phase of silicone oil/stearic acid
(James and Martin 1952; Bartle and Myers 2002). Over the
past decades, this technique has remarkably flourished to
become one of the commonly used adsorption techniques.

Routinely, the breakthrough measurement begins by
introducing a gas flow at a known composition to an adsor-
bent bed, which has already been activated using a specific
procedure. In this way, different gas compositions are con-
trolled using various mass flow controllers also another one
is employed for measuring the inert gas. The experiments
are run until each sorbate “breaks through” the fixed bed,
which the adsorbed amount is determined by integrating the
difference between the inlet and outlet molar flow rates of
each sorbate over the time.

Accordingly, highly accurate detectors are required to
monitor the composition of the effluent gas that gas chroma-
tograph and mass spectrometer are among the most popular
ones (Shade et al. 2022), while other sensors like infrared
(Vivo-Vilches et al. 2018) or hydrogen analyzers (Danaei

Table 13 Carbon dioxide adsorbent characteristics (Choi et al. 2009; Wang et al. 2010; Olajire 2017; Younas et al. 2020; Usman et al. 2021;

Karimi et al. 2022b)

Adsorbent Regenerability CO, capture capability H,0 negative Selectivity Cost

effect
Zeolite Intermediate High High Intermediate Low
Activated carbons High Intermediate Low Low Intermediate
Metal-organic frameworks High High High High High
Covalent organic frameworks Intermediate High High High High

CO,, carbon dioxide and H,O, water
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Kenarsari et al. 2013) have practical usages. It is noteworthy,
the total pressure during the adsorption process is controlled
using a back-pressure regulator (Bastos-Neto et al. 2011). A
simple schematic of this technique is demonstrated in Fig. 9.

Generally, the breakthrough technique is the most popular
one for gas separation and purification studies, whereas it
has its own pros and cons. On the grounds, the flexibility of
this technique is very high, and relatively simple as well as
it has the benefit of ease of use even in the scale of less than
gram of sorbent, which nominate the breakthrough method
as the most favorable one for measuring the gas adsorp-
tion mixtures (Keller and Staudt 2005; Pullumbi et al. 2019;
Shade et al. 2022).

However, it has some drawbacks and limitations. Firstly,
the breakthrough techniques are commonly provided com-
mercially, which these apparatuses require relatively a high
budget (Keller and Staudt 2005). Also, the challenge of vari-
ations in the effluent stream raises some concerns about the
capacity of this technique, while employing an inert carrier
gas has been a helpful strategy (Keller and Staudt 2005).

In addition, the accurate breakthrough measurement
strongly relies on the precise knowledge on the dead vol-
ume of fixed-bed column that can nearly be determined by
adsorption tests using sand or glass beads so-called “blank-
experiments”. Furthermore, regarding the multi-components
gas experiments the users require to be informed about the
roll-up concepts (Kapoor and Yang 1987; Li et al. 2011). But

Oven

Mass flow controller

Gas-2

Inert-gas Gas-1

the biggest critique of breakthrough technique is related to
doing one breakthrough experiment for one equilibrium data
whereas for the next one the sample shall be regenerated,
causing this method relatively time consuming and inap-
propriate for collecting large data sets (Shade et al. 2022).

Gravimetric technique

Gravimetric technique is the most direct adsorption method
for the assessment of loading capacity of sorbates, which
relies on a little required calculation (Lachawiec et al. 2008).
The principal concept behind this technique is dating back
to the ancient eras, when the mass assessment through
weighing using Earth’s gravity was firstly performed, while
employing this phenomenon in the gas adsorption onto the
solid sorbents is back to the second half of nineteenth cen-
tury (Keller and Staudt 2005).

Generally, to accomplish a gravimetric experiment, a
cell that is equipped with a sensitive microbalance is loaded
with a small amount of adsorbent, afterward, the adsorb-
ing gas is introduced to the system (Minnick et al. 2018).
Accordingly, the total mass adsorbed is determined by cal-
culating the sample weight variations. The principle of the
gravimetric measurements is illustrated in Fig. 10. As can
be found, this technique is proper for pure gas adsorption,
whereas for gas mixture the system shall be coupled with

Thermal conductivity detector

Back pressure regulator

f—
Exhaust

Adsorption bed Mass flow meter

Oven

= Mass flow meter

Back pressure regulator

Mass flow controller

Thermal conductivity detector

Fig. 9 Breakthrough measurement apparatus for gas adsorption studies. This technique is the most favorable method for measuring the gas

adsorption mixtures, while it also requires the highly accurate detectors
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one of other methods. It is worth noting that different vari-
ants can be specified regarding the considered balance as a
single or double beam type (Keller and Staudt 2005; Shade
et al. 2022).

Recently some developments on gravimetric methods
have been introduced such as gravimetric—densimetric
method and the gravimetric—Van Ness (Shade et al. 2022).
Also, the employed integral mass balance method is one of
the most exciting advancements on this technique (Broom
et al. 2020). Although it can also be considered as an addi-
tion of gravimetry to the breakthrough one for measuring the
“stepwise” breakthrough profiles without the requirement of
sample regeneration for getting the adsorption equilibrium
data sets of each isotherm (Broom et al. 2020).

However, the gravimetric adsorption measurement owns
several benefits as well as some significant drawbacks,
which requires to be distinguished before conducting the
experiments (Paswan et al. 2004; Yang et al. 2016; Pan et al.
2017). Accordingly, the buoyant effects are essential to be
corrected for gas adsorption, while it is relatively easy for
pure gas assessment, but some complexities emerge in the
case of multi-components adsorption concerning the den-
sity of gas (de Weireld et al. 2005; Nguyen et al. 2017). As
getting the gravimetric equilibrium data may last hours or
even days, accordingly a gas circulator has been proposed
in some cases to reduce the adsorption time, which may

Fig. 10 Gravimetric unit for

gas adsorption studies using a
magnetic suspension balance.
This technique is the most
direct adsorption method for the
assessment of loading capacity
of sorbates, which relies on a
little required calculation

. >

Gas
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cause some difficulties for fine grained adsorbents (Keller
and Staudt 2005).

In addition, the cost and sophistication of such a system
are other drawbacks of this technique (Keller et al. 2002;
Paswan et al. 2004). Furthermore, the temperature control is
more complicated concerning the sorbent being on a balance
(Paswan et al. 2004; Fakher and Imgam 2020). Besides the
mentioned barriers and limitations of gravimetric technique,
it has already proved some singular benefits. Generally,
this method is the most popular one after the breakthrough
technique for gas adsorption studies. Also, as already men-
tioned, this method is the most direct one for the acquisi-
tion of adsorption equilibrium data, while it represents the
most reliable values regarding the high-pressure experiments
(Shade et al. 2022).

On the other hand, the gravimetric measurement gives
the opportunity of sample evaluation in the milligram scale,
which is beneficial in the cases of novel adsorbents such as
metal—organic frameworks and covalent organic frameworks
concerning their cost, synthesis time and loading capacity
(Karimi et al. 2021d). Novel gravimetric apparatuses repre-
sent very high accuracy accompanied with the availability
of kinetic determination, thanks to remarkable advances on
weighing techniques and modern precise microbalances
(Fakher and Imgam 2020).

Microbalance
Exhaust
Vacuum
pump Magnetic
suspension
Sample cell
\ Thermocouple

®
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Volumetric technique

The gas adsorption measurement using volumetric technique
was firstly developed by Sieverts (1907), where designed a
glass volumetric unit for assessment of gas absorption and
diffusion. During the last decades, this primary apparatus
has passed its evolution to become one of the extremely
popular techniques for different gas adsorption processes
(Dreisbach et al. 1999; Lachawiec et al. 2008). Typically,
a volumetric system consists of an adsorption cell, a refer-
ence cell, thermometers, pressure transducer and a source of
energy provider, based on considered application (Paswan
et al. 2004).

