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The increasing concentration of carbon dioxide (CO,) in the atmosphere has compelled researchers and
policymakers to seek urgent solutions to address the current global climate change challenges. In order
to keep the global mean temperature at approximately 1.5 °C above the preindustrial era, the world
needs increased deployment of negative emission technologies. Among all the negative emissions
technologies reported, direct air capture (DAC) is positioned to deliver the needed CO, removal in the
atmosphere. DAC technology is independent of the emissions origin, and the capture machine can be
located close to the storage or utilization sites or in a location where renewable energy is abundant or
where the price of energy is low-cost. Notwithstanding these inherent qualities, DAC technology still has
a few drawbacks that need to be addressed before the technology can be widely deployed. As a result,
this review focuses on emerging trends in direct air capture (DAC) of CO,, the main drivers of DAC
systems, and the required development for commercialization. The main findings point to undeniable
facts that DAC's overall system energy requirement is high, and it is the main bottleneck in DAC
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Introduction

The increase in the Earth's temperature took a new turn in 1950
and has steadily continued through the 21st century. By the year
2020, however, the global mean temperature was 1.02 °C above
the preindustrial era."” The Paris agreement was signed to
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maintain the global mean temperature below 2 °C to avoid
catastrophic global warming consequences.® By achieving the
Paris agreement objective, 9 to 10 billion people will not be
exposed to heatwaves, and 85 million people will not be affected
by flooded rivers. Moreover, five hundred million people will
not suffer from water stress, and 3 million square kilometers
will remain viable for agriculture (half of the country like
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India).* The review papers published by 97% of climate experts
and the Intergovernmental Panel on Climate Change (IPCC)
reported that the origin of climate change is the high emission
rate of Green House Gases (GHGs), mainly CO,.° The GHGs
cause global warming because these gases can absorb the
infrared radiation reflected from the earth and reemit it,
thereby raising the earth temperature. GHGs such as methane
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Fig. 1 Greenhouse gases percentage in the atmosphere, adapted
from ref. 7.

(CH,), halocarbons, nitrous oxide (N,O) and ozone (O;) exist in
the atmosphere with low concentration while the high
concentration GHGs are water vapor (H,0) and carbon dioxide
(CO,) as shown in Fig. 1.°

The most concentrated GHGs in the atmosphere are water
vapor and CO, and are the leading cause of global warming. In
fact, water vapor is more concentrated and can absorb more
infrared waves than carbon dioxide.® The global temperature
increases due to anthropogenic activities, especially when
humans use fossil fuels that emit CO, and with higher CO,
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concentrations, the atmosphere gets hotter and more humid.®
Thus, reducing the CO, emissions in the atmosphere will result
in low water vapor concentration and reduced global mean
temperature.’"* Preventive and remediation methods can
reduce CO, emissions. The preventive approach includes using
renewable energy systems and improving systems efficiency,”
while the remediation includes capturing, storing, and utilizing
CO,."* Although the whole world exerts efforts to reduce CO,
emission by preventive methods, billions of tons of CO, is still
being emitted into the atmosphere. Considering the continuous
emissions, IPCC proposed CO, capture as a necessary.

There are two types of CO, capture technologies: the
conventional stationary sources™ and the direct air capture
(which removes CO, directly from the atmosphere). The
conventional CO, capture technology prevents the emitted
GHGs from spreading to the atmosphere.**'® As shown in Fig. 2,
the conventional CO, capture technique is subdivided tech-
nology to limit CO, emissions' into pre-combustion, oxy-fuel
combustion, and post-combustion capture.”®® In pre-
combustion carbon capture, a production of syngas (hydrogen
and carbon monoxide mixture) from fuel reforming is followed
by CO, separation process.”” The oxy-fuel combustion tech-
nology includes fossil fuel burning in the presence of pure
oxygen.”* The post-combustion approach involves capturing
CO, from flue gas (end of pipe treatment approach).'®** The
three mentioned conventional carbon capture techniques
prevent emissions of CO, to the atmosphere from burning of
fossil-based fuels. On the other hand, Negative Emissions
Technologies (NETs) including direct air capture technology
(DAC) creates an outlet to directly capture the existing CO, from
the atmosphere to achieve negative emission goals.?* Although
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Fig. 2 The different carbon capturing systems taken from ref. 16 with permission from Elsevier, copyright 2021.
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the IPCC proclaimed that fossil fuel usage was needed to be
immediately reduced in 1990, fossil fuel global primary energy
consumption represented 84.3% in 2019.® As a result, the latest
report from IPCC stated that the contribution of NETs are
required to stabilize the CO, emission at double the preindus-
trial levels by the second half of 21st century.”® Moreover, the
need for rapid deployment of negative carbon technologies were
proposed by Paris talks and Nation Research Council (NRC) to
meet the 2 °C limit and net-zero carbon in the later part of 21st
century goals.””?®

Negative emissions technologies (NETs) are carbon dioxide
removal (CDR) techniques from the atmosphere, such as direct
air capture (when carbon removal is achieved through physi-
cochemical processes such as adsorption, absorption, ocean
alkalinity enhancement and soil mineralization) or indirect air
capture (when carbon removal is achieved through biological
processes such as bioenergy with carbon capture and storage
(BECCS), ocean fertilization, afforestation, biochar and algae
culture).** Under direct air capture, there is adsorption, which
is the capture of CO, in the pores of solid sorbents (phys-
isorption)*** or the reaction of acidic natured CO, with basic
sites on solid materials (chemisorption).*>** Alternatively, CO,
can be captured in the liquid volume in the process known as
absorption. In absorption, reactive compounds (such as NaOH,
Ca(OH),, KOH and amines) are dissolved in liquid phase, which
allows CO, from air to be retained within the liquid volume.**
Ocean alkalinity enhancement is an absorption process in
which CO, is absorbed in ocean water and reacts with ocean
minerals to neutralize ocean acidification.***® This process
alone captures about one-third of the global CO, emissions
from the atmosphere.** Soil mineralization is another direct air
capture approach, it is the largest land-based carbon sink on the
planet and it is capable of capturing about 3 GtC year™ '.*” Soil
carbon mineralization follows three approaches,® (i) buildup of
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organic carbon as a result of plant growth; (ii) rock weathering
(helping the breakdown of inorganic carbon in soil solution);
and (iii) precipitation of carbonate materials. However, ocean
alkalinity enhancement and soil mineralization were rarely
investigated in the literature and more studies are required to
show if the technology can be used at scale.*® Detailed pictorial
representations of NETs are shown in Fig. 3 below. BECCS is the
most researched NETs under indirect air capture.*

CO, from the atmosphere is captured naturally by microor-
ganisms and plants through photosynthesis, thereby producing
biomass. Since biomass is considered a clean source of energy,
the biomass obtained can be used to generate electricity via
thermoelectric power plant, thereby translating to negative
emissions,**** however, its use is dependent on the availability
of biomass, land and storage.*® Afforestation is another indirect
air capture that has the capacity to store large amount of CO,.
Just like soil mineralization, afforestation is a technique that
can be deployed anytime because it is readily available.*
Planting new trees or better management of the existing forests
can increase the natural rates of carbon capture from the
atmosphere,” although it has been reported in the literature
that this may lead to loss of biodiversity,* loss of valuable land
for crops,*” and increase in loss of ice and local warming in high
altitude forest.*® Ocean fertilization increases biomass produc-
tivity on the ocean floor when micronutrients (such as iron) and
macronutrients (such as phosphorus and nitrogen) are dis-
solved into the ocean, whereby the expected microorganism
sinks to the ocean floor.*> Algae (microalgae and seaweeds)
culture has been reported to have photosynthetic efficiency that
is ten times higher than plants.*® Microalgae culture has the
capacity to capture CO, from different sources, such as from
flue gas point sources and distributed sources like the atmo-
sphere.”® The most remarkable part of CO, biosequestration
procedure is the recycling of part of biomass in the form of
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biochar. Biochar is produced through pyrolysis or gasification
of biomass.”* Currently, biomass remains are burned or
decomposed in soil; and as a result, large amount of the CO,
captured through photosynthesis is emitted to the atmosphere.
When biomass is converted to biochar for soil nourishment,
CO, emission may be reduced by as much as 1.8 Gt year*
without CCS.>

About half of CO, yearly emissions are from distributed
sources. The fact that DAC systems can remove CO, from both
distributed and point sources, are not location specific, do not
have contamination issues such as (NO, and SO,), and has
small footprint, shows the necessity of deploying DAC over
point sources and other NETs.>® However, capturing CO, from
dilute air is an energy intensive process. The minimum CO,
separation energy required in case of dilute air (400 ppmCO,)
was calculated to be about 20 k] per molCO,,'***** while the
minimum energy required to capture from flue gas using
benchmark aqueous MEA is 8.4 k] per molCO,.** DAC is a rela-
tively new technology that is still in its early commercial stages.
The early startups that have contributed immensely to DAC
commercialization are Carbon Engineering in Canada, Clime-
works in Switzerland and Global Thermostat in the United
States.* Different DAC studies have shown that chemisorption
is more relevant to DAC than physisorption (activated carbon,
zeolites, and metal-organic frameworks) because physisorption
has poor performance in capturing CO, at low concentration
streams in the presence of water vapor.>*”

The high energy requirements of DAC lead to high capital
and operating costs, which is a major challenge of the existing
technologies.”® The costs are reported in the literature for three
main types of DAC systems, which are high temperature
aqueous solutions,**** low temperature solid sorbents,**” and
moisture swing solid sorbents.®® However, these reported costs
were not comparable due to different assumptions and outputs.
Fasihi et al.®® recalculated these costs based on fixed assump-
tion and reported cost range of 115-388, 120-244 and 99 EUR per
ton CO, for high temperature aqueous solutions, low temper-
ature solid sorbents and moisture swing solid sorbents,
respectively. A DAC cost of Gigaton scale at less than $100 per
ton CO, by 2050 is needed for the technology to achieve great
climate impact, which highlights the need for cost reduction in
DAC technologies.”” Many studies have been carried out to
estimate the potential cost of DAC to show if it would be
a climate change valuable solution in the future. Simon et al.”*
examined a generic DAC technology, and -claimed that
capturing CO, at 220 EUR per ton CO, is currently possible but
indicated that the calculated cost could be provided by more
research into kinetics and capturing thermodynamics. More-
over, the authors estimated a range of cost from 75 to 800 EUR
per ton CO, based on pessimistic and optimistic scenarios.
House et al.”” pointed out that the literature underestimated the
cost of DAC, and the current cost of DAC is as high as 750 EUR
per ton CO,, however, the cost has the potential to reach 225
EUR per ton CO, with a technological breakthrough. In fact,
most of the studies in the literature show that DAC technology
cost will be reduced with time. The cost of capturing CO, was
estimated to reach 30, 71 and 105 EUR per ton CO, based on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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optimistic, realistic, and pessimistic scenarios by Broehm
et al.” Nemet and Brandt™ also estimated a low DAC cost of 45,
23 and 14 EUR per ton CO, by 2029, 2050 and 2100, respectively
based on the assumed 10% learning rate and a lifetime of 50
years, which is higher than other assumptions in the literature
by 20 years. Mahdi et al.®® proposed that the line of research
should be more intensive on low temperature solid sorbent
compared to high temperature aqueous solutions because it has
higher potentials for cost reduction to reach 54 EUR per ton CO,
for low temperature systems compared to 71 EUR per ton CO,
for high temperature system by 2050 based on 15% learning
curve. The reason for this potential is the fact that low
temperature solid sorbents can use low thermal grade heat,
does not required external water and has high modularity.

In the recent years, considerable efforts have been made by
carbon capture researchers to collate work on direct air capture
of CO, in the form of review articles. Several review articles have
been published on DAC sorbent materials and technology
options.”>*® For example, the work of Deng et al.,” Zhu et al.,”®
Cherevotan et al.,”” and Shi et al.”® focused on various forms of
sorbent materials for DAC applications, while McQueen et al.”
provided analysis on current as well as future DAC technologies,
and Erans et al.*® assessed DAC technologies with a focus on
techno-economic and socio-political challenges. A search
through the literature showed few review articles that combine
all the highlighted elements in a single publication. This work,
nonetheless, combines the review of DAC sorbent systems with
technology options. Moreover, to the best of our knowledge, this
work is the first article to review DAC integration with HVAC
systems - an emerging technological option.

As a comprehensive review, the article starts by highlighting
the importance of using porous material to capture CO, from
the atmosphere over any other process. All the absorption and
adsorption-based technologies are assessed in detail with tables
to allow for the comparison. A general overview on the
commercialization of DAC is presented, and for the first time,
a detailed review of the articles that touch on DAC-HVAC
systems' integration is carried out. The work highlights the
main challenges and benefits of the integration, presents
mathematical models for the integration evaluation, proposes
certain suitable technologies based on the conducted reviews
and shows a brief technoeconomic study of HVAC-DAC unit
integration to demonstrate the cost benefits therein.

Description of DAC

The direct air capture (DAC) system setup consists of sorbents,
contact area, and regeneration module. The sorbent is a liquid
or solid material that attracts CO, either chemically or physi-
cally. For CO, capture to occur, ambient air is exposed to the
sorbent material through the contact area, and upon saturation
with CO, or as desired, the sorbent material undergoes regen-
eration in which it is separated from the captured CO, to get
concentrated CO, stream. The sorbent material should be
reversible so that it can be used many times. The removal of CO,
from ultra-diluted air by heating, cooling, air compression or
using membranes requires an extremely high-energy

RSC Adv, 2023, 13, 5687-5722 | 5691
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consumption.”® For example, 2.2 MJ mol " of CO, of air-cooling
is required to form dry ice and 7 MJ per mole of CO, is required
for 1 bar pressure drop through membrane separation.®* On the
other hand, binding CO, with sorbent materials consumes little
or no energy, but the most energy required in the process is
associated with removing high concentrated CO, from the
sorbents.” In the literature, sorbents associated with DAC
technology are classified into two, liquid®® and solid®* sorbents.
Solid sorbents do not lose heat to evaporation as liquids; it has
better kinetics and is more effective in preventing the loss of
volatiles to the atmosphere.®® The liquid (absorption-based
systems) and solid (adsorption-based systems) sorbents used
in DAC systems are described below.

Absorption based systems

Absorption is a technique used to remove CO, from a gas
stream into the bulk of liquid sorbent based on chemical or
physical interactions. The absorption of CO, can be classified
into the absorbent types such as alkanolamines absorption,*
dual alkali absorption,® aqueous ammonia absorption,*®
sodium carbonate slurry absorption and chilled ammonia
absorption. The absorption processes used in DAC systems are
limited to the chemical sorbents with strong CO, binding
affinities.” The following will include only the absorbents that
are used in DAC systems.

Calcium hydroxide solution. Calcium hydroxide solution
(Ca(OH),) has strong binding energy to CO,, so a passive or
agitated pool of the solution is used to capture CO, by precip-
itating calcium carbonate (CaCOs3).>* The separation of carbon
dioxide (CO,) from CaCO; required both drying and CO,
regeneration in a process called calcination at 700 °C or higher
temperature. Finally, the Ca(OH), is reproduced by reacting the
calcium oxide (CaO) with water in a process called slaking. The
reactions involved in the cycle are as follow:

Ca(OH), + CO, — CaCO; + Hy AH" = —109 kJ mol™" (1)
CaCO; — CaO + CO, AH® = 179.2 kJ mol ™ )
CaO + H,0 — Ca(OH), AH® = —64.5 kJ mol™" 3)

The use of Ca(OH), solution was implemented in DAC
technology by Lackner in 1999. The energy consumed for the
calcination process was 179.2 kJ per mole of CO,, which is
higher than the minimum thermodynamic calcination energy

Slaker
treated | Ca(OH), CaO
air

Na()H O,
AN Calciner -
| O,
LT
Precipitator Separatlon
Na,CO; CaCO; Unit
solution precipitate

Fig. 4 DAC based kraft process (adapted from ref. 89).
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of 109.4 kJ per mole of CO,.** The main issues associated with
Ca(OH), are that it consumes even more energy in drying, and it
has limited concentration due to the very low solubility of
calcium hydroxide in water.®*

Sodium hydroxide solution. Sodium hydroxide (NaOH) has
been used in the industry since 1884 in the kraft process to
remove cellulose from woods. The same principle is used to
capture CO, and to regenerate NaOH.*” NaOH offers strong
binding to CO, like Ca(OH), with the advantage that the formed
carbonate is highly soluble in water, so build-up (scaling) on the
inner surfaces of the absorption column is avoided; however,
the high solubility of sodium carbonate prevents direct
precipitation.®® Separation of sodium carbonate from the solu-
tion requires high energy to evaporate a large amount of water
and yield sodium carbonate. Instead, CaCO; and NaOH are
produced by reacting sodium carbonate with Ca(OH), in
a process called causticization.® The concentration of NaOH
solution in causticization process is limited to 1 mole L™*
because at higher concentrations undesired Ca(OH), will be
formed. The carbonate ions are exchanged between calcium
and sodium with a theoretical efficiency of 96%.>* Finally, the
calcination and slaking processes used in the case of Ca(OH),
are also used in the kraft process to separate the CO, stream and
to regenerate the Ca(OH), solution as in Fig. 4 and the reactions
below:

2NaOH + CO, — Na,COs; + H,O AH" = —109 kJ mol™' (4)

Na,CO; + Ca(OH), — 2NaOH + CaCO;

AH = —5.3kJ mol™! (5)
CaCO; — CaO + CO, AH® = 179.2 kJ mol ! (6)
CaO + H,0 — Ca(OH), AH® = —64.5 kJ mol ! 7)

From the literature, DAC based kraft process systems
decompose CaCOj; to release CO, stream at a temperature of
900 °C and the range of energy required is 1420-2250 kW h per
ton of CO,.