The experimental procedure starts by pressurizing the
reference cell with gas sorbate, thereafter, expansion to the
adsorption cell, which has already been loaded with a known
mass of activated adsorbent. During the experiment, the
pressure variations are recorded until getting the equilibrium
conditions that allows the determination of adsorbed amount
using an equation of state (Keller et al. 2002; Paswan et al.
2004; Fakher and Imgam 2020). Accordingly, based on to
the nature of this technique, there is some arguments that the
name of “manometric” is more suitable than “volumetric”
for such a system, because the key variable is the pressure
and not the volume (Keller and Staudt 2005).

It is noteworthy, performing the experiments may last
milliseconds, minutes, hours or even days, whereas it
depends on type of adsorbent and the dynamic of instru-
ment (Keller and Staudt 2005; Karimi et al. 2021d). On the
other hand, acquiring precise equilibrium data strongly relies
on well calibrating/knowing different volumes of apparatus
(Shade et al. 2022). A principle of volumetric measurement
is illustrated in Fig. 11a. Also, a simple schematic of this
method is depicted in Fig. 11b. Commonly, this technique is
more popular for pure gas adsorption assessment; however,
some convolutions emerge for multi-component gas adsorp-
tion, which requires employing other analytical systems such
as the gas chromatography for analyzing the gas composi-
tions. In this way, some interesting practical applications of
volumetric measurements of gas mixture have been studied
in slurries (Zhang et al. 2015) and fluidized beds processes
(Costa et al. 1981).

One of the main advantages of volumetric units is its
simplicity, which can be provided commercially or in-house
built. Typically, the commercial instruments have some
restrictions including the size and the ratio of adsorption cell
to the reference cell, type of studied sorbents such as pellets,
beads, powder, and carbons monoliths, as well as the ranges
of pressure and temperature, for example through cryogenic
studies, using large amount of sample than breakthrough
and gravimetric, usually several grams. Also in some cases,
requires a high budget for supplying (Mason et al. 2015).

Accordingly, recently, Karimi et al. (2021d) designed
and developed a fast kinetic volumetric apparatus for gas
adsorption in the milligram of adsorbent that demonstrated
the potential of data acquisition from vacuum till high pres-
sure. In addition, it has the flexibility of isotherm assess-
ment in routine temperatures of post- and pre-combustion
processes or to be upgraded for cryogenic studies, accom-
panied with potential of different ratios of adsorption and
reference cells. In general, in-house built volumetric units
are among the less expensive adsorption apparatuses, where
the experiments can be simply run without any sophistica-
tion or requirement for permanent supervision (Keller and
Staudt 2005).

Volumetric-gravimetric technique

To remove the barriers of multi-component gas adsorption
the volumetric-gravimetric measurement was developed
to have the benefits of both these techniques and allow the
feasibility of binary co-adsorption without the necessity of
employing routine gas analyzers such as a mass spectrometer
or gas chromatograph. Accordingly, it can be classified in
either the volumetric group or the gravimetric one (Keller
and Staudt 2005).

Firstly, Bering and Serpinskij introduced this method to
specify the adsorption equilibria values of gas—solid mixture
systems without external intervention for sampling (Bering
and Serpinskij 1953), while the technique was not widely
used at the beginning because of the requirement of suf-
ficiently different molecular weights (Biilow 2022). Later,
some improvements were employed on this technique by
Biilow et al. (Biilow 2022) regarding the adsorption study
of binary hydrocarbon mixtures at the high temperatures.
Finally, the technique was commercialized by Keller et al.
(1992).

Since then, some other modifications have been intro-
duced to this method for adsorption assessment of more
than two components in the gas mixture (Hamon et al. 2014;
AbdulKareem et al. 2018). Currently, it has been admissible
one in different areas including hydrogen storage (Suyetin
2017), greenhouse gases separation (Yang et al. 2015), and
adsorption of light olefin/paraffin mixtures (Hovestadt et al.
2018).

Routinely, volumetric-gravimetric measurement avoids
the direct measuring of gas phase compositions. On the
grounds, the normal volumetric method is considered to
specify the total molar quantity adsorbed onto the sample
at the studied temperature and pressure, while the mass of
the adsorbed phase is obtained using gravimetric assessment
after considering the required corrections on the buoyant
force (Keller et al. 2002). Eventually, the partial loading of
each sorbate can be simply calculated by knowing the molar
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Fig. 11 a A principle of
volumetric measurement for the
assessment of gas adsorption, b
a simple volumetric apparatus
for gas adsorption measure-
ments. Only practical for single
component gas adsorption stud-
ies. PC, personal computer
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Adsorbents

Adsorption cell

Opened valve

Adsorption cell
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Valve

Gas-1
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value adsorbed and the adsorbent mass (Keller and Staudt
2005; Shade et al. 2022).

An illustration of the volumetric-gravimetric adsorption
measurement technique is demonstrated in Fig. 12. Accord-
ingly, since both pressure variations and weight changes are
continuously recorded, this technique is extremely accurate
for gas adsorption studies (Fakher and Imgam 2020). On the
other hand, employing pressure transducer and microbalance
simultaneously causes some complexity for new setups. In
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addition, to obtain precise volumetric measurement a large
volume of adsorbent is required, which is the other drawback
of this technique. However, volumetric-gravimetric tech-
nique is one of the favorable methods for industrial applica-
tions (Keller and Staudt 2005). A comparison between the
pros and cons of different adsorption techniques is summa-
rized in Table 14.
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Cyclic adsorption processes

After obtaining the adsorption equilibrium information
using different adsorption techniques, it is required to design
a cyclic adsorption process for evaluating the separation
performance of sorbents concerning the large-scale applica-
tions. Accordingly, regarding the determinative variables of
adsorption equilibrium process, one can develop a “swing”
adsorption process using temperature and pressure (Karimi
et al. 2022b). To this end, the saturated fixed-bed column
is regenerated by varying one of the process variables, and
these cycles pursue through the specific sequences until get-
ting a cyclic steady-state process (Karimi et al. 2022b).

The concept of cyclic adsorption process was firstly intro-
duced by Charles Skarstrom in 1932, by developing pressure
swing adsorption, while it was patented thirty years later
in 1960 (Skarstrom 1960), after patenting the temperature
swing adsorption process (Kahle 1950), because of that, it
was initially known as “heatless” process (Grande 2012).
The “Skarstrom cycle” contains four main steps including
feed, blowdown or evacuation, purge and pressurization,
which its simple schematic is illustrated in Fig. 13. The
fundamental character of PSA process specifies by getting
the required driving force for gas separation by swinging
the pressure at the high and low domains. In this way, after
sorbent saturation in the column, the pressure in the column
is reduced, which results in a partial desorption of sorbates
loaded in the bed (Grande 2012).

Fig. 12 The volumetric- Pressure
gravimetric technique for gas gauge
adsorption measurement. It has

the benefits of both volumetric — 1

and gravimetric techniques,
which allows the feasibility of
binary co-adsorption without

Through the years, this technology has been employed
in different areas including methane upgrading (Ferreira
et al. 2015), carbon dioxide removal (Karimi et al. 2020b),
air separation (Arvind et al. 2002), noble gases purification
(Jahromi et al. 2018), hydrogen purification (Luberti and
Ahn 2022), and normal-iso paraffin separation (Dobladez
et al. 2020). Hence, currently, the major industrial applica-
tion of pressure swing adsorption process is related to the
hydrogen purification and air separation, specifically for
medical application of oxygen production (Grande 2012).

Temperature swing adsorption as other well-known cyclic
adsorption process was almost patented at the same time
of pressure swing adsorption process by Kahle (1950). In
this technology, the adsorption—desorption steps are devel-
oped by swinging the temperature at the high and low values
(Karimi et al. 2022b). Generally, developing the tempera-
ture swing adsorption cycles last for several hours, while the
pressure swing adsorption cycles are very shorter.

Further, electric swing adsorption is a special case of tem-
perature swing adsorption process in which, the desorption
is accomplished by raising the temperature of sorbents with
passing the electricity through a conductor using the Joule
effect (Petkovska et al. 2006; Grande et al. 2009). In fact, the
regeneration step is achieved by decreasing the equilibrium
capacity of samples (Grande et al. 2009; Ribeiro et al. 2014),
which this process has some benefits comparing conven-
tional temperature swing adsorption such as: higher heating
efficiency because of direct delivery of energy to the sorb-
ents, faster heating rate, mass and heat fluxes being in the
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Table 14 Comparison of adsorption techniques

Techniques Advantages Disadvantages
Breakthrough Highly flexible Inappropriate for collecting large data sets
User friendly Relatively expensive
Easy to use even in the scale of less than gram Requires highly accurate detectors
Employed technique for developing cyclic adsorption Requires precise knowledge on the dead volume of fixed-
processes bed column
Gravimetric The most direct adsorption technique Only proper for pure gas adsorption
The opportunity of adsorption screening in the milligram Influenced by buoyant effects
scale
The potential of highly reliable values for high-pressure  Getting the gravimetric equilibrium data may last hours or
experiments even days
The cost and sophistication of system
Volumetric Simplicity Acquiring precise equilibrium data strongly relies on well

It can be provided commercially or in-house built

In-house built units can be developed with low budgets
The most common technique for collecting large data sets

calibrating/knowing different volumes of apparatus

Generally, getting the equilibrium values may last hours or
even days

More popular for pure gas adsorption assessment

of equilibrium values
Volumetric-Gravimetric Extremely high accuracy
Proper for multi-component gas adsorption

Favorable method for industrial applications

Some complexity for doing the experiments
Commonly, a large volume of adsorbent is required

Relatively an expensive technique

» Light
component

Heavy
component

Fig.13 The first two-column pressure swing adsorption unit of
Charles Skarstrom, which includes four main steps such as feed,
blowdown or evacuation, purge and pressurization
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same direction, which are advantages for the performance
of desorption step (Grande et al. 2009; Ribeiro et al. 2014).

The years after inventing Skarstrom cycle, several other
patents and modifications were introduced to improve the
performance of this process. In this way, vacuum pressure
swing adsorption was presented by Guerin de Montgareuil
and Domine, to perform the regeneration under the vacuum
(de Montgareuil and Daniel 1958). To this end, the desorp-
tion step is commonly accomplished at 0.01-0.1 bar, while
the sorbate is inset to the column at the atmospheric pressure
or slightly higher than 1 bar (Ho et al. 2008; Liu et al. 2011).
However, vacuum employing probably increases the energy
consumption of system, but if the uptake capacity varies
significantly at the lower pressure of 1 bar, the efficiency of
process may dramatically be improved (Grande 2012).

In other modifications on Skarstrom cycle, some consid-
ered the pressurization step using part of the enriched gas to
boost the purity of the produced gas (Ahn et al. 1999). Fur-
ther, ESSO research group proposed a pressure equalization
step to employ a part of gas, which is normally lost in the
blowdown step, to pressurize the other column for enhancing
purified gas production (Stark 1963). This improvement in
the conventional 2-column pressure swing adsorption unit
contributes to a remarkable impact on the “continuity” of
the process. Accordingly, during the pressure equalization of
two columns, at least one more column is necessary for feed
processing (Stark 1963), while employing several columns
provide the possibility of different pressure equalization
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steps, consequently, the total recovery more raised (Xu and
Weist 2000; Jianguo et al. 2001).

Basmadjian and Pogorski (1963) defined a new step as
“rinse” considering a recycle of the heavy component by
displacing the light component to the product end. Neverthe-
less, this advancement was firstly introduced as an approach
to the concentration of low percent light compounds, but it
has also been accepted for other purposes (Fuderer 1983; Na
et al. 2002). In this way, Knaebel (Kent 2009) patented mov-
ing bed type of temperature swing adsorption for improv-
ing the efficiency of traditional type of temperature swing
adsorption.

Additionally, in one of the most recent inventions on
cyclic adsorption processes, Svante’s carbon capture tech-
nology (Svantelnc 2021) structured adsorbent laminate, a
rotary mechanical contactor and a proprietary process cycle
design to capture carbon dioxide from the flue gas and
regenerate the adsorbent in a single unit, all in 60 s.

Beside the advances of different types and configura-
tions in cyclic adsorption processes, other progress can
be classified in two major classes including: material sci-
ence concerning the discovery of highly efficient sorbents
for employing in such processes, and engineering science
regarding the determining optimal approaches to improve
the performance of process, which these concepts are exten-
sively addressed in the next sections. However, the question
that was planned in this area by Professor Ruthven in 1992
has not completely been answered by adsorption community
till now, which raised: “Is it possible to develop an algorithm
for automatic generation of pressure swing adsorption cycles
and tuning of the various steps?”” (Ruthven 1993).

It is worth noting that as a general principle, pressure
swing adsorption process has some preference than other
cyclic adsorption processes regarding its simplicity, flex-
ibility, and low energy consumption, especially when the
concentration of removed component is quite significant,
which contributes to a balance between the time of adsorp-
tion and desorption steps (Ho et al. 2008; Grande 2012).
On the other hand, when the removed component has a low
concentration, other options such as temperature swing
adsorption and electric swing adsorption can be evaluated,
because the adsorption step may last for a while (Humphrey
and Keller 1997).

Direct air capture

Despite all attempts to reduce carbon dioxide, regrettably
gigatons of carbon are annually released to the atmosphere
(Fuss et al. 2018; Minx et al. 2018). Routinely, the con-
ventional methodologies such as post-combustion, pre-
combustion, and oxy-fuel combustion processes (Karimi
et al. 2021c) are trapping carbon dioxide from the stationary

sources in the petroleum refineries and petrochemical com-
plexes, coal power plants as well as cement, iron, and steel
industries (Karimi et al. 2014, 2018a).

However, technologies related to the noncarbon energy
have quickly grown in the recent years, but unfortunately,
the corresponding progress does not show a promising per-
spective considering the global energy demand (Terlouw
et al. 2021b). On the grounds, the recent summit of climate
changes mitigation in Paris declared a rapid and urgent
development of “negative carbon technologies” are required
(UNFCCC 2022), a subject which was re-stated by the
National Research Council on Climate Intervention (Coun-
cil 2015). Generally, carbon dioxide removal technologies,
or negative emission technologies are ascribed to the tech-
nologies, which are able to remove and eliminate available
carbon dioxide from the atmosphere (Terlouw et al. 2021b).

According to the defined projections, carbon dioxide
removal technologies are planned to remove 20 gigatons
of carbon annually by 2050 (Fuss et al. 2018; Minx et al.
2018). Nevertheless, there are some uncertainties and doubts
related to this value (Fuss et al. 2018; Minx et al. 2018).
However, proposed different energy scenarios developed by
integrated assessment models specified that without exten-
sive development of carbon dioxide removal technologies, it
is infeasible achieving the Paris agreement target for 1.5 °C
reduction in global temperature (Smith et al. 2015).

In this way, recently several different technologies con-
cerning carbon dioxide removal have been evaluated includ-
ing ocean fertilization, biochar, enhanced weathering, bioen-
ergy with carbon capture and storage, and direct air carbon
capture (Fuss et al. 2018; Minx et al. 2018; Terlouw et al.
2021b). Nevertheless, regarding some skepticisms about
environmental side effects of carbon dioxide removal tech-
nologies (Terlouw et al. 2021b), direct air capture process
represents an appealing potential for directly capture carbon
dioxide from atmosphere, which has already been emitted
(Smith et al. 2015; Fuss et al. 2018; Minx et al. 2018; Ter-
louw et al. 2021b). On the grounds, direct air capture tech-
nology accompanied with renewable sources of energy can
have remarkable roles toward a decarbonized world.

The concept of direct air capture for employing in cli-
mate change mitigation was firstly proposed by Lackner
in 1999 (Lackner et al. 1999). Later in 2007, Global Ther-
mostat patented the direct carbon dioxide capture from air
with amine-modified samples (Eisenberger and Chichilnisky
2007). Next, in 2012, Global Thermostat introduced an air
contactor, which is able to operate with many different sor-
bents (Eisenberger 2012). During the last decade, numerous
other investigations and analyses have been accomplished
to evaluate the feasibility and viability of this strategy for
carbon capture.