Potassium hydroxide solution. Potassium hydroxide (KOH)
is also considered an effective CO, capture sorbent material that
can replace NaOH using the same mentioned technique. The
use of KOH was proposed as a non-toxic solution, and the
results of experimental laboratory work for improved contactors
were investigated.®® One study proposed an alternative tech-
nique in which sulfuric acid reacts with potassium carbonate to
form CO, and potassium sulfate (K,SO,). For completing the
cycle, electrolysis with a cation exchange membrane is used to
regenerate both KOH and sulfuric acid (H,SO,4).*

Other alternative absorption processes. The drawbacks, such
as the high-energy demand, 1 molar concentration limit, and
the low efficiency associated with using Ca(OH), in the kraft
process as a second absorbent inspired scientists to explore
other processes in the industry. From the pulp industry, sodium
metaborate was proposed to be used in the CO, capture cycle
instead of Ca(OH), as shown in the reactions below. It was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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demonstrated that borates could replace the lime in the kraft
process to increase the amount of caustic available.®® However,
the process still requires high energy and works at high
temperatures, 900 °C and above.

NaB02 + N32CO3 - Na3B03 + C02 (8)
Na;BO; + H,O — NaOH + NaBO, (9)

Another method to directly causticize sodium carbonate
without using lime is the decarbonization reaction between
sodium carbonate and Na,O-3TiO,. The overall reaction
enthalpy is only 90 k] mol ", which is half the energy of caus-
ticization with lime (179 kJ mol ").* However, the reaction
requires a high temperature above 800 °C. The CO, capture
cycle reactions using the mentioned technique is presented
below:

5(NaZO . 3T102) + 7N8.2CO3 g 3(4Na20 . STIOQ) + 7C02

AH® = +90 kJ mol ™! (10)
Na,CO; — Na,CO; AH® = +25 kJ mol™ (11)
5(Na,0-3TiO,) + 7Na,CO3 — 3(4Na,0-5Ti0,) + 7CO,
AH® = +65 kJ mol™* (12)
3(4Na,0- 5Ti0,) + TH,0 — 5(NayO-3Ti0,) + 14NaOH
AH® = +15 kJ mol™! (13)

The CO, absorbed by NaOH is experimentally released using
H,-recycling electrochemical cell. Using the cell, a pH gradient
is created so that at low pH CO, is released, while at high pH
NaOH is regenerated. This approach regeneration energy is 374
kJ per molCO,.”> Sabatino et al.** conducted a techno-economic
study for a DAC system that uses aqueous KOH solution for
absorbing CO, from air while the regeneration is implemented
using bipolar membrane electrodialysis (BPMED). The study
showed that the regeneration energy required is 236 kJ per
molCO, (1491 kW h per ton CO,)and the total cost of capture is
$773 per ton CO,, which is still higher energy-consuming
process compared to Carbon Engineering system.®”

Other absorbents are aqueous amines, which are well known
materials that efficiently absorb CO, from point sources with
CO, concentration ranging between 12-15% v/v. In the context
of the binding step, aqueous solutions of NaOH or KOH are
preferred over liquid amines (MEA) because NaOH or KOH
solutions have faster kinetics and are stronger bases than liquid
amines. NaOH has a larger capacity and can efficiently bind to
a mole of CO, per mole of NaOH, whereas MEA binds efficiently
only to a half mole of CO, per mole of MEA.* In the context of
regeneration, amines have a low heat of adsorption, 90 kJ per
molCO,, compared to the traditional kraft process, 179 kJ per
molCO,; moreover, amines can be regenerated at a low-
temperature range; between 100-120 °C compared to calcina-
tion process which needs a temperature of 900 °C. The nature of
capturing CO, from the atmosphere (diluted source) is energy-
intensive, motivating researchers to investigate different
liquid amines with better CO, uptake performance as amines

© 2023 The Author(s). Published by the Royal Society of Chemistry
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co. Sorbent., PYBIGH,(CO3)(H,0) 15

A (80-120 °C)

H,0 + CO,

Sorbent-CO,., PYBIG,,

Fig. 5 Direct air capture cycle using amino acid and guanidine
compound taken from ref. 82 with permission from Springer Nature,
copyright 2018.

have the potential for lower energy consumption.®® Hanusch
et al.*® Investigated the CO, uptake performance of 6 pyrrolizi-
dine derivatives compared to MEA and linear amines. Sample
number 8 (N-methyl-1-(tetrahydro-1H-pyrrolizin-7a(5H)-yl)
methanamine) reached 90% of its capacity 3 times faster than
MEA, highlighting the advantage of pyrrolizidine diamines
caged structure. Moreover, the experiment showed that sample
8 achieved an absorption capacity of 1.06 molCO,/moleamine,
and it was experimentally stable for 14 cycles under pure CO,
absorption. For absorption from diluted air (400 ppm COy),
sample 6 (5-aminomethyl-1-azabicyclo[3.3.0]octane) showed no
oxidation. Barzagli et al.*® screened the performance of different
amines types (primary, secondary, and tertiary) and compared
them to aqueous NaOH, sodium carbonate, and potassium
glycinate based on a fixed concentration of 1.5 mol dm >, The
study shows that MEA, DGA, 1A2P, 2A1B, MMEA, EMEA, and
BUMEA had CO, uptake values close to NaOH and potassium
glycinate based on 1 and 24 hours experiments. Other issues
associated with using aqueous amines are the high energy
consumed in water evaporation and high volatility and toxicity,
which motivate the researchers to use organic dilutants. Vapor
pressure and the higher solubility of CO, in organic dilutants
compared to water was reported to lead to lower regeneration
energy and lower desorption temperatures.”” However, the
aqueous amines reported capacities were higher than the same
amines in organic diluents.®® Other liquids used to capture CO,
in air are aqueous amino acid solutions, which are nontoxic,
nonvolatile, non-corrosive and environmentally friendly.
Brethomé et al.® reported a proof of concept that uses amino
acid to absorb CO, from air, and then the CO,-loaded amino
acid reacts with guanidine compound. The result is the crys-
tallization of a guanidinium carbonate salt, which has limited
solubility and easy to be separated from the amino acid. The
final step is to regenerate CO, from the guanidinum carbonate
salt by low thermal grade heating as shown in Fig. 5. Even with
all the mentioned advantages of the indicated cycle, the equi-
librium capacity and cyclic capacity of 1 M aqueous potassium
glycinate solutions was reported to be only 0.76 and 0.28
molCO,/moOlyminoacia, respectively. While the regeneration
energy reported is 223 kJ per molCO,, with a large part of that
energy consumed on water evaporation. If there was no water
before the CO, release, the regeneration energy could be
reduced to 75 kJ per molCO,. Cai et al.®® used trichelating imi-
noguanidine ligand (BTIG) to bind CO, from air, forming
insoluble crystal, which can be easily separated from the solu-
tion, an equilibrium capacity of 0.99 molCO,/molgrg Was ach-
ieved. The BTIG can be regenerated after absorbing CO, by mild
heating (100-150 °C), with decomposition energy consumption
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of 169 KkJ per molCO, including the heat consumed in water
evaporation. It was indicated that the slow kinetics of crystal-
lization of BTIG-CO, can be two times faster by adding glycine.

Absorption unit limitations and novel designs. Due to the
large volume of air treated by a direct air capture plant, the
pressure drop is associated with a large energy penalty. Towers
with filled packing materials are commonly used in the industry
for absorbing a gas into solutions. The solution is dropped from
the upper end of the towers while the gas is blown from the
bottom. Different air contactor designs were assessed to be used
for CO, capture, but in the case of dilute air, large cross-section
and short columns were reported to be more efficient.”® An
example of the need for large cross sections columns to capture
CO, from dilute air is the study done by Keith et al.>* A capture
unit in the study was designed to have an inlet and outlet CO,
concentration of 500 ppm and 250 ppm, respectively. The
absorbent used is 1 M hydroxide sodium with a 1.44 liquid to
gas ratio. The absorber was designed to allow for a pressure
drop of 100 Pa m™ ", resulting in a column with 2.8 m and 12 m
in height and width, respectively.*® In order to reduce the
pressure drop, the spray towers were proposed to be used
instead of open pools and packed towers. The spray tower offers
a larger surface area, reduced pressure drop, and lower
construction costs compared to other designs, but also has its
own energy penalty.®” The study®* also demonstrated how spray
towers can reduce the air with 450 ppm CO, concentration by
34 ppm, which is equivalent to absorbing 7.4 mmol L™ of
solution/pass. Moreover, to capture 1 ton of CO,, 1638 tons of
atmospheric air is required, which implies large energy
consumption by fans.*” Using the integration between DAC and
natural draft from natural draft dry cooling towers (NDDCTs),
the air pressure drop and fans energy penalty were avoided

Table 1 DAC absorption systems specification
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using the cost-free natural draft from NDDCTs instead of
mechanical fans.*®

A large portion of energy is also detected in removing
moisture from calcium carbonate before the calcination process
by a kiln. The average mass of water loss was reported to be 90 g
of H,O per g of CO, captured.® One other limitation that
increases the energy penalty is that the kiln uses oxygen instead
of air to avoid CO, separation from nitrogen. The whole calci-
nation process highly consumes energy as it contributes to 4.5
GJ t " of CO,.*® In the case of spray towers, the water losses by
evaporation were tested for various NaOH concentrations. The
results showed that reaching a high NaOH solution concen-
tration of 7 M could eliminate the water losses.*> One primary
concern with spray towers is the coalescence that increases for
higher flow rates and longer air contactors; however, the
reduction in flow rate leads directly to a lower CO, absorption
rate.®”> The proposed integration between DAC and natural draft
dry cooling towers (NDDCTs) allows harvesting the consumed
energy in evaporating water for improving the cooling process.
The study shows that harvesting the energy increases the cool-
ing system efficiency by 16%.” The main parameters of
different DAC systems based on solvents are illustrated in Table
1, and the system with the least energy consumption is associ-
ated with the use of Na,O-3TiO, (ref. 91).

Adsorption based systems

Adsorption is a reversible process where the solid adsorbent
captures the molecules, atoms or ions of gases and liquids on
its surface by physical means like van der Waals forces or by
forming chemical bonding. The reversibility of adsorption
process is a function of temperature and pressure, which means

Absorption Desorption” Reg. energy
1st sorbent 2nd sorbent CO, ppm T (°C) T (°C) kw h t™* Py bar Purity% Ref.
Ca(OH),’ None 365 Ambient >700 — — — 81
CaO None 500 365-400 800-875 — — >97 100
NaOH Ca(OH), — Ambient 900 3030° 100 — 59
NaOH Ca(OH), 500 Ambient 900 1678(440) 58 — 88
NaOH Ca(OH), 380 Ambient 900 1420(764) — — 89
NaOH Ca(OH), — — 900 1199-2461¢ — — 82
NaOH Ca(OH), 500 — 900 1695 100 — 101
NaOH Ca(OH), — Ambient 900 — — — 69
NaOH Ca(OH), 400 Ambient — ¢ — — 99
NaOH HRES DAC conditions 95 92
NaOH Na,0-3TiO, 400 5-25 860 f 15 Pure 91
KOH Ca(OH), 400 Ambient 900 1458(366) 150 97.1 87
KOH Ca(OH), 400 Ambient 900 1458(77) >97 87
KOH None 355 Ambient — 1945¢ — — 90
KOH BPMED 1491 93
Potassium glycinate Guanidine 400 80-120 1409 82
BTIG DAC conditions 100-150 1068 98

% The exact required thermal energy is considered not the primary energy, and heat recovery was considered. ° Refers to estimation based on
theoretical study. ¢ Without any recovery. ¢ The values range because of different contactors. ¢ Using the natural draft effect instead of fans

saved great amount of electrical energy besides the advantage to the cooling system.

consumption not only the regeneration.
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the adsorption and desorption capability can vary by varying
both temperature and pressure. CO, can be adsorbed at high
pressure and then released when the pressure is lowered in
a process known as pressure swing adsorption (PSA). The same
process could be implemented by alternating the temperature
in a process called temperature swing adsorption (TSA).'® The
solid adsorbents will be divided in the present work among the
three main categories, which are physisorption, chemisorption,
and moisture swing adsorption.

In chemisorption, CO, binds strongly to the adsorbent by
chemical bonding, which has the capacity to capture CO, even
in ambient air. However, it needs high energy to release the CO,
from the sorbents through heating like what occurs in the
calcination process.' On the other hand, the physisorption
requires less regeneration energy but it has low CO, selectivity
and capacity for atmospheric concentrations.*® Another process
that does not consume much energy in releasing CO, is the
electrochemical CO, capture, but it has been reported that it is
only effective if CO, concentration falls between 15% and
30%.'* Finally, moisture swing adsorption combines the
advantages from both chemisorption and physisorption, as it
offers a high selectivity and capacity with low regeneration
energy. In the moisture swing adsorption, CO, can bind to the
sorbent materials if it is dry, while the separation occurs if the
material is wet. The energy consumption in the process is
associated with water evaporation for drying the sorbent
material.'® Different physisorption, chemisorption and mois-
ture swing sorption materials will be discussed in the later
sections.

Physisorption. In physisorption, CO, physically binds to the
surface of the sorbent materials using interaction forces such as
van der Waals forces. The evaluation of effective CO, adsorbent
depends on selectivity, capacity, adsorption & desorption rate,
stability, and adsorption & desorption temperature. Capacity
and kinetics of adsorption are affected by both adsorbent
chemical composition and structure, while the CO, separation
mainly depends on adsorption kinetics, difference in equilib-
rium concentration and molecular sieving mechanisms.
Although physisorption requires less energy compared to
chemisorption, the usage of physisorption in CO, capture has
capacity and selectivity limitations.>® There are various mate-
rials used in physisorption that can be classified based on their
pore sizes (microporous, mesoporous and amorphous) or on
their chemical composition such as zeolites, activated carbon
and metal organic frameworks. Based on the literature,**%%
chemisorption materials are more relevant to DAC compared to
physisorption materials. As a result, the present work will give
a quick look at different physisorption materials that were used
in DAC and their potentials and limitations.

Zeolites. Zeolites are materials that compose of aluminum,
oxygen, and silicon; they are microporous crystalline materials
with matrix channel cavities and high porous surface area as
shown in Fig. 6. Adsorption using zeolite is desirable in the
temperature range between 0 °C and 100 °C and pressure range
between 0.1 to 1 bar of CO, pressures. The adsorption capacity
of zeolites decreases as the temperature increases, so it is
preferred in cold streams. A negative charge is induced from the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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silicate cations, which results in the capacity of zeolite to adsorb
different flue gas components. It was reported that increasing
the K'/(K" + Na") ratio in zeolites until 17% can make adsorp-
tion of CO, high compared to a negligible adsorption of N,.***
The adsorption capacity of different commercial zeolite mate-
rials (APG-II, WE-G 592, 13X, 5A, and 4A) was compared, and it
was reported that 13X has the highest adsorption capacity. The
hydrophilic nature of zeolite, which causes strong water
adsorption usually leads to low selectivity of CO, in direct air
capture amidst atmospheric air constituents. It was reported
that increasing the K'/(K" + Na") ratio in zeolites until 17% can
make adsorption of CO, high compared to a negligible
adsorption of N,.' The adsorption capacity of different
commercial zeolite materials (APG-II, WE-G 592, 13X, 5A, and
4A) was compared, and it was reported that 13X has the highest
adsorption capacity. The hydrophilic nature of zeolite, which
causes strong water adsorption usually leads to low selectivity of
CO, in direct air capture amidst atmospheric air constituents.*

MOFs. Metal organic framework (MOFs) are organic and
inorganic materials with crystalline pores. These materials
compose of organic molecules that surrounds positive metal
ions. MOFs have large surface area, low density, and porosities
up to 6000 m* g~ !, which make MOFs a potential adsorbent,*
however, MOFs have poor adsorption capacity for low CO,
partial pressure compared to zeolite and activated carbon (0.1-
0.2 bar).’*® MOFs adsorption from the ambient air requires very
high CO, partial pressure, moreover, adsorption selectivity is
negatively affected by the presence of moisture in air.'®” A recent
study designed a DAC system using MOFs-polymer nano-
composite. The study reported CO, purity between 70% and
80% with high water vapor repellence.'” compared to zeolite
and activated carbon (0.1-0.2 bar).'*® MOFs adsorption from the

Fig. 6 Structures of zeolites and metal organic framework (MOF): (A)
zeolite A, (B) ZSM-5, (C) zeolite X and (D) MOF-5 taken from ref. 16 with
permission from Elsevier, copyright 2021.
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Fig. 7 Amine modified sorbent three categories taken from ref. 78
with permission from John Wiley and Sons, copyright 2020.

ambient air requires very high CO, partial pressure, moreover,
adsorption selectivity is negatively affected by the presence of
moisture in air.'®” A recent study designed a DAC system using
MOFs-polymer nanocomposite. The study reported CO, purity
between 70% and 80% with high water vapor repellence.'”
Activated carbon. Activated carbon is a charcoal that is
purified and powdered then chemically or physically treated to
create micro fissures that increase adsorptive surface area. It's
adsorptivity is effective because of the large surface area (500-
1500 m> g~ ") and electrical charge. Activated carbon is prepared
from two steps, which are carbonization and activation, and it is
characterized by thermal stability and low cost. Activated
carbon has a lower capacity and selectivity compared to zeolites
for low CO, partial pressure but in higher pressure, activated
carbon exhibits a higher capacity. These differences in the

View Article Online
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adsorption characteristics associated with pressure changes
make activated carbon work well with pressure swing adsorp-
tion (PSA). Activated carbon selectivity towards CO, in dilute air
is low because of the existing moisture, but researchers are
investigating different ways to improve its capacity and selec-
tivity, but researchers are investigating different ways to
improve its capacity and selectivity (Fig. 7).”