Routinely, direct air capture, alike other conventional car-
bon capture processes, contains two main steps including
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adsorption or absorption step and desorption step, which
in this case, because of the highly dilute concentration of
carbon dioxide in the atmosphere, is a challenging subject. It
is noteworthy, today, carbon dioxide concentration is around
419 ppm in the atmosphere (NASAClimate 2022b), which is
around 350 times lower than available one in the flue gas of
coal power plants (Christopher 2011). Hence, the traditional
sorbents for gas adsorption applications, such as zeolites,
and activated carbons, which represent physisorbent and
chemisorbent characterizations, demonstrate unfavorable
performance at the low partial pressures with a small loading
capacity and very low selectivity for carbon dioxide capture
(Takeda et al. 2012).

In this way, the aqueous amine solutions as oldest tech-
nique for carbon dioxide capture and sequestration from gas
streams came back to the game for such a purpose (Didas
et al. 2015). In addition, the potential of solid-supported
amine sorbents for direct air capture have been extensively
investigated in many studies (Caplow 1968; Danckwerts
1979; Takeda et al. 2012; Didas et al. 2015). These adsor-
bents because of strong bonds among the carbon and the
amines as a result of a chemical reaction, demonstrate an
acceptable loading capacity, heat of adsorption and selectiv-
ity even at the low concentrations of carbon dioxide (Caplow
1968; Danckwerts 1979).

Thus, the supported organic—inorganic hybrid samples
with amines can be a proper candidate for direct air capture.
Accordingly, recently, metal-organic frameworks as a novel
class of adsorbents received a significant attention, because
of versatility, highly ordered, functionality, and tenability
characters (Shekhah et al. 2014). It is noteworthy that among
the numerous synthesized metal-organic frameworks till
now, MOF-74 is one of the most studied sorbents for such a
purpose (Wang et al. 2014a; Shekhah et al. 2014).

As any other emerging technology, the direct air cap-
ture possesses its own decisive benefits and probably some
drawbacks and uncertainties that requires more investiga-
tions. To briefly discuss, this technology has the advan-
tage of capturing carbon dioxide from distributed sources,
which are responsible for around 50% of annual carbon
emissions (Schmidt et al. 2019). Further, it would not
be limited to a specific location because of flexibility on
installing the equipment. Additionally, the performance of
process is not influenced with other contaminants that are
some of available difficulties in other processes (Terlouw
et al. 2021b).

Besides the many advantages, there are still some major
concerns regarding the DAC, which require to be addressed
for further proceeding of this technology. As stated earlier,
having a promising sorbent with a rational cost concerning
the uptake capacity, heat of adsorption and selectivity of
carbon dioxide at very low partial pressure has remained as
an obstacle. Additionally, highly energy consumption during
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the regeneration steps, up to 900 °C for aqueous solutions
and about 100 °C for solid sorbents, is one of the other main
drawbacks of this technology (Fasihi et al. 2019).

The direct air capture is usually compared with post-com-
bustion process, while it seems an analogy deprived from
relevance, because these technologies are two different pro-
cesses with two different scopes, which one of them traps
carbon dioxide from emission to the atmosphere, while the
next one remove carbon dioxide from the atmosphere. This
issue has been the place of argument in the literature during
the recent years (Zeman 2007; House et al. 2011; Lackner
2013; Ruthven 2014).

In this way, the thermodynamic efficiency has been con-
sidered as a factor to evaluate the feasibility of direct air
capture. On the grounds, the second thermodynamic law
has been employed to evaluate the actual required energy to
carry out a direct air capture system than a conventional flue
gas carbon dioxide capturing process. The results showed
the separation of carbon dioxide from a 400-ppm stream
requires around 20 kJ/mol as minimum of the theoretical
work (Zeman 2007; House et al. 2011), while it is 8.4 kJ/mol
for carbon dioxide capturing from a typical flue gas using
aqueous monoethanolamine (Zeman 2007).

In another attempt, Lackner investigated the variations
in the minimum free energy related to sorption reaction for
evaluating the irreversibility of process (Lackner 2013). It
was revealed that the theoretically accessible yield for direct
air capture can be higher than carbon dioxide capture from
flue gas. In 2014, Ruthven claimed that the thermodynamic
minimum work of separation does not show the actual
required work for separation in highly dilute gases (Ruth-
ven 2014). Accordingly, he suggested the “separative work”
derived from the ideal cascade theory as a more meaningful
factor and compared it with thermodynamic minimum work
for assessing the separation performance in such processes
(Ruthven 2014).

Ruthven findings demonstrated the energy consumption
of direct air capture process can be 100 times higher than
carbon dioxide capture by conventional process from a coal
power plant (Ruthven 2014). Nevertheless, this estimation
was relied on two key assumptions including physisorbent
and a multistage process, while as already discussed, chem-
isorbents are mainly considered for direct air capture, also
the cascade approach does not accurately predict the effi-
ciency of separation process in a single stage. A detailed
comparison between direct air capture and carbon dioxide
capture from flue gas is illustrated in Table 15.

Currently, there are only three companies throughout the
world that supply direct air capture plants. Global Thermo-
stat, in the USA, deploys this technology in the pilot scale
using amine sorbents supported on a monolithic contactor
(Fasihi et al. 2019). Carbon Engineering from Canada also
supplies high-temperature direct air capture units on the
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market of North America (Keith et al. 2018; Fasihi et al.
2019). Further, Climeworks from Switzerland, till now has
developed several low-temperature direct air capture sys-
tems in some European countries including Italy, Iceland,
Germany, Netherland and Switzerland (Fasihi et al. 2019;
IEA 2022). Detailed descriptions of the plants, which are
in operation worldwide also the projects in development are
specified in Table 16 (IEA 2022).

Additive manufacturing

As already discussed, solid adsorbents possess numerous
benefits, which nominate them as an appealing candidate
for gas separation and purification applications. One of
the most attractive characters of solid adsorbents is the
utilizing less energy compared to conventional amine solu-
tions employed in absorption processes (Pietschak et al.
2018). These solid-state adsorbents normally are in shape
of powders and require to be in a practical form through
industrial utilizations. The most common forms of these
solid adsorbents are granules, pellets, and extrudates (Pu
et al. 2018; Pietschak et al. 2018).

However, pellets and granules characterize charming
benefits in formation process point of view, whereas opera-
tional defections like high pressure drop and resistance
on mass transfer, limited their practical industrial deploy-
ments (Lawson et al. 2021). In this way, extruded struc-
tures, like monoliths, have been developed to optimize the
mass transfer and adsorption column pressure drop (Rezaei
and Webley 2009). Extrudates, owing to open channels
across their structures, generally represent higher adsorp-
tion capacity.

On the other hand, recently metal-organic frameworks
and covalent organic frameworks developed by this method
are constrained only to the laboratory scale production due
to a firing step, which contributes to the material burning;

hence, researchers applied secondary growth of organic
extrudates, which itself suffers from long duration and con-
sequently, limited applications for large scales (Lawson et al.
2021). As mentioned earlier, the conventional processes
suffer from the poor material versatility and low geometric
flexibility; hence, additive manufacturing, with the aid of
computer-design method, has emerged to develop scaffold
geometries with high efficiency for adsorption processes
(Pereira et al. 2022).

This novel technology has been introduced as a bright
technique to develop the porous solids with extraordinary
characteristics for adsorption processes. As we know, fab-
ricating an engineered shape of adsorbent with formulated
structure, significantly affects the adsorption efficiency,
which is precisely implemented in additive manufacturing
(Lawson et al. 2021). Accordingly, by using this strategy,
structured scaffolds can be produced with excellent chemical
and physical characteristics.

To apply this technology, a printable paste, ink, shall
be manufactured, afterward, injected to the stacked lay-
ers (Lawson et al. 2021). Generally, two methods of fused
deposition modeling and direct ink writing are the most-
applied techniques in the additive manufacturing technology
(Pereira et al. 2022). It is observed that in some operational
condition, materials produced by the fused deposition mod-
eling show instability, which limits the applications in some
specific chemical processes (Pohanka 2016). On the other
hand, direct ink writing can be implemented through a wide
range of temperature, against the fused deposition modeling,
which requires high temperature (Pohanka 2016).

It is worth noting that the direct ink writing faces some
operational problems in drying step, in which the integrity
of materials weakens (Zhu et al. 2015). The other methods
include stereolithography, digital light processing, two-pho-
ton polymerization, selective laser melting, electron beam
melting, continuous liquid interface production, selective
laser sintering, binder jet printing, ultrasonic consolidation,

Table 15 Comparison between Parameters

Direct air capture Post-combustion

direct air capture and carbon
dioxide capture from flue gas Operating temperature
Operating pressure

CO, concentration

Other contaminants
Energy used

Capital cost

Operational cost
Reliability

Maturity

Environment Friendliness

Objective

10-30 °C 40-75 °C

around 1 bar Around 1-2 bar

around 419 ppm 5-15%

Very low SO,, NO, and Hg

Any source Fossil fuel from power plant
High Moderate

Very high Moderate

High High

Low High

Very environment friendly Very environment friendly

Negative carbon CO, capture from emissions

SO,, sulfur oxides; NO,, nitrogen oxides; Hg, mercury; CO,, carbon dioxide
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Table 16 Direct air capture plants in operation worldwide, accompanied with projects in development (IEA 2022)

Direct air capture plants in operation worldwide

Company Country Sector CO, capture capacity (ton  Start-up year
of CO,/year)
Climeworks Iceland CO, removal 4000 2021
CO, removal 50 2017
Germany Power-to-X 3 2020
Power-to-X 3 2020
Power-to-X 50 2020
Power-to-X 50 2019
Power-to-X 3 2019
Power-to-X 3 2019
Customer R&D 1 2015
Switzerland Power-to-X 3 2018
Beverage carbonation 600 2018
Greenhouse fertilization 900 2017
Power-to-X 50 2016
Italy Power-to-X 150 2018
Netherlands Power-to-X 3 2019
Carbon Engineering Canada Power-to-X Up to 365 2015
Global Thermostat UsS R&D 1000 2013
R&D 500 2010
Direct air capture projects in development
Project Country Target operation date Capture capacity (ton of ~ CO, use or storage
CO,/year)
DAC pilot plant Australia 2022 365 Storage: injection
Haru Oni eFuels pilot plant Chile 2022 - Use: synthetic fuels
DAC 1 project Us 2025 1 million Storage: injection
Air-to-fuels plant Canada 2026 - Use: synthetic fuels
AtmosFUEL Project UK 2029 - Use: synthetic fuels
Dreamcatcher project 2026 Up to 1 million Storage: injection
Sizewell C nuclearpowered DAC - 100 Storage: injection
Kollsnes project Norway - Up to 1 million Storage: injection
Norsk e-fuel project 2023 - Use: synthetic fuels

CO,, carbon dioxide; R&D, research and development

laser engineered net shaping, electron beam additive manu-
facturing, laminated object manufacturing, and ink jet print-
ing (Pereira et al. 2022).

The American Society of Testing Materials (ASTM)
have categorized the additive manufacturing technology
in seven different techniques including vat polymeriza-
tion, powder bed fusion, binder jetting, sheet lamination,
direct energy deposition, material extrusion, and material
jetting (Astm). It is notable that until now, only vat polym-
erization and material extrusion methods are applied in
adsorbent production processes (Pereira et al. 2022). A
summary of the main advantages and disadvantages of
additive manufacturing techniques is listed in Table 17.
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Regarding the novelty of this emerging technology,
especially in the adsorption area, only a few studies have
been devoted to carbon capture and sequestration. Table 18
specifies some studies concerning carbon dioxide adsorp-
tion by additive manufacturing adsorbents. In this way,
recently, Liu et al. (2021b) studied on a procedure to
develop binder-free sorbents using additive manufactur-
ing to increase the loading capacity as well as improve
the preparation cost. In another study, Zhang et al. (2020)
investigated the shape of zeolite monoliths to fabricate
an ultrathin framework, thickness of 250 um, by using
this technique, which showed a significant carbon diox-
ide adsorption uptake in comparison with conventional
zeolite.
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Further, an interesting study was implemented by Steld-
inger et al. (2019), in which a carbonaceous adsorbent was
printed and evaluated by electric swing adsorption cycles.
Steldinger observed excellent thermal conductivity and
higher carbon dioxide loading capacity in comparison with
pellet carbon. The experiments proved shorter regeneration
period with efficiency of 100%, which led to a significant
decline in energy consumption (Steldinger et al. 2019).
Steldinger concluded that carbon samples developed by
additive manufacturing can be supreme potential carbon
dioxide adsorbents through the electric swing adsorption
processes (Steldinger et al. 2019).

Machine learning

Machine learning has been a fundamental element of many
developing areas that represents a great capacity to obviate
some of obstacles in traditional computing approaches for
paradigm design, fault detection, cluster data, pattern recog-
nition and optimization (Karimi et al. 2018c, 2021a, 2022a).
The applications of machine learning owing to the robust
computing power have increased in recent years, which is
also true for carbon capture utilization and storage applica-
tions (Yan et al. 2021). In a simple word, machine learning
detects a pattern/link between the key independent variables
and the dependent ones of process (Karimi et al. 2021b, e),
which finding these in the nonlinear systems contain partial

differential equations using traditional approaches is a very
tedious and time-consuming task.

Recently, different topologies related to the machine
learning have emerged including artificial neural networks,
adaptive neuro fuzzy inference system, support vector
regression and genetic algorithm, which specific details
regarding these models can be found in Karimi et al. (2018c,
2021a, b, e, 2022a). A comparison between the benefits
and drawbacks of most common employed machine learn-
ing approaches in adsorption technology is described in
Table 19 (Xu et al. 2022). Further, to better understand this
concept, a simple architecture of multilayer feed-forward
artificial neural network is displayed in Fig. 14.

Besides the previous mentioned benefits, machine
learning also comprises saving time and cost, minimizing
human intervention, as well as highly efficient for pattern
recognition in multidimensional and multi-variety data
(Jordan and Mitchell 2015; Karimi et al. 2018c, 2021a).
On the other hand, the performance dependency on the
size and the quality of dataset can limit its efficiency in the
carbon capture area, because of lack of data availability to
develop a robust intelligent approach. Further, the applica-
tion of machine learning is sometimes influenced by lim-
ited physical constraints, interpretability, and the quality
of data (Jordan and Mitchell 2015; Guidotti et al. 2018).
Additionally in some cases, the model interpretation for an
accurate paradigm through complex and nonlinear systems
is arduous (Guidotti et al. 2018; Karimi et al. 2021e).

Table 17 Advantages and

. . Advantages
disadvantages of additive

Disadvantages

manufacturing technology in
adsorbent development (Pereira
et al. 2022)

Low-cost raw materials
Low-cost printers
Fast method

Large dimension material production

Minimum material waste

Poor surface quality in FDM techniques

Low accuracy in FDM techniques

Post-process treatment requirement in FDM techniques
High temperature requirement in FDM techniques
Operational problem in DIW techniques

FDM, fused deposition modeling; and DIW, direct ink writing

Table 18 Studies on additive
manufacturing devoted to

carbon dioxide adsorption

Technique Feed Year References

Direct ink writing CO,, CH,, and N, 2017 Couck et al. (2017)
Direct ink writing CO, and N, 2018 Couck et al. (2018)
Direct ink writing CoO, 2019 Regufe et al. (2019)
Selective laser sintering CoO, 2019 Lahtinen et al. (2019)
Digital light processing CoO, 2020 Zhang et al. (2020)
Direct ink writing CoO, 2020 Lawson et al. (2020)
Direct ink writing CO,, CH,, H,0, and N, 2020 Grande et al. (2020)
Direct ink writing Cco, 2021 Liu et al. (2021b)
Direct ink writing CO, and N, 2021 Mendes et al. (2021)
Direct ink writing CO, and H, 2021 Lawson and Rezaei (2021)

CO,, carbon dioxide; CH,, methane; N,, nitrogen; H,O, water; and H,, hydrogen
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The application of this branch of artificial intelligence
in the carbon capture and sequestration area is a novel
concept and there is still a lot to investigate. However,
the application of machine learning in adsorption tech-
nology can be classified in two main categories such as
material science for developing and characterizing novel
samples and engineering perspectives for process design
and optimal assessment. Regarding the complexity of a
proper adsorbent for efficient carbon dioxide capturing
accompanied with almost unlimited pathways to develop
the structures, correctly identifying a proper sorbent is a
highly intricate task (Farmahini et al. 2018; Khurana and
Farooq 2019; Subramanian Balashankar and Rajendran
2019; Burns et al. 2020).