DAC relevancy summary. Although the physisorption mate-
rials consume less energy in regeneration compared to chemi-
sorption materials, these materials have low CO, capacity and
selectivity in the case of atmospheric CO, levels because of the
existing moisture. Table 2 shows different physisorption mate-
rials that are used in DAC systems with focus on the selectivity
of CO, compared to water vapor. Four different physisorption
sorbent materials were studied using temperature programmed
desorption (TPD) and the results show that these materials have
poor selectivity towards CO, while the chemisorption material
(TEPA-SBA-15) show much higher selectivity towards CO,.'*
Other 10 physisorption materials were tested using the same
technique and the results are shown in Table 2.' Although the
required energy in physisorption is low, the assessment of
different physisorption materials show that the materials have
very low selectivity towards CO, compared to water vapor, which
make their usage in DAC system unnecessary.'**'* Zeolite 13X
was proposed for capturing CO, from air, yet the humidity and
high temperature negatively affected the zeolites. Only MOF-
polymer nanocomposite shows a high selectivity towards CO,
as it can produce a stream with CO, purity of 70-80% in pres-
ence of water vapor.'”” The use of boron nitride nanotube and
nanosheets was also proposed to be a strong CO, adsorbent
with high selectivity and reversibility. The materials simply
adsorb CO, by introducing electrons to the adsorbent and then
release CO, by removing the electrons.'®'* Although the

Table 2 DAC adsorption specifications using physisorption materials at 1 atm and 49% RH

Adsorption Desorption Reg. energy TPD (mass)®
CO, con. Thermal
Sorbent ppm T (°C) P (bar) T (°C) P (bar) kWht! CO, H,O0 Ref.
SIFSIX-3-Ni ~400 ~30 — ~140 — — <8% (8) >92% (93) 108
HKUST-1 ~400 ~30 — ~140 — — 1% 99% 108
Mg-MOF-74 ~400 ~30 — ~180 — — <4% >96% 108
Zeolite 13X ~400 ~30 — ~250 — — 1% (1.5) 99% (146) 108
SIFSIX-3-Cu ~400 ~30 — ~100 — — 13.8% 86% 109
DICRO-3-Ni- ~400 ~30 — 150 — — >2% <97% 109
SIFSIX-2-Cu-i ~400 ~30 — ~100 — — 1% 99% 109
MOOFOUR-1-Ni ~400 ~30 — ~100 — — >5% <95% 109
Ni-4-PyC ~400 ~30 — ~100 — — 2% <98% 109
DMOF-1 ~400 ~30 — ~100 — — 2% <98% 109
ZIF-8 ~400 ~30 — ~100 — — 23% 77% 109
MIL-101 ~400 ~30 — ~100 — — <1% >99% 109
UiO-66 ~400 ~30 — ~100 — — <1% >99% 108
UiO-66-NH2 ~400 ~30 — ~100 — — <2% >98% 108
MOF-polymer nanocomposite ~400 ~15 1 80 0.1 1600 70-80%” 107
TEPA-SBA-15° ~400 ~30 — 150 — — 93% 7% 112

“ Mass of analyte in mg g~* in parenthesis. > Produced CO, purity. ¢ A chemosorption material for comparison.

5696 | RSC Adv, 2023, 13, 5687-5722

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra07940b

Open Access Article. Published on 15 February 2023. Downloaded on 5/3/2026 5:41:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

required energy in physisorption is low, the assessment of
different physisorption materials show that the materials have
very low selectivity towards CO, compared to water vapor, which
make their usage in DAC system unnecessary.'*®'* Zeolite 13X
was proposed for capturing CO, from air, yet the humidity and
high temperature negatively affected the zeolites. Only MOF-
polymer nanocomposite shows a high selectivity towards CO,
as it can produce a stream with CO, purity of 70-80% in pres-
ence of water vapor.'” The use of boron nitride nanotube and
nanosheets was also proposed to be a strong CO, adsorbent
with high selectivity and reversibility. The materials simply
adsorb CO, by introducing electrons to the adsorbent and then
release CO, by removing the electrons, which make them strong
candidates to be used in DAC system.'™

Chemisorption. Chemisorption materials include both
aqueous solutions and amine-modified sorbents. The aqueous
solutions were discussed in the previous sections and their
main drawbacks are the high regeneration energy due to their
high heat capacities, and the heat required for evaporation. On
the other hand, amine-modified sorbents offer a strong chem-
ical bond and low regeneration energy, in which amines are
infused into the pores of the solid materials."*® The adsorption
of CO, using amines groups occurs in two different mecha-
nisms based on whether the condition is dry or wet. The
primary and secondary amines adsorb CO, to produce carba-
mate acid with strong bond and carbamic with weak bond,
respectively in dry conditions."® Chemisorption materials
include both aqueous solutions and amine-modified sorbents.
The aqueous solutions were discussed in the previous sections
and their main drawbacks are the high regeneration energy due
to their high heat capacities, and the heat required for evapo-
ration. On the other hand, amine-modified sorbents offer
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a strong chemical bond and low regeneration energy, in which
amines are infused into the pores of the solid materials."*® The
adsorption of CO, using amines groups occurs in two different
mechanisms based on whether the condition is dry or wet. The
primary and secondary amines adsorb CO, to produce carba-
mate acid with strong bond and carbamic with weak bond,
respectively in dry conditions.”*"* The second mechanism in
wet condition, the reaction between amines and carbon dioxide
forms bicarbonate."*® The reaction between tertiary amines and
carbon dioxide to produce carbamate does not occur because
there should be a hydrogen atom that can be replaced by COO .
The reactions between secondary amines and CO, for both dry
and wet conditions are shown, respectively."™® The reaction
between tertiary amines and carbon dioxide to produce carba-
mate does not occur because there should be a hydrogen atom
that can be replaced by COO™. The reactions between secondary
amines and CO, for both dry and wet conditions are shown,
respectively.

2R'R?NH + CO, = 2R!'R’NH,* + 2R'R*NCOO~
= 2R'R*NH + 2R'R*NCOOH (14)

(15)

There are different amine-modified sorbents, which can be
divided into three preparation-based categories such as cate-
gory 1, category 2 and category 3 as shown in ref *. All the
sorbents that involve physical impregnation of amines into
porous materials is included in category 1."¢**°

Category 2 depends on stabilizing the sorbent by chemically
grafting the amine to the surface of the sorbent.* In category 3,
the prepared amine containing monomers through in situ
polymerization is chemically grafted to a sorbent with inorganic

R!R®NH + CO, + H,0 = (R'R>NH,")(HCO;")

1% category

{ ' Amines

| . Solid
. type support |
— —
[ [ i I | l I I - ]
oee e G esoporous
PEI TEPA | PEHA | PAA ‘ PPI ‘ Silica | Alumina| Resin calg)onu
L | :
PEL+PEG | MCM-41 |
|
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Fig. 8 Different types of amines and solid sorbent in the first category.
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supports. One of DAC's startup companies, Global Thermostat,
has patented different amine-modified sorbent for its
operation.”®

Category 1. The first category includes impregnating amines
on solid supports to selectively capture CO,. There are different
types of amines and solid supports reported in the literature as
shown in Fig. 8. Low molecular weight and low volatility amines
are preferred as this increases the capacity and stability of the
sorbents. Small amines, which are used in solution separation
such as monoethanolamine are not considered because of their
low boiling point.*** Other linear amines such as pentaethyle-
nehexamine (PEHA) and tetraethylenepentamine (TEPA) have
been proposed but they have leaching and amine loss issues.
The primary amine used by many researchers is branched pol-
y(ethylenimine) (PEI), which is characterized by high density
and stability under TSA and VSA. In general, PEIs are amines
that are connected to ethylene, but have different shapes based
on the type of amines.

The linear shape is presented when ethylene is connected
only to secondary amine while it is branched like trees when
tertiary amine is included as illustrated in Fig. 9. The high
heat of adsorption was expected to be an indication of higher
CO, capacity. The primary amines are reported to have higher
heat of adsorption compared to secondary amines. The use of
poly(allylamine) (PPA) that contains only primary amines has
been proposed. However, a comparison between PPA and
branched PEI was conducted and the branched PEI achieved
higher performance in capturing CO,."** Later, it was reported
that secondary amines give the best balance between CO,
uptake and energy requirements.*** Another attempt to improve
the efficiencies of amine was the addition of poly(ethylene
glycol) (PEG) to PEL The addition of PEG1000 to PEI-SBA-15
increased the CO, uptake from 0.61 to 0.79 mmoleCO,
per g.'* The use of hexamethyldisilazane (HMDS) is another
way to improve CO, capacity of the sorbent. The small-molecule
poly(propylenimine) (PPI) and PEI/PVA'*® were proposed to be
used instead of PEI to avoid oxidative degradation at high
temperatures. Using PPI, the stability was simulated to last over
50 cycles without loss in performance.* The internal diffusion
of CO, inside the PEI film can be enhanced using diffusion
additives such as span 80 (sorbitan monooleate produced by

a)

H
\‘\/\N/\/N\/\N/\"/
H H

N

NH

b) H2N

‘*~.~_/\N/\/NH2

NH,

Fig.9 Different PEl structures (a) linear (b) branched taken from ref. 78
with permission from John Wiley and Sons, copyright 2020.
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Sinopharm) leading to higher CO, capacity.” The main solid
sorbents associated with the first category are discussed
below."” The high heat of adsorption was expected to be an
indication of higher CO, capacity. The primary amines are re-
ported to have higher heat of adsorption compared to secondary
amines. The use of poly(allylamine) (PPA) that contains only
primary amines has been proposed. However, a comparison
between PPA and branched PEI was conducted and the
branched PEI achieved higher performance in capturing CO,.
Later, it was reported that secondary amines give the best
balance between CO, uptake and energy requirements.'”*
Another attempt to improve the efficiencies of amine was the
addition of poly(ethylene glycol) (PEG) to PEIL The addition of
PEG1000 to PEI-SBA-15 increased the CO, uptake from 0.61 to
0.79 mmoleCO, per g.”* The use of hexamethyldisilazane
(HMDS) is another way to improve CO, capacity of the
sorbent.”® The small-molecule poly(propylenimine) (PPI) and
PEI/PVA™* were proposed to be used instead of PEI to avoid
oxidative degradation at high temperatures. Using PPI, the
stability was simulated to last over 50 cycles without loss in
performance."” The internal diffusion of CO, inside the PEI
film can be enhanced using diffusion additives such as span 80
(sorbitan monooleate produced by Sinopharm) leading to
higher CO, capacity.”® The main solid sorbents associated with
the first category are discussed below.

Silica support. Mesoporous silica support was first used by
Xu et al. by adding polyethyleneimines (PEI) into the silica
pores. This was the first molecular sieve with the name Mobil
Composition of Matter (MCM-41). The structure of the sorbent
has effect on how efficient CO, binding to amines is, moreover,
the structure is temperature-dependent as shown in Fig. 10.7®
The method used to prepare the PEI in (MCM-41) is wet
impregnation, where the silica porous material is added to
dissolved amines in organic solvent (methanol). The main
problem with the mentioned category is the instability of the
polymeric amines in humid conditions due to water

®)

Fig. 10 Structure of PEl in MCM-41 with @: Active sites for CO,
absorption O: hidden sites for CO, absorption (a) low temperature (b)
high temperature taken from ref. 122 with permission from American
Chemical Society, copyright 2002.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 DAC studies associated with first category of chemisorption materials

CO,
CO, con.  Adsorption Desorption capacity
Supports PEI type ppm T (°C) T (°C) CO, purity mgg ' Stability mg g~* Ref.
Nanosilica B¢ — 90 130/150 — 142-156 — 136
Nanosilica B¢ — 70 85 Pure 147 Minimal leaching 119
Nanosilica L — 70 85 Pure 173 Leaching of amine 119
Nanosilica PEI ~400 ~25, dry ~110 — 103.8 72.6° 129
Nanosilica A-PEI ~400 ~25, dry ~110 — 99.46 90.2° 129
Nanosilica T-PEI ~400 ~25, dry ~110 — 96.38 95? 129
— MSINT* — 75 — — 121 — 140
— MMSV* — 90 — — 166.8 — 141
Fumed silica FS-PEI-33 23 °C, RH 67% 77.89 4% - 4th cycle® 121
Fumed silica FS-PEI-50 23 °C, RH 67% 62.05 4% - 4th cycle® 121
Fumed silica PEI-H + PEG 50 °C, dry — — 29.9 Stable-20 cycle 124
SBA-15 PEI 400 75 °C, dry 50-110 22.44 Stable-20 cycle 124
SBA-15 PEI + PEG200 400 30 °C, dry 34.77 — 125
Zr-SBA-15 PEI 400 25 °C, dry 37.44 4% - 4th cycle® 138
SBA-15 PPI 400 35 °C, dry 110 33.44 Stable-50 cycle 137
Alumina SynA-PEI-50 400 25 °C, dry 76.5 Constant - 3rd cycle 133
v-alumina PEI 30 °C, RH 50% 86.25 — 139
HP20 resin PEI 400 25 °C 99.3 2% - 5th cycle’ 142
Mesoporous carbon  PEI 400 25 °C, humid 99 3% - 10th cycle’ 143
Carbon nanotube PEI 400 30 °C, dry 47 3% - 10th cycle’ 144

¢ B-branched PEI; L-linear PEI and different Cz}zpacities based on different adsorption temperatures, loading, molecules weights. > CO, capacity after

the 4th cycle. © Mesoporous silica nanotube.

condensation, solubilization and their weak interaction to the
solid support.*******° The method used to prepare the PEI in
(MCM-41) is wet impregnation, where the silica porous material
is added to dissolved amines in organic solvent (methanol).**
The main problem with the mentioned category is the insta-
bility of the polymeric amines in humid conditions due to water
condensation, solubilization and their weak interaction to the
solid support.*****1° Moreover, the high volatility and low
boiling point of monoethanolamine lead to stability issues even
in dry conditions." The volatility can be avoided using large
molecular weight amines, however, large molecular weight
amines have been reported to have negative effects on CO,
capacity.”*""*> The volatility can be avoided using large
molecular weight amines, however, large molecular weight
amines have been reported to have negative effects on CO,
capacity."*®'** Researchers have investigated the use of various
PEI with different molecular weights (M) between 400 and 25
000 in porous silica to maximize the stability.**
Amine modified alumina. Alumina™® and titania
proposed to replace silica to avoid silica's shortcomings. The
amine modified silica regeneration methods, such as
temperature-vacuum alternation, exposure to water vapor
(under 110 °C) and hot CO, flow lead to instability and collapse
of their CO, capacity. The silica support stability is limited to
below 135 °C in dry condition due to urea formation, while SBA-
15, MCF and MCM-41 were reported to have low stability in
humid conditions.” Alumina support crystallinity nature offers
a high resistance to degradation when it is regenerated with
water vapor. PEI modified mesoporous vy-alumina (SynA)
regeneration using steam was compared to SBA-15 under the

134 were

© 2023 The Author(s). Published by the Royal Society of Chemistry

Mesoporous multilamellar silica vesicle. ¢ Capacity reduction in the indicated cycle.

same condition. The CO, capacity of SynA was reduced by 25.2%
while the reduction was 81.3% in the case of SBA-15."** Other
amine modified solid supports such as resin,*” carbon nano-
tube®” and mesoporous carbon are shown in Table 3.

DAC relevancy summary. Adsorption of CO, in a dry stream
using polyethyleneimine modified silica was comprehensively
tested under different conditions, such as different adsorption—
desorption cycle temperatures (30-120 °C), loading (10-55%),
molecular weights (600-2500 Da) to evaluate its cyclic stability,
thermal stability, adsorption capacity and kinetics. The results
showed that the higher the loading of polyethyleneimine into
the silica the better its cyclic stability and CO, uptake, but
increasing the PEI molecular weight decreases the CO, uptake
with no noticeable effect on cyclic stability. PEI was found to be
thermally stable below 210 °C temperature, at higher tempera-
ture, PEI starts to evaporate and decompose. The temperature
variation tests demonstrate different CO, uptake for different
PEI loading while the cyclic stability was better at higher
temperatures. In general, high loading PEI modified silica show
higher CO, uptake for higher temperature while for low loading,
low temperatures below 60 °C is preferred. From DAC point of
view, 30-40% loaded PEI modified silica is suitable as it has
relatively high capacity in ambient temperature.*®* New PEI
modified silica with stabilizing additives, 3-amino-
propyltrimethoxysilane and tetraethyl orthotitanate, were
developed to adsorb 400 ppm of CO, from inert gas stream and
the results showed higher thermal stability compared to the
conventional PEI; a good cyclic stability in dry conditions and
a high CO, capacity up to 2 molCO, per kg of sorbent.” The PEI
was integrated into other different silica supports such as

RSC Adv, 2023, 13, 5687-5722 | 5699
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fumed silica, SBA-15, and Zr-SBA-15 as shown in Table 3. The
fumed silica (FS-PEI) shows superior performance in DAC
system in dry and humid conditions. Its main advantage is that
it has high capacity and kinetics in humid conditions."** (FS-
PEI) cyclic stability was reduced by 4% after the fourth cycle,
so PEI-H + PEG in dry adsorption conditions was used instead of
PEI and showed a stability for 20 cycles; however, its CO,
capacity was lower.”* The use of SBA as a solid support was
proposed also to be used in DAC system and it shows constant
stability over 20 cycles and can reach 50 cycles®” using PPI
instead of PEIs, but the CO, capacity still was low."**'*>13® The
fumed silica (FS-PEI) shows superior performance in DAC
system in dry and humid conditions. Its main advantage is that
it has high capacity and kinetics in humid conditions."* (FS-
PEI) cyclic stability was reduced by 4% after the fourth cycle,
so PEI-H + PEG in dry adsorption conditions was used instead of
PEI and showed a stability for 20 cycles; however, its CO,
capacity was lower.”* The use of SBA as a solid support was
proposed also to be used in DAC system and it shows constant
stability over 20 cycles and can reach 50 cycles'®” using PPI
instead of PEIs, but the CO, capacity still was low.'?*12>138
However, the amine-modified silica shows high capacity and
stability under dry condition. The DAC system requires high
stability sorbent in humid conditions. Alumina was proposed to
capture CO, from ambient air as it has high resistance to
structural changes in humid conditions."**** Finally, the use of
the first category for developing indoor DAC system can expose
humans to the danger of inhaling amines due to the support's
oxidative degradation, thermal and cyclic instability or amine
group's leaching and high volatility. The main DAC studies
including the use of resin and mesoporous carbon are shown in
Table 3.

Category 2. During regeneration, a more stable category is
the second category where different amine groups are chemi-
cally grafted onto the solid supports. The first category of
chemisorption has a higher CO, capacity than the second,
however, the first category suffers from low stability due to the

View Article Online

Review

weak physical forces between the amine groups and the
supports.”® In the second category, the amines covalently bind
to the solid supports through the active sites (such as silyl,
hydroxyl, and alkyl) on their surface.’® The indicated category
can be prepared by two methods, which are silane chemical
reactions and binding to coupling agents. The silane chemical
reaction involves hydrolyzation or alcoholization of siloxane
silane amines groups, which bind to a hydroxy group and
condense on the surface of a support, and then a single amine
layer is produced.” Different studies on the second category will
be discussed below and arrange based on the solid supports
used.

Silica and its derivatives support. The use of TRI-PE-MCM-41
was first proposed by Belmabkhout et al.*** to capture CO, from
air in humid and dry conditions. TRI-PE-MCM-41 successfully
captured CO, from a mixture containing N,, O,, H,O vapor, and
CO, and showed high selectivity towards CO,. It demonstrates
higher performance in CO, capture compared to physisorption
materials like Zeolites and MOFs.*** The effect of the support
structure, such as specific surface area, pore size, and pore
volume, was evaluated. The studies showed that larger pore
sizes and pore volume of the support (SBA-15) offer better
adsorptivity properties because they allow higher amine
density. The effect of steam treatment on amine-grafted silica
was also investigated, and the results show that CO, capacity is
reduced especially at low temperatures where the reduction
becomes significant. It was illustrated that commercial-grade
silica (P10) has better hydrothermal stability when compared
to SBA-15.14¢

Alumina supports. The resilience of alumina to steam
treatment is high compared to silica, which makes alumina
more stable. One more difference between alumina and silica is
that alumina can be tuned to be either acidic or basic. 3-Ami-
nopropyltriethoxysilane (APS) was grafted onto two alumina
support types, and it was found that different amine species are
formed once the alumina interacts with carbon dioxide. The
reported CO, capacity was between 0.15 and 0.75 mmol (CO,)/

Table 4 DAC studies associated with second category of chemisorption materials

Desorption

- Stability
Supporter PEI type CO, con. ppm  Adsorption T (°C) T (°C) P (bar) CO,capacitymgg ' mgg " Ref.
PE-MCM-41 Triamine 400 25, RH 27% — — 89.77 — 145
Mesoporous Silica MCF_APS_hi 400 25 — 70.4 152
Silica gel Trimethoxysil ane 400 25 °C, dry 90 0.15 17.6 Stable-40 cycle 153
Silica gel Trimethoxysil ane 400 25 °C, RH 40% 90 0.15 19.36 Stable-40th cycle 153
Porous alumina APS 400 39, dry 6.6-33 — 80
NFC APS 400 25 °C, RH 40% 90 61.17 Stable-20th cycle 154
NFC AEAPDMS 400-530 30 °C, RH 60% 90 0.03 39.6 5% - 100th cycle 31
NFC APS Dilute 23 °C, dry 48.85 Stable-20 cycle 155
NFC APS Dilute 25 °C, RH 91% 93.74 Stable-20 cycle 155
RFAS4 APS 30 °C, RH 4% 80 74.37 Stable-10 cycle 156
MOF Diamine 25 °C, dry 124.54 4% - 20th cycle 149
MOF Diamine 25 °C, dry 68.2 Stable-5 cycle 150
MOF Diamine 25 °C, dry 171.19 Stable-5 cycle 151
MOF Alkylamine 20 °C, dry 49.29 Stable-15 cycle 152
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g(sorbent), which is lower than the reported capacity for amine
grafted silica supports when it was adsorbed from N, stream
with CO, concentration of 500 ppm.**’

Nano fibrillated cellulose (NFC) & porous polymer networks
(PPN). The Nano fibrillated cellulose consists of cellulose fibrils
aggregates that exist naturally and are rich in hydroxyl
groups.*® The use of NFC shows high stability and high CO,
capacity in direct air capture of CO,.”” The decrease in CO,
capacity of NFC after 100 cycles was only 5%, and its capacity
ranged from 39.6 to 93.7 mg of CO, per gram of sorbent as
illustrated in Table 4. Researchers have also investigated the use
of porous polymer networks (PPN) as a support instead of silica.
PPNs offer higher amine loading and CO, capacity compared to
silica because of their three-dimensional structure and high
porosity. A comparison was held between (PPN-6-CH,DETA)
and TRI-PCM-40 (silica support) at ambient conditions. The
CO, capacity of PPN-6-CH,DETA (43.1 mg g * of sorbent) was
higher by 6%, and the heat of sorption was lower by 25%.*

MOF supports. Ethylenediamine based metal-organic
frameworks (Mg/dobpdc) was used to capture CO, from
ambient air, and its CO, capacity was 125.4 mg of CO, per gram
of adsorbent,” which is higher than other MOFs adsorbents.**®
The isotherm shape and kinetics of Mg/dobpdc for CO,
adsorption under dilute air conditions lead to lower CO,
adsorption. It was found that the mentioned adsorbent did not
fully saturate with CO, under the low CO, partial pressure in the
atmosphere due to the strong molecules’ bonds between the
two adjacent amine groups. The authors raised the adsorbent
CO, capacity to 171.19 mg g~ ' under atmospheric conditions by
using diamine: hydrazine (H,N,) instead of ethylenediamine."®
Bronsted acid-base reactions method was used to tether alkyl-
amines to the Cr-MIL-101-SO;HMOF. The developed adsorbent
under the optimal conditions showed a CO, capacity of
49.29 mg g~ ' CO, from the ambient air.**

DAC relevancy summary. The major issue with using the first
category in DAC systems is that the material losses stability,
which implies a higher cost besides the environmental concern
of releasing the adsorbent material directly into the atmo-
sphere.” The second category was proposed to overcome these
issues, however, a reduction of CO, capacity was noticed. A
comparison between different primary, secondary and tertiary
amines grafted on mesoporous silica was carried out to evaluate
which one is the most suited to ambient air conditions. It was
found that amines with higher primary amines have higher CO,
capacities and stronger water affinity. Moreover, it was reported
that lower adsorption temperature achieved higher CO,
capacity, which is relevant for DAC systems.”® Diamine-
functionalized silica gel was used to capture CO, from
ambient air using the TVS method, and it shows cyclic stability
up to 40 cycles, but its CO, capacity was very low compared to
other adsorbents.*® The amine-based nano fibrillated cellulose
was also proposed to be used in DAC, and it showed a high
cyclic stability as it decayed only 5% after 100 cycles under
humid conditions, but the presence of O, led to sorbent
degradation.™® Although the adsorption of H,O with CO, using
APS based NFC was reported to increase the CO, capacity, it also
contributed to higher energy requirements at the regeneration

© 2023 The Author(s). Published by the Royal Society of Chemistry
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stage.” The limitation raised from adsorption of water, such as
high regeneration energy and instability at high temperatures,
motivated the integration between hydrophobic aryl moieties
and alkylamines to increase the selectivity of alkylamines to CO,
over water. Different amines bearing benzene moieties were
investigated, and among them, m-xylylenediamines(MXDA, 4e),
o-xylylenediamines(OXDA, 4g) and p-xylylenediamines(PXDA,
4f) did not adsorb any water with the CO,.** Although the
second category offers a strong chemical bond between amines
and the supports, the solid supports self-degraded after
a number of cycles and volatilize with amines. The mentioned
issue discourages the use of second-category materials in
indoor units. The main studies parameters associated with
chemisorption class 2 are shown in Table 4.

Category 3. Although class 2 adsorbents were reported to be
stable over 100 cycles in humid conditions,****” other studies
showed that the stability is reduced below category 1 level upon
exposure to water."*® Moreover, the second category adsorbents
have low CO, capacity due to the low loading of amines
compared to other categories. The third category involves
covalently bound polymeric amines on a porous solid support,
which allows for higher amine loading. These types of sorbents
are called hyper-branched amino silica (HAS), and they were
developed by Choi et al.**® These sorbents offer high capacity,
stability, easy preparation, low cost, and excellent regeneration
compared to category 2. It was reported that the CO, capacity of
these adsorbents increases linearly, from 8.8 to 66 mg g~ of
adsorbent, with more amine loading under dilute air condi-
tions.*® Other examples of category 3 are functionalized SBA-15
by melamine-based dendrimers and hyper-branched amino
silicas.’®® Moreover, the second category adsorbents have low
CO, capacity due to the low loading of amines compared to
other categories. The third category involves covalently bound
polymeric amines on a porous solid support, which allows for
higher amine loading. These types of sorbents are called hyper-
branched amino silica (HAS), and they were developed by Choi
et al.**® These sorbents offer high capacity, stability, easy prep-
aration, low cost, and excellent regeneration compared to
category 2. It was reported that the CO, capacity of these
adsorbents increases linearly, from 8.8 to 66 mg g~ " of adsor-
bent, with more amine loading under dilute air conditions.**
Other examples of category 3 are functionalized SBA-15 by
melamine-based dendrimers and hyper-branched amino
silicas. Poly(i-lysine) brush-mesoporous silica hybrid material
was also used to capture CO, from dilute air and it was reported
to be stable over three cycles with CO, capacity of 26.4 mg of
CO, per gram of adsorbent under ambient air conditions.*®

Chemisorption regeneration methods. One more important
parameter of CO, capture beside adsorbent CO, capacity is the
regeneration. The allowable cost of the whole CO, capture and
regeneration cycle will dramatically decrease if the capacity is
low which ultimately leads to unrealistic process from the
economy point of view.'®* One of the regeneration methods is
the pressure swing adsorption (PSA), which is viable for post
combustion capture,*®* but PSA requires very high compression
or unpractical vacuum level for it to be applicable to DAC, which
makes it impractical for DAC application.’**'*®* The most often-
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Table 5 Chemisorption regeneration methods comparison®®
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WC (mg g™ ") SER (kW h t ") Stability
WC reduction/cycle WC reduction/cycle

Regeneration method Adsorption conditions 60 °C 100 °C 60 °C 100 °C - 60 °C - 100 °C
TSA, air purge 400 ppm CO,, 25 °C 18 23.85 1250 1778
TCSA, N, purge 400 ppm CO,, 25 °C 19 24.24 1222 1750 0.18%
TVSA, 25 mbar, air purge 400 ppm CO,, 25 °C 22.35 24.82 7277 10667
TVSA, 500 mbar, air purge 400 ppm CO,, 25 °C 20.37 24.42 1916 2778
TVCSA, 25 mbar, N, purge 400 ppm CO,, 25 °C 22.4 24.78 7250 11583
TVCSA, 500 mbar, N, purge 400 ppm CO,, 25 °C 22.66 26.36 1722 2500
TVSA closed, T ramp 400 ppm CO,, 25 °C 5.37 15.18 3250 2361
TVSA closed 400 ppm CO,, 25 °C — 16.987 — 2083 0.38%
TVSA, 200 mbar 400 ppm CO,, 25 °C 0.26% 0.6%

used regeneration method for amine-based adsorbent in the
laboratory scale is temperature swing adsorption.'®* Although
the TSA needs simple design, most amines degrade if desorp-
tion temperature reaches above 100 °C, moreover, it produces
dilute CO, stream.' The desorption of CO, using inert gas
instead of air can successfully solve the issue of oxidative
degradation; however, it increases the process cost, which is not
practical for DAC systems in which cost of capture is already
high. The high CO, purity stream could be achieved by TSA
using CO, as the stripping gas, but the issue is the formation of
urea, which deactivates the adsorbent'**'*” One more important
parameter of CO, capture beside adsorbent CO, capacity is the
regeneration. The allowable cost of the whole CO, capture and
regeneration cycle will dramatically decrease if the capacity is
low which ultimately leads to unrealistic process from the
economy point of view.'* One of the regeneration methods is
the pressure swing adsorption (PSA), which is viable for post
combustion capture, but PSA requires very high compression or
unpractical vacuum level for it to be applicable to DAC, which
makes it impractical for DAC application.****** The most often-
used regeneration method for amine-based adsorbent in the
laboratory scale is temperature swing adsorption.’** Although
the TSA needs simple design, most amines degrade if desorp-
tion temperature reaches above 100 °C, moreover, it produces
dilute CO, stream.' The desorption of CO, using inert gas
instead of air can successfully solve the issue of oxidative
degradation; however, it increases the process cost, which is not
practical for DAC systems in which cost of capture is already
high. The high CO, purity stream could be achieved by TSA
using CO, as the stripping gas, but the issue is the formation of
urea, which deactivates the adsorbent*®*'*” and reduces the
adsorption cycle working capacity. Another way for achieving
high purity CO, stream by TSA is to use saturated steam as the
stripping gas and then condense the water from the product
gas,"”®'*® the main issue with using steam as the stripping gas is
the leaching of amine, which significantly reduces the cyclic
stability***** Another way for achieving high purity CO, stream
by TSA is to use saturated steam as the stripping gas and then
condense the water from the product gas,'**'*® the main issue
with using steam as the stripping gas is the leaching of amine,
which significantly reduces the cyclic stability.**%*°

5702 | RSC Adv, 2023, 13, 5687-5722

The combination of vacuum with TSA is used as a regenera-
tion method called temperature-vacuum swing adsorption
(TVSA), it reduces the desorption temperature to below 100 °C;
however, amine leaching is still the associated drawback when
steam is used as the stripping gas.'® TVSA is capable of
producing almost 100% pure CO,, but the required temperature
swing will be high, and the working capacity will reduce when
compared to TSA and temperature concentration swing
adsorption (TCSA)'**'** used as the stripping gas.'® TVSA is
capable of producing almost 100% pure CO,, but the required
temperature swing will be high, and the working capacity will
reduce when compared to TSA and temperature concentration
swing adsorption (TCSA).***'** The reason for the mentioned
changes is that TVSA required closed inlet during desorption to
prevent dilution of the product gas, which means that desorp-
tion occur in high CO, concentration chamber."”® A comparison
of CO, capacity of diamine-functionalized silica gel based on
regeneration methods (TCSA and TVSA) used.'® It was found
that TCSA and TVSA at desorption temperature of 90 °C and
vacuum pressure of 50 mbar achieved CO, capacity of 19.36 and
11.88 mg of CO, per gram of sorbent, respectively. It was re-
ported that the increase in desorption temperature could
increase the working capacity, but it is limited by thermal
degradation. Moreover, the working capacity of adsorbent using
TVSA can be increased by the regeneration when purge gas such
as inert gas or air is used. However, this is not proposed for DAC
systems due to the large energy penalty required for its imple-
mentation, moreover, it does not produce pure CO, stream. In
the literature, a comparison between desorption rate using
steam or inert gas as the stripping gas with TVSA has been re-
ported.* The adsorbent regenerability is as important as
working capacity and specific energy requirement (SER), as it
significantly affects the DAC system cost,'* however, most
amine-modified stability experiments are done through few
cycle numbers below 20.'*” Most of the DAC system experiments
are limited to only 10 (ref. 130) cycles, however, some studies
have reached up to 20."*>""* The adsorbent regenerability is as
important as working capacity and specific energy requirement
(SER), as it significantly affects the DAC system cost,*** however,
most amine-modified stability experiments are done through
few cycle numbers below 20.'” Most of the DAC system

© 2023 The Author(s). Published by the Royal Society of Chemistry
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experiments are limited to only 10 (ref. 130) cycles, however,
some studies have reached up to 20 (ref. 171) and 100 (ref. 31)
cycles. Most studies that compare the regenerability based on
different regeneration methods focus on the mechanism of
degradation and not the cyclic stability."”” Considering only
100% pure CO, production in DAC systems limits regeneration
methods to closed temperature vacuum swing adsorption
(TVSA), steam and CO, stream stripping methods. There are
other applications'”® which do not need 100% pure CO, such as
microalgae cultivation,"”* greenhouses>'7® and microbial
cultivation.”” The required CO, separation power has been
estimated to vary from 1250 kW h t ! to (3471-4418) kW h t "
for CO, production with purity less than 5% to more than 90%,
respectively.””® The previous estimate shows that it is highly
important to choose different regeneration methods based on
the targeted CO, purity. There are other applications which do
not need 100% pure CO, such as microalgae cultivation,'”*
greenhouses”®'7® and microbial cultivation.””” The required
CO, separation power has been estimated to vary from 1250
kW h t ' to (3471-4418) kW h t~* for CO, production with purity
less than 5% to more than 90%, respectively.'”® The previous
estimate shows that it is highly important to choose different
regeneration methods based on the targeted CO, purity.
Different regeneration methods associated with low CO, purity
product such as TSA, TCSA and TVSA with air or inert gas purge
flow were compared to closed TVSA without purge flow, which
yields nearly 100% pure CO, stream. The mentioned methods
were compared based on adsorbent regenerability, working
capacity (WC) and specific energy requirement (SER) for
proprietary amino resin on silica support as shown in Table 5.
In the study, two desorption temperatures were used, which are
60 °C and 100 °C representing 90% and 99% of the maximum
working capacity, respectively. All the experiments were carried
out under dry conditions. The results demonstrated that inert
gas or air based 500 mbar TVSA records higher working capacity
than TSA, TCSA and closed TVSA; however, the least SER was
achieved by isobaric TSA and TCSA. As a conclusion, the purge
gas integrated to TVSA with mild vacuum pressure offers high
working capacity and reasonable specific energy requirements,
which makes it more viable for low CO, concentration appli-
cations."® Moisture swing based chemisorption.