On the grounds, the discovery and development of novel
sorbents using conventional experimental methods require
notable cost and time (Moghadam et al. 2019). Thus,
recently, machine learning topologies received a significant
attention for designing, charactering, and tuning the porous
materials using supervised and unsupervised paradigms
(Yazaydin et al. 2009; Wilmer et al. 2011; Rosen et al.
2020; Moosavi et al. 2020). Beside the synthesizing routes,
other characters of adsorbents related to the textural proper-
ties such as selectivity, stability, synthesizability, working
capacity, hydrophobicity and total life cycle costs have also
been addressed by machine learning (Yazaydin et al. 2009;
Wilmer et al. 2011; Collins et al. 2016; Boyd et al. 2019;
Moosavi et al. 2020).

Table 19 Benefits and drawbacks of commonly employed machine learning approaches for the adsorption technology (Bansal et al. 2022; Xu

et al. 2022)

Models Benefits

Drawbacks

Artificial Neural Networks

Highly robust approach to model any complex system
with any degree of nonlinearity without any limita-

Minimum required input values to develop a model

Optimum iterations are required to be established for get-
ting an accurate outcome

Commonly a huge dataset is necessary to develop a
precise model

tions concerning about the relation among input—out-

put vector

Getting an acceptable accuracy if developed systemati-

cally

Auto improvement for a provided set of data

Highly tolerance regarding the noisy data

Overfitting challenges accompanied with low ability for
extrapolation issue

Accuracy dependence on the number of layers, number of
neurons, considered model as well as training algorithm

Auvailability of wide ranges of the training algorithm

Adaptive Neuro Fuzzy

Inference System fuzzy logic, simultaneously

Relatively, fast training algorithm

Suitable for systems without basic knowledge about the

system

Support Vector Regression Ability to be trained quickly

Simple theoretical background

The ability for employing the benefits of ANNs and

Enhancing the complexity of system coding regarding the
number of bogus laws

Requires too much computations attempts for developing
an accurate approach

Commonly getting an accurate mode needs a huge dataset

Some beheld weaknesses concerning the extrapolation
capacity
Model development requires a huge dataset

Some weaknesses concerning the extrapolation capacity

Genetic Algorithm

A broad range of choices owing to the availability of
various kernel functions

Low overfitting challenge with small decision elements
in paradigm
High dimensionality with robust universal functionality

Double upgrading on the distinctive and incessant func-
tions

More tolerance concerning the noise in comparison
with ANN, ANFIS and SVR

Developing more initiative solutions for huge-sized
space state

Proper for multi-objective systems

Relatively highly time consuming for computation

Influenced by noisy databank

Highly time consuming

Developing approach significantly relies on correctly
implementation of the model

Commonly getting the optimum output or convergence is
very arduous

ANNeS, artificial neural networks; ANFIS, adaptive neuro fuzzy inference system; and SVR, support vector regression
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Fig. 14 An architecture of mul-
tilayer feed-forward artificial
neural networks to develop a
model for considered system
with four independent variables
and one output

Input
variables

Hidden
layer
Output
— layer
O\

In this way, Collins et al. (2016) employed the machine
learning potential for optimizing the favorable physical prop-
erties and functional characters of one of the metal-organic
frameworks, MIL-47, to improve the loading capacity
for post-combustion application that contributed to 400%
improvement. Boyd et al. (2019) evaluated a huge database
of adsorbent structures, around 300,000, to determine a
synthesis protocol for hydrophobic adsorbaphore specifica-
tions. Further, Dureckova et al. (2019) considered gradient
boosted trees regression topology for estimation the selec-
tivity of carbon dioxide toward hydrogen accompanied with
the working capacity of carbon dioxide in a broad range
of samples. It was illustrated both geometric and chemical
descriptors can be applied for these purposes (Dureckova
etal. 2019).

In a similar attempt, the selectivity of carbon dioxide
toward nitrogen and working capacity of the metal-organic
frameworks were estimated using artificial neural networks
by Burner et al. (2020). Additionally, Moghadam et al.
(2019) investigated the potential of machine learning to
estimate the mechanical properties of metal-organic frame-
works. The accomplished studies in this area proved there
is a huge amount of novel information, which can open the
possibility of new windows for adsorption technology.

Designing and optimizing the adsorption processes is the
second realm of machine learning. As already extensively
discussed, cyclic adsorption processes are characterized
regarding the desorption step, which normally these types
of processes are described with a set of nonlinear partial dif-
ferential equations derived from the mass, momentum and
energy balances through the time and space until getting a

W
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cyclic steady state (Karimi et al. 2022b). On the other hand,
the performance of process is relied on transient profiles of
key variables including temperature, pressure, and composi-
tion, which concerning the high dimensionality of process,
employing optimization approach is intricate and arduous.

To obviate such challenges, machine learning has been
nominated as a superior candidate. The studies for design-
ing and optimizing cyclic adsorption processes using this
phenomenon can be classified in three classes (Yan et al.
2021). The first studies are related to determining the avail-
able pattern among the input and output variables of process
in an optimized paradigm, which minimizes computational
burdens using supervised topologies. The second class of
investigations has been devoted to employing supervised
machine learning regressions to specify the axial or time
profiles in the developed process. Finally, in other attempts,
supervised approaches have been considered to decrease the
dimensionality of optimized cyclic adsorption process (Lep-
eri et al. 2019; Hiillen et al. 2020; Pai et al. 2020; Vo et al.
2020; Yan et al. 2021).

For instance, Leperi et al. (Leperi et al. 2019) designed
the main steps of a conventional pressure swing adsorption
process for carbon dioxide capture from flue gas using neural
networks. In this way, Pai et al. (2020) evaluated the poten-
tial of different artificial intelligent models for estimation
the performance indicators and the bed profiles of a 4-step
vacuum swing adsorption unit for carbon capture from flue
gas. They reported that Gaussian process regression repre-
sented the most accurate results among different tested algo-
rithms to predict the performance indicators, while artificial
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neural networks predicted the bed profiles properly (Pai et al.
2020).

Subraveti et al. (2019) utilized the artificial neural net-
works paradigm to optimize the recovery and purity of
carbon dioxide in 8-step pressure swing adsorption unit for
pre-combustion process. They also specified the relative
importance of each decision variable on the objective func-
tions (Subraveti et al. 2019).

Further, Vo et al. (2020) successfully employed feed-for-
ward artificial neural networks approaches to minimize the
production cost of an integrated steam methane reforming-
based hydrogen plants containing membrane, cryogenic and
pressure swing adsorption units to increase the hydrogen
recovery and carbon dioxide capture from the tail gas. Addi-
tionally, Hiillen et al. (2020) evaluated three different artifi-
cial intelligent topologies to maximize the productivity of a
temperature swing adsorption process for direct air capture
system concerning the productivity, recovery, and energy
consumption. It is notable that the developed machine learn-
ing algorithms are only trustworthy and valid in the training
domain, and one must be cautious for the values outside the
range.

Life cycle assessment

Life cycle assessment is a systematic and standardized topol-
ogy for evaluating the environmental aspects of a product
or process through their entire life cycle from the begin-
ning to the end of life (Muralikrishna and Manickam 2017;
Algren et al. 2021). Also, it can have a significant impact on
developing tactical planning, designing the systems, improv-
ing the process outcomes as well as elevating the economic
performance and public policy (Harwatt et al. 2017; Algren
et al. 2021). Further, one of the major benefits of this topic
is the proposing of various pathways for developing a pro-
cess with lowest environmental burden (Muralikrishna and
Manickam 2017; Harwatt et al. 2017).

On the grounds, life cycle assessment can supply a sus-
tainable development with environmental, economic, and
social evaluation, simultaneously (Algren et al. 2021). It
should be considered that the different approaches of this
methodology have already been specified by the Interna-
tional Organization for Standardization (ISO 2006a, b).
Totally, life cycle assessment models are classified in three
different classes including: process approach, input—output
model, and hybrid topology (Algren et al. 2021).