Moisture swing mechanism. Through the moisture swing,
the adsorbents bind to CO, under dry condition and then the
CO, is released when the adsorbents are exposed to moisture.
The moisture swing technology was initially proposed to be
used for CO, capture from ambient air by Lackner." Most of
the adsorbents that use moisture swing method are quaternary
ammonium ions integrated with resin, which is considered
a strong basic ion exchange resin. The role of quaternary
ammonium ions is similar to the role of sodium cation in
aqueous solution. In carbon capture application using moisture
swing, the integrated cation is balanced by hydroxide,
carbonate and bicarbonate anions, which their abundance
depends on the CO, and moisture loading.'*

The moisture swing mechanism can be explained based on
four main steps as shown in Fig. 11. In the first step, the
carbonate ions are attracted to the positive quaternary

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Moisture swing steps for CO, capture adapted from ref. 78
with permission from John Wiley and Sons, copyright 2020.

ammonium ions in the presence of water. The existence of
excess water can stabilize carbonate, hydroxide or bicarbonate
ions but since the carbonate hydration is stronger than the
others, only the carbonate exist in the first step. In the second
step, the adsorbent is dried to reduce the water content, which
leads to less stable carbonate ions. The carbonate ions tend to
split and react with the remaining water molecules, forming
bicarbonate ions. Since the water content is reduced, there will
be hydroxide ions that has high binding affinity to carbon
dioxide. The reaction between both hydroxide ions and carbon
dioxide leads to adsorption of CO, and forming bicarbonate as
in the third step. The reactions involved in the second and third
steps are as follow:

H,O = H" + OH™ (16)
CO;*~ + H" = HCO;~ (17)
OH™ + CO, = HCO;5~ (18)

Moving from the third step to the fourth requires the expo-
sure of the adsorbent to moisture, which increases the presence
of bicarbonates over the existed carbonate and carbon dioxide,
leading to a reaction (19) where the bicarbonates are split into
carbonate ions, carbon dioxide and water. The carbon dioxide is
being desorbed in this step while the presence of water and
carbonate ions results in the cycle repetition. Based on the
previous fourth step, the adsorption and desorption of carbon
dioxide can be controlled by controlling the amount of water
present.s>

HCO;™ + HCO;~ = CO5*™ + CO, + H,0 (19)

DAC relevancy summary. The use of ion exchange resin (IER)
in DAC system was proposed since the energy required for
traditional thermal swing or pressure swing adsorptions can
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almost be eliminated. Instead, the air moisture content changes
can be used to implement the complete adsorption and
desorption cycle. Most traditional DAC systems require high
estimated energy for regeneration, 179,**°* 135 and 80°” k] per
molCO, for calcination process, decomposition of Na based
sorbents, and amine based respectively, compared with IER
which was reported to have low desorption heat of 32 kJ per
molCO,. Moreover, it was experimentally reported that by
increasing the humidity from 15.8% to a fully humidified
condition, the equilibrium partial pressure of CO, in IER
increases by two orders of magnitude.'®* Although the moisture
swing needs relatively clean water to avoid resin contamination,
and it produces CO, stream with low purity, the vapor in air can
be used to avoid water cleaning energy penalty, and the purity
could be increased by integrating thermal swing or vacuum
assisted mode to the technology. The low partial pressure of
released CO, stream was increased using improved binder that
increased the air/sorbent contact area.'®** The slow kinetics and
low capacities of IER are considered as major disadvantages of
the technology. Hou et al.'® tried to overcome this issue by
preparing a moisture swing based polymeric material and the
kinetics was significantly improved compared to other similar
functionalized groups. Capturing CO, from air using IER
dispersed in polypropylene through moisture swing was inves-
tigated to determine the isothermal performance of the adsor-
bent.'® The effect of temperature and particle size on CO,
loading half time was studied by Wang et al.’®* and the authors
showed that half time decreases from 150 to 40 minutes by
increasing the adsorption temperature from 0 to 30 °C. The half
time of sorbents uses moisture swing technology was a major
concern, which motivated researchers'®***® to develop new
sorbents with improved sorption rates under ambient condi-
tions. The moisture swing technique was demonstrated to be
applicable with sorbents other than resin. The nanomaterials
show formation of carbonate ions, which can split water into
bicarbonate and hydroxide by controlling the amount of mois-
ture.”® One example of these nanomaterials is Na,CO;
impregnated in activated carbon powder."® A numerical and
experimental investigation of moisture swing mechanism and
the effect of surface hydrophobicity, pore size, and spacing of
cations on CO, capture efficiency was implemented.*®" In the
indicated study, five samples were tested but only two samples

Table 6 Moisture swing-based DAC studies
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show sensitivity to moisture level as shown in,*** 135 and 80 kJ
per molCO, for calcination process, decomposition of Na based
sorbents, and amine based respectively, compared with IER
which was reported to have low desorption heat of 32 kJ per
molCO,.” Moreover, it was experimentally reported that by
increasing the humidity from 15.8% to a fully humidified
condition, the equilibrium partial pressure of CO, in IER
increases by two orders of magnitude.*®* Although the moisture
swing needs relatively clean water to avoid resin contamination,
and it produces CO, stream with low purity, the vapor in air can
be used to avoid water cleaning energy penalty, and the purity
could be increased by integrating thermal swing or vacuum
assisted mode to the technology.”® The low partial pressure of
released CO, stream was increased using improved binder that
increased the air/sorbent contact area.'®* The slow kinetics and
low capacities of IER are considered as major disadvantages of
the technology. Hou et al.'® tried to overcome this issue by
preparing a moisture swing based polymeric material and the
kinetics was significantly improved compared to other similar
functionalized groups. Capturing CO, from air using IER
dispersed in polypropylene through moisture swing was inves-
tigated to determine the isothermal performance of the adsor-
bent." The effect of temperature and particle size on CO,
loading half time was studied by Wang et al.*®* and the authors
showed that half time decreases from 150 to 40 minutes by
increasing the adsorption temperature from 0 to 30 °C. The half
time of sorbents uses moisture swing technology was a major
concern, which motivated researchers'®**'®” to develop new
sorbents with improved sorption rates under ambient condi-
tions. The moisture swing technique was demonstrated to be
applicable with sorbents other than resin. The nanomaterials
show formation of carbonate ions, which can split water into
bicarbonate and hydroxide by controlling the amount of mois-
ture.”® One example of these nanomaterials is Na,CO;
impregnated in activated carbon powder.”® A numerical and
experimental investigation of moisture swing mechanism and
the effect of surface hydrophobicity, pore size, and spacing of
cations on CO, capture efficiency was implemented.'®" In the
indicated study, five samples were tested but only two samples
show sensitivity to moisture level as shown in Table 6. Other
Different investigated moisture swing-based DAC systems are
shown in Table 6. Although the moisture swing DAC systems

Reg. energy Capacity
1st sorbent CO, con. ppm  Absorption Desorption electrical kWht' mgg '  Ref.
IER 400 Ambient, dried 316 — 68
IER 400 Ambient, dried 423-631 190
IER 400 25 °C, dried 36 183
Carbon black 400 Dried 6.16 191
functionalized with hyperbranched
polymers
IER in the Ambient Room temperature, Room temperature, 33.05 181
carbonate form 5 °C dew temperature 15 °C dew temperature
Nanostructured graphite (NG) with Ambient Room temperature, Room temperature, 28.64 181

Na,CO; into micropores
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5 °C dew temperature

15 °C dew temperature
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saves large amount of energy, it has low kinetics and low
capacity compared to other methods.

Other CO, capture classifications

Nanomaterials for DAC. An efficient material for DAC
systems should have a high adsorption capacity, low regenera-
tion energy and high stability. These properties can be achieved
using nanomaterials as they have chemical and thermal
stability, high surface area, and accessible pore regions. Nano-
material can be classified into three main categories: zero-
dimensional nano-objects, one-dimension nano-objects, and
nanostructured materials. Nanoparticles and nanofluids are
included in the first category. Nanoparticles are small particles;
their sizes vary from 1-100 nm and can be fabricated from
different metals or core materials.'”> Nanofluids are fluids with
suspended nanoparticles, and their three-phase nature reduces
the energy demand and enhances the absorption capacity of
CO, by increasing the mass transfer coefficient.®® Nanofiber
and nanotubes'** are grouped under the one-dimension nano-
objects. Nanofibers are nano-dimensional materials, but their
length is larger than nanoscale. Nanofibers are fabricated from
polymers such as cellulose nanofibers** and metal nano-
fibers.” Finally, nanostructured materials include nano-
crystalline, nanocomposites, and nonporous materials.
Nanocrystalline can be multi or single polycrystalline solids that
have sizes less than 100 nm, such as functionalized BN nano-
sheets,™® cellulose nanocrystals,"® and metal dioxide nano-
crystalline."” The nanocomposites are a combination of
different nano-objects with sizes less than 100 nm, and they can
be in one, two, or three dimensions.**® The last in the category of
nanostructured materials are nonporous materials with
a framework having pore sizes less than 100 nm.**® In Table 7,
many nano-based CO, capture systems show high capacity and
stability over a few cycles; however, all the experiments were not
carried out at atmospheric CO, concentration or in the presence
of moisture. Including the ultra-dilute concentration levels and
moisture contents can dramatically decrease the capacity and
stability. Poly HIPE/nano-TiO,/PEI-50 was tested in the presence
of both water and nitrogen and showed a high capacity and
stability, but the tested concentration levels were not to the
same as the atmospheric one, which makes poly HIPE/nano-
TiO,/PEI-50 a potential sorbent that needs further
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investigations.>® CNF-Ph(1:1.5) was equally investigated, and
the results showed a high capacity under DAC conditions;
moreover, it was indicated that the increase in humidity further
increased the CO, capacity.” Yanhao Deng et al.” reviewed the
performance of nanomaterials in DAC conditions, and it was
concluded that the best performance achieved by cellulose
nanofibrils under low concentrations, but suffered from lack of
stability. On the other hand, nanosheets and nanostructured
materials showed high stability, although they are not effective
in capturing CO, from ambient air.>*

Green sorbents in DAC. The concept of removing CO, from
the atmosphere attracted many research interests around the
world, but the difficulty and the general lack of applicability
involved are the challenges in DAC.?***** Different materials
were proposed for DAC, such as metal hydroxide-based
absorption and amine-supported materials.”®'** The metal
hydroxide materials are lightweight, small in size, have large
capacity, high stability, and good reliability, but they require
high regeneration energy. The solid amine-based adsorption
materials overcome the high regeneration energy penalty, but
they have low CO, capacity, and many have instability issues.”
All the mentioned materials are chemically prepared, implying
energy and environmental impacts. As a result, green sorbents
were proposed to meet the sustainability requirements. Elimi-
nating environmental threats by using green chemistry attrac-
ted many researchers to explore green sorbents since the 12th
Global Congress on Process Safety (GCPS).>*® The green
sorbents used for CO, capture are bioregenerative materials and
Ionic liquids (ILs), and they can adsorb CO, and release water
and oxygen. Many bioregenerative materials were used for CO,
capture from flue gas stream, such as mesoporous chitosan-
SiO, nanoparticles (NPs) with a capacity of 193.16 mg of CO, per
gram of sorbent*” and superhydrophobic PVDF/Si-R hollow
fiber membrane, which shows a better performance than
MEA.**® Eliminating environmental threats by using green
chemistry attracted many researchers to explore green sorbents
since the 12th Global Congress on Process Safety (GCPS).”* The
green sorbents used for CO, capture are bioregenerative mate-
rials and Ionic liquids (ILs), and they can adsorb CO, and
release water and oxygen. Many bioregenerative materials were
used for CO, capture from flue gas stream, such as mesoporous
chitosan-SiO, nanoparticles (NPs) with a capacity of 193.16 mg
of CO, per gram of sorbent®*” and superhydrophobic PVDF/Si-R

Table 7 Most recent experiments under conditions close to DAC systems using nanomaterial

Capacity

sorbent CO, con. ppm Adsorption mg g " Stability% Nanomaterial category Ref.
50%PEI/SBA-15 400 ppm CO,/N, 25 °C 57.2 Robust over 10 cycles 0D 201
CNF-x-a-CNC 10% CO,/N, 30 °C 92.8 — 1D 202
CNF-Ph(1:1.5) 500 ppm CO, 25 °C, 1 bar 282.9 — 1D 75

PEI@BN 2% CO,/He 75 °C 137.3 Loss 6.3% after 10 cycles 2D 203
20wt% MgO-RHA 10% CO,/N, — 200.7 Loss 7.68% in 10 cycles Nano structured material 197
MgO/C-550 15% CO,/N, 27 °C 210 — Nano structured material 198
Poly HIPE/ CO,/H,O/N, (1:1:8) 75 °C 246.5 Loss 9% in 50 cycles Nano structured material 200

nano-TiO,/PEI-50

© 2023 The Author(s). Published by the Royal Society of Chemistry
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hollow fiber membrane, which shows a better performance
than MEA.**® The outstanding characteristics of ILs make them
an effective material for CO, capture. Many studies have been
conducted to investigate the physical properties of ILs.**® The
use of ILs in carbon capture can be classified into three cate-
gories, which are amino acid ionic liquids,**” ILs-cosolvent,>”
and ILs-supported materials.>*

The amino acid ionic liquids (AAILs) are green sorbents that
can replace the aqueous amine solution, and they show a higher
adsorption rate compared to pure amino acids, amino acid
salts, or the derivatives of ethanolamine.>*” Different cations
were integrated with AAILs such as chlorine, imidazole cations,
phosphonium, and amines to be used in carbon capture.>**>*°
The highest adsorption capacity among tested AAILs was
recorded for [P4442] [Suc] and [P4442]2[IDA]. Among different
five investigated synthesized APC-ILs, [P4442]2 [IDA] showed
the highest CO, capacity of 130 mg ¢~ *, and it was unchanged
over five cycles under adsorption condition of 40 °C and CO,
partial pressure of 1 bar, however, reducing the partial pressure
below 0.1 bar (still higher than CO, atmospheric partial pres-
sure) decreased the capacity to 38.46 mg g~ '.>*7 [P4442] [Suc]
showed a higher performance at a low concentration of CO,
compared to [P4442]2 [IDA]. It achieved approximately 220 mg
g~ adsorption capacity and stability over 16 cycles under
adsorption conditions of 20 °C and partial pressure of 1 bar.
The adsorption capacity of [P4442] [Suc] was reported to
increase as the adsorption temperature reduced.”"* Although
these materials demonstrated high CO, capacity and were
shown to be stable, experiments under real atmospheric
conditions and in the presence of moisture are required. There
are two main problems associated with the application of AAIL
in CO, capture: the limited capacity under low CO, concentra-
tion and high viscosity. Different ammonium based AAILs
successfully achieved lower viscosity.”*>*'> The amino acid ionic
liquids (AAILs) are green sorbents that can replace the aqueous
amine solution, and they show a higher adsorption rate
compared to pure amino acids, amino acid salts, or the deriv-
atives of ethanolamine.*”” Different cations were integrated with
AAILs such as chlorine, imidazole cations, phosphonium, and
amines to be used in carbon capture.”®®*>* The highest
adsorption capacity among tested AAILs was recorded for
[P4442] [Suc] and [P4442]2[IDA]. Among different five investi-
gated synthesized APC-ILs, [P4442]2 [IDA] showed the highest
CO, capacity of 130 mg g ', and it was unchanged over five
cycles under adsorption condition of 40 °C and CO, partial
pressure of 1 bar, however, reducing the partial pressure below
0.1 bar (still higher than CO, atmospheric partial pressure)
decreased the capacity to 38.46 mg g~ '.>” [P4442] [Suc] showed
a higher performance at a low concentration of CO, compared
to [P4442]2 [IDA]. It achieved approximately 220 mg g *
adsorption capacity and stability over 16 cycles under adsorp-
tion conditions of 20 °C and partial pressure of 1 bar. The
adsorption capacity of [P4442] [Suc] was reported to increase as
the adsorption temperature reduced.”** Although these mate-
rials demonstrated high CO, capacity and were shown to be
stable, experiments under real atmospheric conditions and in
the presence of moisture are required. There are two main
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problems associated with the application of AAIL in CO,
capture: the limited capacity under low CO, concentration and
high viscosity. Different ammonium based AAILs successfully
achieved lower viscosity,”*>*'* and the use of choline cation was
reported to be an effective green sorbent in capturing CO, from
direct air.**® The main disadvantage of using choline-based
AAILs is their decomposition under heating and their strong
water adsorption.

The use of co-solvents such as polymer, water, alcohol, and
eutectic solvent with pure ILs was proposed to decrease its high
viscosity.?"* The integration of polyethylene glycol (PEG) with
ILs was investigated in different CO, capture studies because of
its low viscosity and cost compared to other co-solvents.*** The
use of co-solvents such as polymer, water, alcohol, and eutectic
solvent with pure ILs was proposed to decrease its high
viscosity.*** The integration of polyethylene glycol (PEG) with
ILs was investigated in different CO, capture studies because of
its low viscosity and cost compared to other co-solvents.**
However, adding the co-solvent to ionic liquid was able to
decrease its viscosity, the rate of CO, mass transfer was never-
theless still low. Integrating ILs on solid supports increased the
adsorption rate compared to pure or co-solvent-based ILs. Many
studies investigated the use of ILs on different solid sorbents
such as porous silica,**® TiO, surface,”” porous microsphere
PMMA,**® supported ILs-membranes,* and ILs capsules.*”
Most of the experiments associated with the use of ILs on solid
supports were conducted under flue gas stream with conditions
different from those of DAC. However, the ILs based capsules
were used to capture CO, from a 100% humid stream with
5000 ppm of CO,/N,. The results showed high selectivity over
N,, CO, capacity of 66 mg CO,/g of sorbent and good
stability,*'”*** porous microsphere PMMA*** supported ILs-
membranes,”* and ILs capsules.”™® Most of the experiments
associated with the use of ILs on solid supports were conducted
under flue gas stream with conditions different from those of
DAC. However, the ILs based capsules were used to capture CO,
from a 100% humid stream with 5000 ppm of CO,/N,. The
results showed high selectivity over N,, CO, capacity of 66 mg
CO,/g of sorbent and good stability.>*

In summary, carbon capture field requires the use of green
and sustainable sorbents. Different types of ILs show good
performance in CO, capture, but there are no DAC-based ILs
studies in the literature to show how efficient ILs are in
removing CO, from dilute air. A general limitation of ILs is the
complex and costly preparation methods.***

Other CO, sorbents

Supported Alkali carbonates. The replacement of hydroxide
solutions by inorganic solids was studied by Steinfeld and co-
workers' as solid supports can increase the active alkali
surface area, which improves the carbonation rates. In these
sorbents, the alkali carbonates are impregnated into solid
porous material. A prepared porous carbon support was loaded
with MgO and CaO to capture CO, and the study**® showed its
adsorption increase with increase in moisture contents. The
CO, capture performance of potassium carbonate on different

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra07940b

Open Access Article. Published on 15 February 2023. Downloaded on 5/3/2026 5:41:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

Table 8 DAC based supported alkali carbonates studies
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CO,
Adsorption Desorption Reg. energy thermal capacity

supporter sorbent CO, con. ppm T (°C) T (°C) kWht! mg g ! Stability Ref.
Activated carbon MgO/CaO 2000 20, humid — — 21 — 222
Activated carbon K,COj; 400 20, humid — — 48.4 — 222
Activated carbon K,COj; 5000 RT, humid 100-200 — 38.2 — 221
Silica aerogels K,CO; 5000 RT, humid 100-200 — 38.2 — 221
y-Al,O3 K,CO;3 Ambient Ambient 150-300 1894, TSA 30-49 80 cycles 223
y-Al,O3 AIK5 and AIK10 400/He 45-85 250-350 TSA 34-37.8 5 cycles - 350 °C 224
ALO, K,CO; 5000 RT, humid 350 — 52 — 221
Y,0; K,CO; 400 Ambient 150-250 TSA 28 20 cycles - 250 °C 225
— K,CO; — Ambient 80-100 2083, TSA — — 69

supports was conducted, and K,CO5/Al,0O; showed the highest
CO, capacity. Although K,CO;/Al,0; has the highest capacity, it
needs a high regeneration temperature of 350 °C, while K,CO5/
AC and K,CO;/SG can be generated in temperatures between
100 and 200 °C.*** Supported Alkali carbonates DAC studies
characteristics are shown in Table 8.

Nanostructured carbon nitrides. Carbon nitride (CN) is
a material linked to nitrogen by covalent bonds in a 2-D shape.
The CNs are favorable material in capturing CO, because of the
existence of nitrogen on its surface, stability, and being green
sorbents. Although carbon nitride has a nonporous nature
which reduces its CO, capturing capacity, it can be integrated
with another porous support to improve its performance. At 23 °©
C and 0.93 bar, the CO, capacity of melamine-based g-C3N4
nanosheets was as low as 7.9 mg g " of sorbent. The capacity
was improved to 33.4 and 55.5 mg g~ by incorporating BIF-20
and ZIF-8, respectively.?*® The adsorption performance of PEI-
based g-C3N4 was investigated, and a capacity of 75 and
165 mg g~ " was achieved at temperature of 25 °C and 100 °C,
respectively.”” Moreover, the electronic proprieties of carbon
nitride can bind and release CO, by change in voltage and this
method shows high selectivity to CO, compared to N,, H,, and
CH,. However, the CO, capacity achieved using the previous
approach is low (4.2 mg g~ '), there are no energy barriers in
binding and releasing CO,.”*® Different mesoporous carbon
nitride (MCN-7-100, MCN-7-130, and MCN-7-150) performance
in CO, adsorption was tested, and MCN-7-130 achieved a supe-
rior capacity of 594 mg g . The reported capacity was under
conditions of 0 °C and 30 bar, while when the CO, pressure
decreased to the atmospheric pressure, the capacity dropped to
61.6 mg g '.** In summary, the carbon nitride sorbents
experiment in the literature is limited to CO, capture from flue
gas, and further DAC studies are required, especially for the
approach that uses only voltage change in binding and
releasing CO,.

Commercialization of DAC

Many companies work on direct air capture as shown in Fig. 12.
Keith established Carbon Engineering company in Canada in
2009, in which Bill Gates partly funded it.** Carbon Engineering
initially used sodium hydroxide solution as a sorbent with
a desorption temperature of about 900 °C. The company has

© 2023 The Author(s). Published by the Royal Society of Chemistry

recently optimized the solvent used from NaOH to KOH to
enhance CO, capture efficiency of their system.*** The company
introduced a carbon capture unit that can capture 1 ton of CO,
per day in 2015 with a target to integrate a fuel production
system based on the captured CO,. The company reported that
it could produce 1 barrel of fuel per day using their AIR-TO-
FUEL pilot in 2017. The cost of capture, purification, and
compression of CO, to 150 bar was estimated to be in the range
of 75-113 € per tCO,.** Another top DAC startup in the world
today is Climeworks. Gebald and Wurzbacher established Cli-
meworks company in Switzerland in 2009. Climeworks uses
amine-modified sorbent to capture CO, at a desorption
temperature of 100 °C. Climeworks collaborated with Audi and
Sunfire to launch a DAC unit that converted the captured CO,
into synthetic diesel in 2014.>** Two other commercial-scale
DAC units were installed in Switzerland and Iceland to feed
a greenhouse with CO, and for the mineralization process,
respectively in 2017. The company has a goal to achieve a cost of
75 € per tCO, for the large-scale plants. In 2021, the Orca unit
was launched in Iceland to capture CO, from ambient air and
store it through mineralization. The plant runs purely on
renewable energy and can capture 4000 tons of CO, per year.>*>
Eisenberger established Global Thermostat company in the USA
in 2010. Global Thermostat uses a low temperature-based
system to capture CO, from both point sources and ambient
air at the desorption temperature between 85 and 95 °C.>** The
company launched a running unit that uses amine-modified
monolith as a sorbent in California. It was reported that the
waste heat with mentioned desorption temperatures could be
used in a plant with a capacity of 40 000 tons of CO, per year,
and they target a capture cost of 11-38 € per tCO,.*> O'Connor
established Antecy company in Finland in 2010. It was also
working on a low-temperature sorbent that can be regenerated
at a temperature between 80-100 °C*** later in 2019. Antecy and
Climeworks companies were fully merged to achieve a better
and stronger technology.”®® Another DAC system with a CO,
capacity of 1.387 tCO, per year uses the VSA regeneration
method with regeneration temperature between 70 and 80 °C,
the company was established by Oy Hydrocell.”* Moreover, the
company provides laboratory-scale regenerative and non-
regenerative CO, scrubbers units.”** There is also Skytree
company located in the Netherlands. The information about the
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Fig. 12 Main existing DAC companies with their regeneration methods.

technology used by Skytree is limited, but they use electrostatic
absorption and moisture for regeneration and benzylamines
functionalized sorbent.”*® Besides Skytree, there is also Infini-
tree which was established in New York in 2014, and it launched
a laboratory scale unit that uses moisture swing technology in
capturing CO,.**”>*® All other mentioned companies provide
CO, purity of more than 99% except companies like Skytree and
Infinitree, which provide low purity CO,, for example, Infinitree
offers CO, purity between 3% and 5% for growing algae.”®®
Other newly established companies are creating innovating
ideas to make direct air capture more visible such as Aircapture,
Carbon Capture, Carbyon, Heirloom, Mission Zero Technolo-
gies, and Solitaire Power. Bill Gross established Carbon Capture
company in California in the USA in 2019.>*® Carbon Capture
company uses molecular sieve technology to remove CO, from
air with a pre-dehumidifier stage powered by low-cost renew-
able energy. They reported that their system could produce a ton
of clean distilled water with every ton of CO, capture.*****
Carbyon is another DAC company that was established in the
Netherlands in 2019. They target a cost-effective system based
on amine-modified thin membrane and fast swing technology
where there is a rotating drum with a modified material to
capture CO, effectively. They claimed that the CO, adsorption
takes 30 seconds and additional 30 seconds is needed for
regeneration. They currently target CO, capture cost of 50 EUR
per ton.*** Direct air capture using carbon mineralization is
developed by Heirloom, a company established in South India.
The carbonate minerals are decomposed into pure CO, stream
and oxide minerals in their system. The oxide mineral is
exposed to ambient air to naturally absorb CO, without any
fans.***** Mission Zero technology was also launched in
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England in 2020 and uses electrochemical method for sorbent
regeneration.>** Soletair Power was established in Finland in
2016, it uses buildings as carbon sinks by using resin-based
DAC technology. The company proclaimed that their products
boost human activity and fight climate change. They have two
main products: indoor CO, capture unit and building HVAC
integration unit. Their products can reduce CO, concentration
in the airflow between 200-300 ppm and capable of adsorbing
20 tons of CO, per year. However, the building HVAC integra-
tion unit is permanently fixed to the building HVAC system,
whereas the indoor unit is mobile and can be moved depending
on the desired location.>*"***

DAC and HVAC integration potential

Buildings consume almost 40% of the world's energy demands,
and about 50 to 82% of buildings' energy is consumed in the
HVAC systems.**® The necessity to provide fresh indoor air,
especially during and after COVID-19,>*¢ and the rising energy
demands, challenge researchers to reduce energy losses in the
HVAC systems.””” Minimizing energy demands in buildings can
be achieved in two ways: increasing the efficiency of the HVAC
system (inside uses) or capturing the lost energy to be used for
valuable purposes (outside uses).>”*** The building energy
management systems (BEMS) were used to decrease energy
consumption in HVAC systems based on the classifications
shown in Fig. 13. The inside use means the recovered energy
from the HVAC system is used within the HVAC system equip-
ment to raise its efficiency in achieving thermal comfort, while
the outside use means the energy is used in another system to
provide a useful output such as electricity.** Besides the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 HVAC energy management classifications.

mentioned two classifications, DAC with HVAC system inte-
gration can be proposed to combine both inside and outside
uses. The inside uses include reducing indoor CO, levels to
improve indoor air quality (IAQ) and HVAC energy reduction
using higher air recirculation ratios, while the outside uses
include a more efficient DAC system by capturing from more
elevated CO, concentrated streams (indoor air), applying cooler
adsorption and using moisture swing adsorption (MSA) within
the HVAC system.

Benefits of DAC and HVAC integration

Reducing indoor CO, levels is mandatory because indoor CO,
accumulates due to human metabolism or emissions from
indoor sources.” The high levels of CO, exposure lead to severe
cognitive effects. Studies have shown that the CO, concentra-
tions in the range of 4000 to 10 000 cause malaise, headache and
lethargy, while higher levels of 10000 to 30000 may cause
metabolic changes, non-narcotic central nervous system and
electrolyte imbalances. The indoor CO, concentration can be
controlled by simply replacing the indoor air with outdoor air
through ventilation, however, ventilation is an energy-intensive
process that adds more energy requirements for fans, heater,
cooler, humidifier and dehumidifiers. Moreover, in some cases
ventilation is not a solution due to the use of air exchange rate
reduction strategies or in case of the need of protecting people
from outdoor hazards (shelter in place). Gall et al.** targeted
reducing the CO, level in indoor environment such as sleeping
microenvironments, school classrooms and shelter in place (SIB)
facilities as it can exceed the permissible exposure limit (PEL) of
5000 ppm in 8 hours set by Occupational Safety and Health
Administration (OSHA). The study investigated four alkaline
metal oxides and hydroxides Ca(OH),, Mg(OH), soda lime and
MgO in indoor air cleaning applications. The results showed that
mg-containing sorbent has slow kinetics, then soda lime was

© 2023 The Author(s). Published by the Royal Society of Chemistry

used, and 1.7 kg was enough to reduce 80% of indoor CO, levels
and not exceed the OSHA PEL in SIB while it reduced the CO,
levels from 2599 ppm to 550-750 ppm in low ventilated
bedrooms. The simulated pressure drop was 300 pa which can be
achieved by typical fans from HEPA filter-containing portable air
cleaner. However, CO, saturated the sorbent after 40 hours based
on assumed regular occupancy, implying the need for sorbent
replacement, leading to high cost.

Secondly, the HVAC energy reduction can be achieved by
increasing the air recirculation rate. The buildings' energy
consumption is high and contributes to one-third of the total
global CO, emissions. However, the use of CO, capture device
can reduce the CO, levels in building, it does not allow the full
recirculation of air because of other pollutants like volatile
organic compounds and dust, which are harmful to humans.
Most air pollutants other than CO, can be captured using filters
such as HEPA H14, carbon filter, G3/4 pre-filter and F7/8 fine-
filter. Although combining these filters with a CO, capture
unit removes all types of air pollutants,** the build-up of oxygen
is still an issue that requires ventilation.>*® Based on Kim et al.>**
assumption and calculations, the recirculation of air for 10
hours leads to approximately 20.12-20.174% oxygen ratio in the
air, while the acceptable oxygen levels are between 19.5% and
23.5% (by volume), which allows the full recirculation of air
within that period (10 hours).

A more efficient DAC system that captures from higher CO,
concentrated streams (indoor air) was simulated by Zhao et al.>*®
and the results showed that the optimal second law efficiencies
for indoor CO, concentration of 3000 ppm, 2000 ppm and
1000 ppm are 44.57%, 37.55% and 31.6%, respectively. The effect
of Indoor CO, concentration on indoor CO, filters was further
investigated experimentally by Hu et al.,>” the results showed
that the higher the inlet concentration (1000, 1500, 2000), the
steeper the breakthrough curve, which signifies a higher CO,

RSC Adv, 2023, 13, 5687-5722 | 5709


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra07940b

Open Access Article. Published on 15 February 2023. Downloaded on 5/3/2026 5:41:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Review

Fig. 14 Typical Air Handling Unit (AHU) with an orange arrow indicating DAC unit position taken from ref. 256 permission from ASHRAE,

copyright 2019.

capture rate. The above studies show the potential benefits of the
higher indoor CO, levels on DAC unit performance. Applying
cooler CO, adsorption and its effects on DAC unit performance
was further studied by Zhao et el., the results showed an
increase in second law efficiency from 15.38% to 39.41% when
adsorption temperature changed from 323 to 298 K under
3000 ppm CO, level conditions. It was explained that decreasing
adsorption temperature increases the adsorbent CO, capacity
and reduces the minimum separation work. The previous results
showed the potential for energy savings by simply locating the
DAC unit in the cold region of the HVAC stream.

Finally, the moisture swing approach in capturing and
producing CO, is considered the least energy consuming tech-
nique among others. However, it needs more water compared to
other regeneration techniques.”® Shi et al conducted an
experiment on five different samples, showing that the higher
relative humidity of air decreases the equilibrium CO,
concentration.”” The previous study highlights the potential of
integrating a moisture swing-based DAC system with the HVAC
system as different air streams with different humidity already
exist within the HVAC system. Bryan and Salamah proposed the
integration of CO, collectors inside the HVAC system. The
system is located to capture CO, from the exhaust stream before
leaving the building as shown in Fig. 14. It uses ion-exchange
resin sorbent and moisture swing to adsorb and regenerate
CO,. The advantage of their proposed system is that it uses the
HVAC fan-free energy and the higher concentration of CO, in
the exhaust stream. Based on their calculation, the system can
offset 0.1% of USA carbon emissions if the system is installed in
50% of the existing commercial buildings.>*

Modeling of DAC and HVAC integration benefits

Different methods were used to evaluate the performance of
using CO, capture system within the built environment. Gall
et al.** conducted an experiment to evaluate the performance of
indoor air cleaner and track the indoor CO, concentration after
using a CO, capture unit, based on the setup shown in Fig. 15,
by measuring the variation of indoor CO, concentration with

5710 | RSC Adv, 2023, 13, 5687-5722
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Fig. 15 Schematic of experiment setup under controlled temperature,
humidity, and CO, levels taken from ref. 251 with permission from
Elsevier, copyright 2016.

respect to time with and without the air cleaner. The indoor CO,
concentration level (Cypom) in mole CO, m™® for a room that
uses a CO, capture unit can be modeled by the below equation.

Vioom dC'room/dt = QCa - QCroom

- QfCroom + Qfo,Last node (20)

where, Vioom is the room volume (m?®), Q is the outdoor air
ventilation rate through the room (m?® s™'), C, is the concen-
tration of CO, in outdoor air (molesCO, m?), Croom is the
concentration of CO, in the room as it enters the reactor, Qs is
the volumetric flow rate through the reactor (m* s™'), and E is
the total CO, emission rate from occupants in the room (moles
s™'). Q and E can be obtained based on the procedure described
by Persily et al.,** the boundary condition for the above equa-
tion is such that at ¢t = 0, Cyoom = 0.0163 molesCO, m > (or
400 ppm CO,) or whatever the initial concentration of room is
and Cgo (mol CO, m?) is the concentration of CO, in the flow
exiting the reactor at the last node which can be calculated
based on below equations

Vi1 dCei/dt = QrCroom — QrCr1 — YE[M1]Cp1 Vi (21)

d[My)/dt = —k[M;][Cr.1] (22)

Viir1-dCrini/dt = OrCry — OpCrivy — Y[ Mir1]Cris1 Viisr  (23)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 The two configurations studied by Kim et al.?** permission
from Elsevier, copyright 2015.

d[M;1)/dt = —k[M ;][ Cr 1] (24)
Here, the index i ranges from 1 to 19, V;; is the volume of reactor
element i, Cg; is the concentration of CO, in the well-mixed
reactor element i, M; is the mass of unreacted sorbent in
element 7.

To solve the above equation, parameters such as y(carbonation
yield) and k(reaction constant) and boundary conditions need to
be identified based on experimental measurements. The carbon-
ation yield or total removed CO, was calculated by measuring the
CO, concentration at the inlet and outlet of the indoor air cleaner
and determining the time-integrated difference between both. The
calculated mass of absorbed CO, was divided by the initial mass of
sorbent and converted to moles to determine the molar yield (y) in
moleCO,/moleg,pent, fOr reaction constant (k) estimation, the sum
of squared errors between measured and modeled values of Cywas
calculated based on the following formula

tfinal

SSE = Z (Ci(t), measured — Ci(z), modeled)2 (25)
=1

Different meaningful values of K were used to model Cy, and
then the value that achieved the minimized SSE function was
used for the calculation, and finally, the boundary conditions
were applied.