Hence, process one is related to the general methods
for modeling the production of a system as the sum of
“unit processes”’, which specifies the life cycle assessment-
practitioner-defined subsystems (Junnila 2006). Accord-
ingly, the practitioner of the life cycle assessment is nec-
essary to determine and quantify the required inputs and
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any produced outputs. The input—output model as next
approach is considered as a holistic estimation for eco-
nomic evaluation and model validation in the life cycle
assessment, also supplying data for the process approach
(Junnila 2006; Muralikrishna and Manickam 2017; Algren
et al. 2021). In addition, the hybrid topology is commonly
a process approach that inputs—outputs data concerning the
environmental impacts have been provided by input—out-
put model (Muralikrishna and Manickam 2017).

As can be expected both process approach and
input—output model of life cycle assessments possess some
benefits and drawbacks. Totally, the flexibility of process
approach is its main strength to evaluate product systems,
but this approach can be expensive and time consuming
in some cases (Shirzad et al. 2019b; Algren et al. 2021).
On the other hand, the sectors specified in the related
input—output table limit the resolution of input—output
model that affects transactions between industries. How-
ever, the hybrid topology is considered to employ the ben-
efits of process approach and input—output model of life
cycle assessments (Muralikrishna and Manickam 2017,
Algren et al. 2021).

Recently, life cycle assessment as a robust, adaptable and
flexible tool has attracted a significant attention among exist-
ing and emerging technologies to specify the environmen-
tal hotspots of a product, service or process, which one of
these areas is adsorption technology. In this way, attempts
associated with this concept for adsorption technology can
be categorized in three main classes such as devoted stud-
ies for evaluating the developed/synthesized sorbents for
carbon capture (Wang et al. 2014b, 2021b; Wu et al. 2020;
Nowrouzi et al. 2021; Heidari et al. 2022; Xia et al. 2022);
the second studies have investigated the various aspects
of adsorption process (Tang and You 2017; Kohlheb et al.
2021; Gonzalez-Olmos et al. 2022); the next ones are related
to the evaluation of emerging technologies related to the
carbon dioxide removal (Deutz and Bardow 2021; Terlouw
et al. 2021a, b; Daniel et al. 2022; Leonzio et al. 2022).

In this way, Wang et al. (2014b) developed a life cycle
assessment model for the evaluation of calcium oxide-based
samples derived from the waste oyster shells blended with
polymethyl methacrylate nanosphere scaffolds as a source
of sorbent for carbon dioxide capture. They suggested that
a remarkable carbon emission reduction accompanied with
lesser human health and ecosystems impacts are accessi-
ble using waste in this way (Wang et al. 2014b). In other
study, experimental results and a life cycle approach were
combined to assess the carbon dioxide dual roles in food
scraps-derived biochar activation to improve lead adsorption
capacity (Wang et al. 2021b).

The environmental impacts and determining the hotspots
of amines adsorbents for carbon dioxide capture were also
investigated using life cycle assessment by Wu et al. (2020).
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In addition, the sustainability of activated carbon, amine-
modified activated carbon, and graphene concerning the eco-
nomic, environmental, and technical perspectives using this
technique were analyzed by Heidari et al. (2022) for carbon
capture and sequestration. A similar study was conducted
by Nowrouzi et al. (2021) for two highly efficient synthe-
sized carbon-based adsorbents including activated carbon
and modified activated carbon for carbon dioxide adsorption.

The different synthesis techniques for developing ZIF-
8, as one of the most promising metal-organic frameworks
for carbon capture, was also assessed by this methodology
to indicate the most sustainable method (Xia et al. 2022).
Hu et al. (2021) employed this strategy for evaluating the
energy load and resource depletion of 50 metal-organic
frameworks concerning the synthesis procedure for carbon
capture and storage. The eco-friendly fabrication of amide-
based polymer adsorbents regarding the regeneration energy
and selectivity for carbon dioxide capture was performed
using the life cycle assessment by Fayemiwo et al. (Fayem-
iwo et al. 2019). Additionally, Tang and You (2017) assessed
the environmental and economic aspects of municipal solid
wastes incineration power plant with this topology for post-
combustion carbon capture with zeolite 13X via two-stage
pressure/vacuum swing adsorption processes.

In another attempt, the environment/economic aspects of
biogas upgrading technology by pressure swing adsorption
using life cycle assessment was performed by Kohlheb et al.
(2021). Also, Gonzalez-Olmos compared the zeolite 13X
and carbon molecular sieve for carbon capture from flue gas
using vacuum pressure swing adsorption with this topology
concerning the environmental impacts and the sustainability
of process (Gonzalez-Olmos et al. 2022).

In this way, other researchers (Deutz and Bardow 2021)
employed life cycle assessment for industrial direct air cap-
ture via temperature—vacuum swing adsorption process.
Daniel et al. (2022) proposed and designed a novel approach
for direct air capture integrated with a solid oxide electroly-
sis unit and assessed by this methodology. Further, Leonzio
et al. (2022) investigated the environmental performance of
three physisorbents, metal—organic frameworks, and two
chemisorbents, amine functionalized sorbents, for direct air
capture by developing a comprehensive life cycle assess-
ment approach. Some of the interesting details concerning
this topic related to the carbon dioxide removal technolo-
gies and adsorption processes can be found in Terlouw et al.
(2021a, b).

Technology, commercialization and scale-up
This section details the history, current status and future

challenges of scale-up and commercialization of adsorp-
tion technology for carbon capture. Indeed, carbon dioxide

capture was firstly introduced to the industry in 1930s, for
natural gas sweetening by separating carbon dioxide from
methane using aqueous amines solutions (Kearns 2021).
From that date, several other technologies have been evalu-
ated including physical solvents, membranes, and physical
adsorption for gas separation. The adsorption process using
solid sorbents was firstly employed using pressure swing
adsorption units for hydrogen purification in 1950s (Siqueira
et al. 2017).

However, despite extensive efforts on adsorption technol-
ogy, owing to the available challenges, all developed plants
have been mainly limited in the bench and/or pilot scales
(Akinola et al. 2022). Routinely, the progress of all tech-
nologies pass through the laboratory studies, bench scale,
pilot scale and eventually, commercialization. To this end,
the technology readiness level is considered as a general
framework, which defines the maturity of one technology for
deployment in the commercial scale (Kearns 2021).

In this way, the maturity of a technology is evaluated in
a systematic and qualitative scaling way using technology
readiness level in nine different levels (see Table 20) (Buch-
ner et al. 2019; Kearns 2021; Zimmermann et al. 2022).
Accordingly, technology readiness level of 1 represents the
research step regarding the basic principles, observations,
and initial concepts, while 9 corresponds with normal com-
mercial service (Kearns 2021). On the grounds, carbon cap-
ture by liquid solvents in different processes is a technology,
which has already completely reached to the commercial
scale, while direct air capture as an emerging technology
demonstrates level 6 (IEA 2022).

To make adsorption technology competitive and cost
effective one in comparison with other available techniques
for carbon capture in large-scale applications, there are some
barriers, which are required to be obviated for further pro-
ceeding. As already discussed in Sect. “Recent adsorbents
for carbon dioxide capture”, a standard sorbent shall repre-
sent some key specifications such as stability concerning
impurities, both chemicals and moisture, selectivity, fast
kinetic, recyclability, high working capacity and rational
synthesized cost (Wilcox et al. 2014).

Further, the thermal stability is one of other factors that
requires to be taken into account according to the work-
ing temperature of sorbent that is classified in three differ-
ent ranges including: higher than 400 °C, between 200 and
400 °C and lower than 200 °C, whereas for post-combustion
carbon dioxide capture application, between 50 and 150 °C,
this parameter may not be necessary (Wilcox et al. 2014).