Another study that presents a model to track CO, concen-
tration but added the energy-saving calculations by raising the
air recirculation ratio was conducted by Kim et al>** They
carried out experimental and numerical modeling to analyze
the effect of using a CO, capture device on indoor CO,
concentration, allowable air recirculation ratios, and the
energy-saving potentials. The new system consists of both AHU
and CO, capture units, which was compared to the conventional
ventilation system. The modelling was implemented based on
two configurations, as shown in Fig. 16.

The required outdoor airflow rate (V) is correlated with the
increase in indoor CO, concentration (C,) and CO, generation
rate per person (N) with the following equation;

Cy = NIV (26)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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While for the mechanically ventilated rooms, the equation
will be;
V-dCldt = QCy — QC(1) + G(t) (27)
V represents the room volume, Q is the volume flow rate, C, is
the outdoor CO, concentration C(¢) is the indoor CO, concen-
tration and G(¢) is the CO, generation rate per person, both are
functions of time. The integration of the previous equation with
the assumption of Q, C, and G(¢) to be constant lead to the
following equation;

C1) = Co + GW)/Q + (C(0) — Co — G Q)™ (28)

I1=01V (29)
By adding CO, capture unit to the case of air recirculation,
the equation will be as follow;

CHy=C(t—1)—A@ — 1)+ G)/Q + (C(0) — ((r — 1)

A(t — 1)=G(0)/Q)e (30)

where A(t) is the rate of CO, adsorption. Based on the experi-
mental work, an equation was derived with an assumption of
800 m® h™" air flow rate and 1 kg adsorption capacity. The
equation can calculate the amount of CO, adsorbed in ppm for
certain time.

COs445(1) = COyinlet(r) x Er x (2.388 x 10° x Hy—
1

ZCOz(adsorption)ppm(t —1) x 0.4435(2.38810° x H,r) (31)
2

t
> €O =2.388 x 10°(ppm) (32)
2

The cooling and heating loads also were calculated using the
following formula;

Oc = Myir(hin — how) (33)

On = Mair Cp(Tin — Tou) (34)

One more model was also presented by Baus and Nehr,>**
who investigated the possibility of attaching DAC unit to the
HVAC system as shown in Fig. 17. Experimental measurements
were conducted for four different buildings in Germany and the
data was used in a numerical model to assess the building CO,
budget and potential energy saving by increasing air
recirculation.

Based on the four evaluated buildings, the following equa-
tions were used to estimate building CO, load and potential
energy saving to be 114.3-530.2 kgCO, per day and 0.34-2.57
MW h per ton.

dm; . . _ _ A
Tn: = Kll + Kzl + K3’ m; — K4’m,- — KSI (35)
Oac = pair,hum: Vg Cpamb AT + 1.20, pHY O Vied  (36)
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Fig. 17 DAC and HVAC coupling scheme by Baus and Nehr?®* with
permission from Elsevier, copyright 2022.

heat recovery

Where m; is the mass of either CO, or H,O in (g), ¢; is the time in
(h), K} is the emission rate due to occupancy (g h™?), K, is the
rate increasing due to ambient air feed (g h™'), K is the rate
change from recycled air, K} is air exchange rate in (1/h), K is
the performed rate of CO, capture or dehumidification, Oac is
the energy consumption in HVAG, pair hum is the specific density
of humid air, Vfeeq is the ambient air rate (m*> h™"), Cp amp is the
specific heat of ambient air, AT is the temperature difference
between the design point and the ambient temperature, Q, is
water enthalpy of vaporization and py,o is the absolute
humidity of air.

The effect of both CO, concentration level and cooler
adsorption was modeled by a thermodynamic model presented
by Zhao et al.>** The model describes the performance of TVSA
based indoor CO, capture unit and can be used as a method of
comparison between different capturing technologies. It
combines the thermodynamic second law of efficiency calcula-
tion, adsorption isotherms, and regeneration energy. The
model can assess the effect of range of parameters such as
adsorption temperature (T.qs), desorption temperature (Tqes),
desorption pressure (Pqes), indoor CO, level (feed gas CO,
concentration x, ;), CO, recovery and produced CO, purity on
DAC thermodynamic efficiency (7rysa). The calculation can be
performed using the following equations;

Wmin Wmin
= 37
VVac ( ]

T, To
Ho+0n(1- 1) 011~ 1)
where Ty is the temperature of heat source, T, is the tempera-
ture of cooling source, T, is the ambient temperature and Wy,

is the minimum separation work, which can be calculated as
follow;

NTvsa =

Wmin =AG =

(n3( x45lnx43 + xp3lnxps)
n3Xg3

(38)

where W, is the actual work done which, is divided into the
work done for pressurization W,ump, input heat per cycle Qg
and adsorption cooling energy per cycle Qr. Qy and Q, can be
calculated for TVSA cycle using the below formulas based on
assumed single gas adsorption (CO,) by treating other compo-
nents as inert gases, equilibrium capacity is reached, uniform
temperature and CO, concentration in the sorbent are attained.

—+ ny (XszlnXA‘z —+ XB‘zlnXBez) — N3 (xA,llnxA,l —+ xB,llan,l)
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All other above parameters have been fully defined by zhao
et al.>?

gmax

CPS(Tdes - ads) + J ) AH(q)dl]
= gmin 39
On WCroon (39)
1 P,
Wpump = RTdesln( ddS) (40)
pump Pdcs
WCTVSA = dmax — 9min (41)

where gy is the maximum equilibrium CO, loading in the
TVSA cycle; gmin is the minimum equilibrium CO, adsorption
amount in the TVSA cycle, while (AH(g)) is the desorption
enthalpy and (g) is the adsorption capacity, which is calculated
from the isotherm curves that change from material to another.
The above model used amine-functionalized cellulose and its
isotherm curves parameters and calculations were obtained
from ref. 163

Other models available in the literature, which are associ-
ated with filter design and adsorption kinetics were conducted
by Hu et al.**” In the study, they ran an experiment to maintain
acceptable IAQ levels by capturing excess CO,. Activated carbon
filter impregnated with magnesium and calcium oxide was used
as the capturing material. The filter performance was assessed
based on initial removal efficiency, 1,

Ny = (1 - c%) x 100%

(42)

and pressure drop, which can be calculated based on Ergun
equation with the interpretation of each parameter in ref. 257 et
al.

(1—e)ps’

Ap
& X ¢pdy

2
— 150M > mU

+1.75 x
& (pdn)’

(43)

The results showed that impregnated activated carbon with
MgO promotes better adsorption performance than CaO.
Moreover, the experiment and model showed that the initial
efficiency increases as the air velocity decreases; however, the
lower air velocity leads to a higher pressure drop, indicating that
both parameters should be optimized for the best performance.
Lee et al*® investigated the use of amine-modified Y-type
zeolite in CO, adsorption and desorption cycles under indoor
environmental conditions. Three types of amines were
impregnated in the zeolite (TEPA, MEA and IPA), and TEPA
achieved the highest capacity of 158 mg g~ "-adsorbent per hour
under indoor CO, concentration of 1000 ppm.*** The experi-
mentally obtained concentrations of CO, with respect to time
were successfully fitted to the first-order kinetic model and it
was used to calculate the rate constants k. The highest k value
between the three amines was achieved by TEPA.

Economic analysis of DAC and HVAC integration

Across different studies in the literature, it has been found that
the key parameters affecting the capital and operating costs of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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DAC solid sorbent are the sorbent working capacity, cycle time,
sorbent lifetime, desorption temperature and vacuum pres-
sure.”” Many of the economic assessments performed on DAC in
the literature show varied results due to differences in
assumptions and methodologies; these can make it difficult for
direct comparisons.** The cost for current large-scale DAC
systems ranges roughly between $80 per tCO, to $1133 per tCO,,
and in the future it is expected to drop to around $34 to $260 per
tCO,.>*® The improvements in contactor designs, sorbent
properties, and heat integration are some of the parameters
predicted to lower economic and environmental impacts.**
Bioenergy with carbon capture and sequestration (BECCS) is
a competitor for DAC and its cost ranges between $20-100$ per
tCO, which is lower than that of DAC. Coastal blue carbon and
terrestrial carbon removal are other alternatives with lower
costs around $0-20 per tCO,. However, these technologies have
drawbacks such as available land area, demand for wood and
forestry management.”

Capital expenditures (CAPEX), operating expenditures
(OPEX) and the sorbent are the main factors that affect the
overall cost of DAC. The type of sorbent selected can also affect
the overall cost with liquid sorbents costing less. Climeworks
that uses a solid sorbent has an overall cost of $600 per tCO,."**
CAPEX contributes to most of the overall cost for this tech-
nology. Individual equipment components for the process have
costs ranging from $0.13-420 million dollars.”” OPEX such as
maintenance, labour, waste removal and makeup are necessary
to keep the process running. For both liquid and solid sorbents,
the OPEX is below $100 per tCO, with solid systems having
lower OPEX around $5 to $50 per tCO,.*** Therefore, it is
necessary to conduct research to reduce costs for a more
economically favourable process. Since energy is required for
heating, the source of energy also influences the cost as well as
the environmental impacts. Fossil fuel-based energy sources are
cheaper but have a higher impact on the environment. Solar
energy results in the cost being around $430 per tCO,, which is
much higher than a fossil fuel based energy source such as
coal.>** Since solid adsorbent systems require regeneration
temperatures of around 80-120 °C, low-grade waste heat can be
used.>®

DAC coupled with HVAC can result in reduced energy
requirements for ventilation systems. Additionally, when inte-
grating with existing HVAC systems, there are available blower
(fans) and existing system (duct, utilities) to use for potentially
better CO, capture at low temperatures. This should reduce the
CAPEX for DAC as they are already available. Ji et al.>*® coupled
DAC with a building air conditioning system in a study, which
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significantly reduced the heat demand resulting in lower OPEX.
They also found that not much additional cost was needed for
retrofit. In a theoretical study, Baus and Nehr*** found that
coupling DAC with HVAC in recirculation can potentially lower
the energy requirements in buildings; resulting in lower oper-
ation costs. It was also highlighted that CO, absorbers can be
expensive and can have stability issues in the long run needing
replacement. Moreover, sorbents are exposed to thermal and
mechanical stress in addition to reactive chemicals, which can
lower the lifetime of the sorbents. Therefore, the technical
feasibility of HVAC/DAC depends on sorbents with long life-
times and affordable costs. The economic viability is quantified
by the energy saving potential of HVAC/DAC integration in
recirculation mode, which lowers OPEX. Therefore, the success
of the HVAC/DAC coupling depends on the DAC technology
itself and the effectiveness of integration of DAC into the energy
infrastructure of the building. Even though the DAC technology
is in its infancy, coupling with HVAC in buildings provides an
energy saving potential, which can encourage the technology to
enter the mass market.>**

Economic assessment methodology of DAC and HVAC
integration. In this analysis, the cost assessment has been done
based on a learning-by-doing model provided by Young et al.”*’
for a DAC system. They found that DAC combined with renew-
able energy can breakeven by 2030. However, with combined
cycle gas turbine (CCGT) energy, they found that the system was
not economically viable and needed more energy efficiency.
Baus and Nehr*** simulated a model to assess the energy-saving
potential of DAC/HVAC-coupling. They found the energy-saving
potential with HVAC/DAC-coupling in recirculation mode to be
between 7.85 and 52.97 MW h year ' due to enhanced cooling
for four different scenarios.

The economic model by Young et al.>*” has been modified in
this paper to find the economic viability of DAC/HVAC-coupling
considering the energy-saving potential of cooling. The steps
taken to carry out the simplistic analysis are mentioned in
Fig. 18. The parameters for the economic assessment are kept
the same as in the model by Young et al.>*” and the costs for the
energy saving are modified. The energy used in the model is
provided by a combined gas cycle turbine (CCGT). The main
equation used by Young et al.>*” for the assessment is:

c=cqgtcoam=Ccatcatcetcotep (44)
where ¢4 is plant construction cost, CO&M is the operation and
maintenance cost. The operations and maintenance consists of
the absorbent/adsorbent cost ¢, and the cost of energy c. and
other operations/maintenance c¢,, and the cost of CO,

Convert additional
costs for HYAC/DAC
to $/tCO2

»

Add on the
additional coststo |_
existingcase 1
results from

Recalculate NPV and
other economic
indicators

Fig. 18 Methodology chart.
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Table 9 Input parameters for Economic assessment (data from ref.
260)
Parameters Value

Initial cost $394.5 per tCO,

Initial cost learning rate 10%

Initial absorbent cost $37.3 per tCO,
Absorbent cost learning rate 5%

Initial energy demand 1535 KW h per tCO,
Energy demand learning rate 5%

Other O&M costs $5 per tCO,

CO, processing costs 25% of O&M costs

3500 p
3000 F
2500 F
2000 P

1500 F

NPV
($/CO;)

1000 f
Carbon price ($/MWh)
(120)

500 f
(40) (200)

2 y 2025
-500

-1000 &

2030 2035 2040 2045 2050

Year

Fig. 19 NPV over time for HVAC/DAC coupling.

processing is c¢p,. Table 9 shows some of the input parameters
used by Young et al.>**” The same parameters will be considered
for this study and the energy requirements will be modified.
Moreover, several economic indicators such as the net present
value (NPV), internal rate of return (IRR) and payback period are
calculated.

The net present value (NPV) is calculated by:

- R e
NPV = § — — initial investment (45)
P

t
(1+19)
where R, is the net present value, i is the discount rate, ¢ is the
time of cash flow and 7 is the time period.

The internal rate of return (IRR) is calculated by:

n R
IRR = NPV = 27’[ — initial investment = 0 (46)
=1

(144
where R, is the net present value, i is the discount rate and ¢ is
the time of cash flow and 7 is the time period.

The following assumptions are undertaken to conduct the
economic analysis:

e All costs for the plant construction, operation and main-
tenance are kept the same as in Young et al.>*” except the costs
for energy requirement in the operations.

o It is assumed that the retrofitting costs are included in the
existing model Young et al.>**’ in the plant construction cost.

e The CO, captured is to be sold at the carbon price of $40
per tCO, in 2020, peaking at $200 per tCO, in 2030 and drop-
ping to 120$ per tCO, in 2050 to make the calculation simpler.
Assuming linear changes between the prices.
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e 52.97 MW h year ' energy was saved by DAC/HVAC
coupling in comparison to regular DAC***

e Discount rate of 7% is used for the NPV.

e All CO, captured is sold.

The input parameters used in the economic modelling are
given in Table 9.

Economic results and discussion for DAC and HVAC inte-
gration. The NPV was found to be $3047 per tCO, after 50 years
when the energy saving potential was assumed to be the highest
at 52.97 MW h year . Fig. 19 shows that the project would
reach payback period in around 3 years from the start at the
point where the line crosses the origin. After that, the graph
shows a positive slope showing favorable economic conditions
in the future. Moreover Fig. 20 shows a graph of NPV vs.
incremental discount rate showing the IRR to be around 0.06
(6%). Young et al>*” shows similar positive results for their
cases 2—4.

Energy-saving potential of 52.97 MW h year™" by Baus and
Nehr?** was for a less efficient AC; therefore, for a more modern
AC unit, the energy-saving potential might be less. Hence,
Fig. 21 shows how the energy-saving potential of DAC/HVAC-
coupling can affect the NPV. For lower energy saving poten-
tials, the project would not be viable using CCGT energy and
renewable sources of energy would need to be used as also
suggested by Young et al**” Overall, lower energy costs and
higher carbon costs would make the HVAC/DAC-coupling unit
more economically favorable. As the cost of renewable energy
reduces in the future, incorporating solar, wind, and
geothermal technologies with DAC/HVAC could lead to
a sustainable and cost-effective solution to reducing CO, levels
in the atmosphere. Daniel et al**® performed a techno-
economic analysis on DAC carbon capture. The study found
the NPV after 50 years to range from 2 billion $ to around 24
billion$. This equates to around 82-1000 $ per tCO, and the
highest NPV value is shown as a comparison with this study in
green in Fig. 21. The NPV for 52.98 MW h year ' energy saved in
this study is higher than the literature; however, with lower
energy recovery in the HVAC/DAC unit the results are compa-
rable. Therefore, coupling DAC with HVAC can be economically
favorable in comparison to only DAC. Additionally, HVAC and
DAC coupling have other advantages such as improved air
quality due to CO, reduction, energy savings due to increased
air circulation and increased efficiency.

800
600
400
200

0

NPV ($4CO2)

-200

-400

-600 5
Discount rate

Fig. 20 NPV vs. discount rate HVAC/DAC coupling.
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Fig. 21 Effects of recovered energy on NPV in 50 years for this study and in literature.?%®

Challenges and future
recommendation in DAC-HVAC
integration

The HVAC and DAC integration brings complications as well as
potential savings. These complications apply to some chal-
lenges that can be explained in the following points.

e For energy efficiency purposes, full air recirculation is
recommended, but the build-up of VOC requires additional
filters, which increases the pressure drop in the air supply
stream.

e The integration of DAC unit with the HVAC systems
implies additional pressure drop in the supply air stream,
which requires CO, filter/sorbent material geometry's
optimization.

e For the CO, filter to achieve building negative emission
concept, the effluent air CO, level should be lower than the
ambient CO, level, as a result, the minimum acceptable indoor
CO, level should be investigated.

e The filter location should be positioned in the coldest
stream; however, the coldest stream would have the highest
relative humidity. The humid air will cause water adsorption
and brings more energy consumption for water regeneration.
This discussion raises a research challenge to find material that
co-adsorb the least water molecules.

e It is important for future research in DAC-HVAC integra-
tion to utilize the cold stream for adsorbent cooling after
temperature-dependent regeneration.

e For recommendations, HVAC indoor environment requires
the use of environmentally friendly materials (sorbents) in
order to safeguard the health of the occupants.