However, deployment such sorbent in the industrial
scale has been a big challenge of adsorption technology
until lately, but recently, Svante Inc. in collaborating with
Shimizu’ research group announced the successful synthe-
sis of metal organic framework CALF-20 that addresses
these challenges (Lin et al. 2021). CALF-20 showed a low
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Table 20 Definition of technology readiness level (TRL) for carbon capture and storage technologies (Wilcox et al. 2014; Kearns 2021; Zimmer-

mann et al. 2022)

Category TRL Definition Description
Demonstration 9 Production Process under normal operating condition over the full range of
commercial service
8 Commissioning Full-scale deployment in the final form for commercial applications
7 Demonstration and full-scale engineering Fully functional prototype demonstration in a relevant environment
Development 6 Pilot trials Pilot-scale experiments in a relevant environment
5 Detailed process development Similar process validation in a relevant environment
4 Preliminary process development Process validation in the laboratory scale
Research 3 Proof of concept Proof of concept using analytical and experimental tests
2 Concept Establishment of the application
1 Idea Initial idea and basic principles observed

TRL, technology readiness level

manufacturing cost, selective over water and resistance to
oxidation, as well as, it has the potential of carbon diox-
ide capturing up to 95% from industrial flue gas sources.
Further, Svante Inc. in collaboration with BASF Co., have
successfully scaled-up the CALF-20 in a green chemistry
route to the industrial size (Svantelnc 2022). Up to now,
large-scale production of such a sorbent for the gas separa-
tion industry has been one of the main challenges of com-
mercialization of adsorption technology for carbon capture
in the industrial scale.

Regarding the process development, carbon dioxide par-
tial pressure and the scale of capturing are two other key
elements that affect the cost and deployment of adsorption
technology (Kearns 2021). Indeed, the partial pressure influ-
ences the required energy of plant for capturing and the size
of process equipment. Hence, at the higher partial pressure
the loading capacity is increased, the energy required for
capturing reduces and molecules transfer more quickly from
the gas source to the sorbent, which translates into smaller
required capture equipment. Accordingly, all reduce the
operating and capital costs (Kearns 2021).

Figure 15 illustrates the carbon capture cost as a func-
tion of carbon dioxide concentrations (IEA 2022). As can
be found, direct air capture, because of the lowest carbon
dioxide concentration, demonstrates the most expensive
capturing processes. The other key factor that specifies the
carbon capture cost is the scale of capturing (Akinola et al.
2022). Routinely, the capital cost of different industrial
plants increases in a nonlinear relation with scale, including
carbon dioxide capture plants. On the grounds, the capital
cost is correlated by scale with the power of n, where n is in
the range of 0.6-0.8. Thus, the cost of two different plants
is related together by (Tribe and Alpine 1986):
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As can be found, there is a significant difference between
the cost of carbon capture pilot plant and an industrial scale
for capturing tons of carbon dioxide per year. It should be
considered, while this is a fact for all processes in various
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Table 21 Adsorption carbon
capture processes: technology
readiness level assessment and

Adsorption process

Key Vendors Technology

Readiness Level

Projects

key technology vendors in 2020
(Kearns 2021) swing adsorption

Temperature swing adsorption

Enzyme catalyzed adsorption

Sorbent-enhanced water gas shift

Electrochemically mediated adsorption

Pressure swing adsorption/vacuum

Air Liquide, Air 9
Products, UOP

Air products port Arthur

Svante 5-7 Large pilot tests to feed
studies for commercial
plant

CO, solutions 6 Pilot demonstrations

ECN 5 Pilot tests, e.g., stepwise

R&D only Lab test

industries, and obviously carbon capture is not an exception,
but regarding the technology readiness level of adsorption
process for carbon dioxide capture and other mentioned
challenges, this difference is more notable in this area
(Kearns 2021). Table 21 represents an overview on different
adsorption carbon capture processes regarding the technol-
ogy readiness level assessment and key technology vendors
in 2020 (Kearns 2021). Additionally, the world pioneer’s
companies related to the CCUS technologies are illustrated
in Table 22.

Regarding the necessity of decarbonization as well as the
highly cost of carbon capture from dilute concentrations,
owing to the thermodynamic laws, the US Department
of Energy (DOE) has determined new aims to reduce the
cost of carbon capture and to improve the state-of-the-art
available carbon capture technologies including absorp-
tion, adsorption, membranes and cryogenic (Miller et al.
2016). In this way, second-generation technologies, which
are expected to be deployed by 2025, are defined to decrease
the capturing costs by 20 percent in comparison with cur-
rent state-of-the-art technologies. Additionally, transforma-
tional technologies, which are available by 2030, are aimed
to diminish the costs by 30 percent from the first kind of a
technology. More details can be found in. (Kearns 2021).

Conclusion

The carbon dioxide emission and global warming resulted
from anthropogenic activities accompanied with univer-
sal rising rate of energy consumption, specifically fossil
fuels, have emerged as main challenges of mankind in
twenty-first century. Accordingly, developing novel and
more efficient technologies for carbon capture also finding
renewable sources of energy have been considered as the
key strategies to avoid an environmental calamity. Among

various technologies to this end, adsorption technology
with solid materials is one of the most attractive ones,
which have already shown qualified potential for carbon
capture and sequestration in double applications of post-
combustion such as flue gas, and pre-combustion including
biogas upgrading and natural gas sweeting processes.

On the grounds, this study aimed to highlight the cur-
rent state of knowledge regarding the adsorption technol-
ogy for carbon dioxide capture regarding clean energy
and environmental protection. In-line with that, after a
short discussion about carbon capture, climate change and
the potential/prospect of biogas as a renewable source of
energy, the key aspects of adsorption technology for such
purposes alongside its recent advances were reviewed in
a comprehensive way.

Accordingly, firstly, different carbon dioxide capture
processes including post-combustion, pre-combustion and
oxy-fuel combustion were introduced, then the pros and
cons of different separation technologies were discussed
by addressing the specific capital cost of each one. Further,
different classes of sorbents were investigated in detail
by referring to the most recent ones for carbon capture.
The main adsorption techniques were also illustrated to
determine how the loading capacity of various adsorbents
are specified. Next, the most recent issues regarding the
cyclic adsorption processes as the last step in developing
adsorption technology were brought up.

To fully understand the novel topics in this area, direct
air capture, machine learning, life cycle assessment, chal-
lenges of commercialization and scale-up in adsorption
technology were also critically reviewed to pave the path
for future studies in this area.

@ Springer



Environmental Chemistry Letters

Table 22 World pioneers companies related to carbon capture utilization and storage technologies

Company

Description

Energy & Environmental Research
Center

Wolf Carbon Solutions

Chart Industries

Svante

CarbonQuest

OGCI Climate Investments LLP

AirCapture
Carbon Engineering
Climeworks

Global Thermostat

The EERC conducts research,
development, demonstration, and

commercialization activities related

to zero-emissions coal conversion;
carbon capture and sequestration;
advanced air emission control
technologies

Wolf Carbon Solutions conducts in
constructing, owning, and operat-
ing carbon capture facilities and
pipeline transportation systems
related to decarbonizing industries

Chart Industries, Inc. is a global
manufacturer of engineered equip-
ment primarily used for low-tem-
perature and cryogenic gas storage
applications regarding the CCS
purposes

Svante offers commercially viable
technology to capture industrial-
scale carbon emissions from exist-
ing infrastructures

CarbonQuest provides technology
and solutions to buildings owners
seeking to decarbonize their build-
ings

OGCI Climate Investments LLP is
an investment company, which
invests in technologies and oil
and gas sectors that represent the
potential to decrease greenhouse
gases emissions

Direct air capture—negative emis-
sion technologies

Direct air capture—negative emis-
sion technologies

Direct air capture—negative emis-
sion technologies

Direct air capture—negative emis-
sion technologies

Founded/ Headquarter References

1951 North Dakota, US EERC (2022)

— Denver, US WolfCarbon

1992 Georgia, US ChartInd (2022)

2007 Vancouver, Canada Svantelnc (2022)

2019 New York, US CarbonQuest (2022)
2014 London, UK OGCI (2022)

2018 Berkeley, US AirCapture (2022)

2009 British Columbia, Canada CarbonEngineering (2022)
2009 Ziirich, Switzerland Climeworks (2022)

2010 Colorado, US GlobalThermostat (2022)

EERC, energy & environmental research center; CCS, carbon capture andstorage
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