¢ Finally, investigating a way to combine humidity swings in
HVAC and moisture swing adsorption of CO, without mixing
the produced CO, with air again is recommended.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Conclusions

This work has reviewed the literature on emerging trends in direct
air capture of CO,. The discussion is directed at the main drivers
(sorbent systems and regeneration options) of DAC for commer-
cialization. It is well established that a good sorbent should have
high CO, selectivity, capacity, free binding energy, low regenera-
tion energy, thermal stability, and cyclic stability. The two main
capture options in DAC, the liquid and solid sorbents, have been
tested for these characteristics. In general, the liquid sorbents are
volatile, which implies heat loss due to evaporation and have
lower kinetics compared to solid sorbents. For the aqueous
solution of metal hydroxides, they need high temperature (up to
900 °C) for regeneration, although amine solutions have been
reported with lower regeneration temperature. For solid sorbents,
especially the physisorption materials, the major issue that affects
their performance is their strong affinity for moisture in the
atmosphere. If the strong water affinity issue is resolved, MOFs
nanocomposite and porous frameworks are good sorbent candi-
dates as they have high selectivity towards CO, over N, and other
gases in the atmosphere. For chemisorption materials, depending
on the category, the major issue affecting their performance is
poor cyclic stability, which leads to leaching of amines during
operations, and the poor cyclic stability is compounded when
water is co-adsorbed. Although covalently bound polymeric
amines on solid supports that are known as hyper-branched
amino silica (HAS) have been able to solve this issue as re-
ported. HAS offer high capacity, stability, easy preparation, low
cost, and excellent regeneration compared to other categories of
chemisorption materials.

As for the energy requirements for DAC system if high purity
CO, is desired, it should be noted that there is no significant
difference in the required energy between absorption and
adsorption systems. More precisely, the thermal and electrical
energy requirements for solid sorbent are 3-6 GJ tCO, " and 1.5
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GJ tCO, !, respectively. While for liquid sorbent, the thermal
and electrical energy requirements are 5.25-8.1 GJ tCO, ' and
1.3-1.8 GJ tCO, ', respectively, depending on the contactor
configuration and packing materials. However, moisture swing
adsorption (MSA) offers opportunities if high purity CO, is not
desired, because it has low energy consumption compared to
other methods. The mechanism of MSA opens up potentials for
integrating DAC with other systems such as HVAC for creating
DAC system with minimum energy requirements. As illustrated
in the economic analysis of DAC-HVAC integration, research
efforts are already looking promising in DAC-HVAC integration;
however, health impact of the sorbents to be used in HVAC
systems needs to be investigated because of the sensitivity of the
HVAC systems to human wellbeing. Investigation of the suitable
sorbents, regeneration method, filter position, and filter design
is required to gain the most of the proposed integration.

Conflicts of interest

On behalf of all authors, the corresponding author states that
there exists no conflict of interest either financially or through
other personal considerations that may compromise or have the
appearance of compromising the researchers' professional
judgment in conducting or reporting this study.

Nomenclature

(a-CNCs)  Acetylated cellulose nanocrystals
(MCM-41) Mobil composition of matter
°C Degree celsius

AAILs Amino acid ionic liquids

AC Activated carbon

APC-ILs  Aminopolycarboxylate-based ILs
APS Aminopropyltriethoxysilane
BIF-20 A zeolite with high density of exposed B-H bonding
BN Boron nitride

CN Carbon nitride

CNF Cellulose nanofibers

Con. Concentration

Da Dalton

DAC Direct air capture

EMS Energy management system

FS Fumed silica

g Gram

GCPS Global Congress on Process Safety
GHG Green house gases

GJ Gigajoule

HAS Hyperbranched amino silica

HIPE High internal phase emulsion

HMDS Hexamethyldisilazane

HVAC Heating, ventilation, and air conditioning
IER Ion exchange resin

ILs Ionic liquids

IPCC Intergovernmental panel on climate change
K Potassium cation

K] Kilo joule

kW h Kilowatt hours

5716 | RSC Adv, 2023, 13, 5687-5722

L
m
m3

MCF
MCN
MEA
Mg

mg

MJ

MOF
Na*
NDDCTs
NFC

NG

NPs
NRC

Pa

PEG
PEHA
PEI
PMMA
PPA

PPI

ppm
PPN
PSA

PVA
PVDF/Si-
R
R'NH,
R'R>°NH
R'R’R®N
Ref.

Reg.
RFAS4

RHA
SBA-15
SER
SG
SynA

t

TCSA
TEPA
TPD
TSA
TVSA
VSA
WC
ZIF-8
Zr-SBA-15
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Litre

Meter

Meter cube

Mesoporous cellular foam

Mesoporous carbon nitride
Monoethanolamine

Magnesium

Milligram

Megajoule

Metal-organic frameworks

Sodium cation

Natural draft from natural draft dry cooling towers
Nano fibrillated cellulose

Nanostructured graphite

Nanoparticles

Nation Research Council

Pascal

Poly(ethylene glycol)

Pentaethylenehexamine

Poly(ethylenimine)

Poly(methyl methacrylate)

Poly(allylamine)

Poly(propylenimine)

Parts per million

Porous polymer networks

Pressure swing adsorption

Polyvinyl alcohol

Polyvinylidene fluoride and superhydrophobic silica
nanoparticles

Primary amines

Secondary amines

Tertiary amines

Reference

Regeneration

Four letter from (resorcinol, formaldehyde, 3-
aminopropyltriethoxysilane)

Rice husk ash

Santa barbara amorphous-15

specific energy requirement

Silica aerogels

Mesoporous y-alumina-supported PEI composite
Ton

Temperature concentration swing adsorption
Tetraethylenepentamine

Temperature programmed desorption
Temperature swing adsorption
Temperature-vacuum swing adsorption
Vacuum swing adsorption

Working capacity

Zeolitic imidazolate framework
Zirconium-containing mesostructured SBA-15

Greek letters

€
AH
IPA

Euro
Enthalpy of the reaction
Isopropanol amine
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IPA Isopropanol amine
M Molecular weigh
Subscripts

th Thermal

Chemical formulas

(CH,) Methane

(COy) Carbon dioxide
(H,0) Water

(N,0) Nitrous oxide

(03) Ozone

Ca(OH), Calcium hydroxide
CaCO; Calcium carbonate
CaO Calcium oxide
H,SO, Sulfuric acid

He Helium

K,SO, Potassium sulfate
KOH Potassium hydroxide
MgO Magnesium oxide

N, Nitrogen

Na,CO; Sodium carbonate
NaBO, Sodium metaborate
NaOH Sodium hydroxide
Sio, Silicon dioxide
TiO, Titanium dioxide
Acknowledgements

Authors acknowledge the financial support from Qatar Envi-
ronment and Energy Research institute (QEERI), Hamad bin
Khalifa University (HBKU) (member of Qatar Foundation),
Qatar National Research Fund, NPRP12C-0821-190017, GSRAS-
L-1-0506-21032, and Open Access funding provided by the
Qatar National Library, Doha, Qatar.

References

1 Z. Zhongming, L. Linong, Y. Xiaona, Z. Wangqiang, L. Wei,
ARG climate change 2021, the physical science basis, 2021.

2 V. Pavlov, V. C. M. d. Aguiar, L. R. Hole and E. Pongracz,
Resources, 2021, 11, 1.

3 UNFCCC, The Paris Agreement, https://unfccec.int/process-
and-meetings/the-paris-agreement/the-paris-agreement,
accessed September 14, 2021.

4 T. Stocker, Climate change 2013: the physical science basis:
Working Group I contribution to the Fifth assessment report
of the Intergovernmental Panel on Climate Change,
Cambridge University Press, 2014.

5 S. a. Robinson, Wiley Interdiscip. Rev. Clim. Change, 2020, 11,
€653.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

6 J. Smerdon, Climate change: the science of global warming and
our energy future, Columbia University Press, 2018.

7 J. L. a. A. Edwards, Energy: The Driver of Climate, http://
www.ces.fau.edu/nasa/module-2/how-greenhouse-effect-
works.php, 2022.

8 D. Eckstein, M.-L. Hutfils and M. Winges, Who suffers most
from extreme weather events, 2018, vol. 36.

9 T. Boden, G. Marland and R. Andres, Global, Regional, and
National Fossil-Fuel CO2 Emissions, US Department of
Energy Oak Ridge, Tenn., USA, 2009, DOI: 10.3334/CDIAC/
00001_V2017.

10 ACS, Water Vapor and Climate Change. ACS Climate Science
Toolkit | Narratives, https://www.acs.org/content/acs/en/
climatescience/climatesciencenarratives/its-water-vapor-
not-the-co2.html.

11 L. Harvey, The Future of the World's Climate, Elsevier, 2012.

12 O. Fawwaz Aalrebei, A. Hamdan Al Assaf, A. Amhamed,
N. Swaminathan and S. Hewlett, Int. J. Hydrogen Energy,
2022, 47, 8603-8620.

13 R. S. Haszeldine, S. Flude, G. Johnson and V. Scott, Philos.
Trans. R. Soc., A, 2018, 376, 20160447.

14 A. I. Amhamed, S. Shuibul Qarnain, S. Hewlett, A. Sodiq,
Y. Abdellatif, R. ]J. Isaifan and O. F. Alrebei, Fuels, 2022, 3,
408-435.

15 J. Yan and Z. Zhang, Appl. Energy, 2019, 235, 1289-1299.

16 C. Chao, Y. Deng, R. Dewil, J. Baeyens and X. Fan, Renewable
Sustainable Energy Rev., 2021, 138, 110490.

17 J. Tollefson, Nature, 2018, 562, 172-174.

18 K. Raiser, H. Naims and T. Bruhn, Energy Res. Soc. Sci.,
2017, 27, 1-8.

19 M. Shahbaz, A. AlNouss, I. Ghiat, G. McKay, H. Mackey,
S. Elkhalifa and T. Al-Ansari, Conserv. Recycl., 2021, 173,
105-734.

20 N. ]. Vickers, Curr. Biol., 2017, 27, R713-R715.

21 S. M. Nazir, J. H. Cloete, S. Cloete and S. Amini, Energy,
2019, 185, 372-385.

22 A. Mukherjee, J. A. Okolie, A. Abdelrasoul, C. Niu and
A. K. Dalai, J. Environ. Sci., 2019, 83, 46-63.

23 S. E. Tanzer and A. Ramirez, Energy Environ. Sci., 2019, 12,
1210-1218.

24 A. Malm, The Climate Crisis, 2022, vol. 7.

25 M. Roser, H. Ritchie, E. Ortiz-Ospina and J. Hasell, Burden
of disease, 2020, https://ourworldindata.org/burden-of-
disease, accessed 2020-02-09.

26 1. C. Change, Contribution of working group III to the fifth
assessment report of the intergovernmental panel on climate
change, 2014, vol. 1454, p. 147.

27 United Nations Sustainable Development Summit 2015.

28 O. S. Board and N. R. Council, Climate intervention: carbon
dioxide removal and reliable sequestration, National
Academies Press, 2015.

29 M. Workman, N. McGlashan, H. Chalmers and N. Shah,
Energy Procedia, 2011, 4, 2877-2884.

30 D. McLaren, Process Saf. Environ. Prot., 2012, 90, 489-500.

31 W. Lu, ]. P. Sculley, D. Yuan, R. Krishna and H.-C. Zhou, J.
Phys. Chem. C, 2013, 117, 4057-4061.

RSC Adv, 2023, 13, 5687-5722 | 5717


https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
http://www.ces.fau.edu/nasa/module-2/how-greenhouse-effect-works.php
http://www.ces.fau.edu/nasa/module-2/how-greenhouse-effect-works.php
http://www.ces.fau.edu/nasa/module-2/how-greenhouse-effect-works.php
https://doi.org/10.3334/CDIAC/00001_V2017
https://doi.org/10.3334/CDIAC/00001_V2017
https://www.acs.org/content/acs/en/climatescience/climatesciencenarratives/its-water-vapor-not-the-co2.html
https://www.acs.org/content/acs/en/climatescience/climatesciencenarratives/its-water-vapor-not-the-co2.html
https://www.acs.org/content/acs/en/climatescience/climatesciencenarratives/its-water-vapor-not-the-co2.html
https://ourworldindata.org/burden-of-disease
https://ourworldindata.org/burden-of-disease
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra07940b

Open Access Article. Published on 15 February 2023. Downloaded on 5/3/2026 5:41:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

32 A. Goeppert, M. Czaun, R. B. May, G. S. Prakash, G. A. Olah
and S. Narayanan, J. Am. Chem. Soc., 2011, 133, 20164-
20167.

33 J. A. Wurzbacher, C. Gebald and A. Steinfeld, Energy
Environ. Sci., 2011, 4, 3584-3592.

34 J. C. M. Pires, Sci. Total Environ., 2019, 672, 502-514.

35 P. Renforth and T. Kruger, Energy Fuels, 2013, 27, 4199-
4207.

36 G. H. Rau, Environ. Sci. Technol., 2011, 45, 1088-1092.

37 D. J. Farrelly, C. D. Everard, C. C. Fagan and
K. P. McDonnell, Renewable Sustainable Energy Rev., 2013,
21, 712-727.

38 K. S. Lackner, Annu. Rev. Energy Environ., 2002, 27, 193-232.

39 M. Erans, E. S. Sanz-Pérez, D. P. Hanak, Z. Clulow,
D. M. Reiner and G. A. Mutch, Energy Environ. Sci., 2022,
15, 1360-1405.

40 M. Fridahl and M. Lehtveer, Energy Res. Soc. Sci., 2018, 42,
155-165.

41 J. C. Minx, W. F. Lamb, M. W. Callaghan, S. Fuss, J. Hilaire,
F. Creutzig, T. Amann, T. Beringer, W. de Oliveira Garcia
and J. Hartmann, Environ. Res. Lett., 2018, 13, 063001.

42 I. Ghiat, F. Mahmood, R. Govindan and T. Al-Ansari, Energy
Convers. Manage., 2021, 228, 113668.

43 P. Smith, S. J. Davis, F. Creutzig, S. Fuss, J. Minx,
B. Gabrielle, E. Kato, R. B. Jackson, A. Cowie and
E. Kriegler, Nat. Clim. Change, 2016, 6, 42-50.

44 ].-F. Boucher, P. Tremblay, S. Gaboury and C. Villeneuve,
Process Saf. Environ. Prot., 2012, 90, 459-466.

45J. G. Shepherd, Geoengineering the climate:
governance and uncertainty, Royal Society, 2009.

46 J. M. Hall, T. Van Holt, A. E. Daniels, V. Balthazar and
E. F. Lambin, Landscape Ecol., 2012, 27, 1135-1147.

47 S. Naeem, D. E. Bunker, A. Hector, M. Loreau and
C. Perrings, Biodiversity, ecosystem functioning, and human
wellbeing: an ecological and economic perspective, OUP
Oxford, 2009.

48 J. Ahirwal, S. Kumari, A. K. Singh, A. Kumar and S. K. Maiti,
Ecol. Indic., 2021, 123, 107354.

49 R. S. Lampitt, E. P. Achterberg, T. R. Anderson, J. Hughes,
M. Iglesias-Rodriguez, B. A. Kelly-Gerreyn, M. Lucas,
E. Popova, R. Sanders and ]J. Shepherd, Philos. Trans. R.
Soc., A, 2008, 366, 3919-3945.

50 J. Pires, M. Alvim-Ferraz, F. Martins and M. Simoes,
Renewable Sustainable Energy Rev., 2012, 16, 3043-3053.

51 W. Buss, M. C. Graham, ]J. G. Shepherd and O. Masek, Sci.
Total Environ., 2016, 547, 314-322.

52 T. Mattila, J. Gronroos, J. Judl and M.-R. Korhonen, Process
Saf. Environ. Prot., 2012, 90, 452-458.

53 E.S. Sanz-Perez, C. R. Murdock, S. A. Didas and C. W. Jones,
Chem. Rev., 2016, 116, 11840-11876.

54 F. Zeman, Environ. Sci. Technol., 2007, 41, 7558-7563.

55 G. Chichilnisky and P. Bal, How Carbon Removals can
Resolve Climate Change and Fix the Economy, Reversing
Climate Change, 2016, p. 364.

56 C. W. Jones, Annu. Rev. Chem. Biomol. Eng., 2011, 2, 31-52.

57 S. A. Didas, S. Choi, W. Chaikittisilp and C. W. Jones, Acc.
Chem. Res., 2015, 48, 2680-2687.

science,

5718 | RSC Adv, 2023, 13, 5687-5722

View Article Online

Review

58 E. National Academies of Sciences and Medicine, Negative
emissions technologies and reliable sequestration: a research
agenda, 2018.

59 D. W. Keith, M. Ha-Duong and J. K. Stolaroff, Clim. Change,
2006, 74, 17-45.

60 R. Socolow, M. Desmond, R. Aines, J. Blackstock,
O. Bolland, T. Kaarsberg, N. Lewis, M. Mazzotti, A. Pfeffer
and K. Sawyer, Direct air capture of CO, with chemicals:
a technology assessment for the APS Panel on Public Affairs,
American Physical Society, 2011.

61 G. Holmes and D. W. Keith, Philos. Trans. R. Soc., A, 2012,
370, 4380-4403.

62 M. Mazzotti, R. Baciocchi, M. ]J. Desmond
R. H. Socolow, Clim. Change, 2013, 118, 119-135.

63 C. Engineering, Our story, 2022, https://
carbonengineering.com/our-story/, accessed 16-4-2022.

64 D. W. Keith, G. Holmes, D. S. Angelo and K. Heidel, joule,
2018, 2, 1573-1594.

65 E. K. Page, Can Sucking CO, Out of the Atmosphere Really
Work?, https://www.technologyreview.com/2014/10/07/
171023/can-sucking-co2-out-of-the-atmosphere-really-
work.

66 E. Ping, M. Sakwa-Novak and P. Eisenberger, Global
thermostat low cost direct air capture technology,
International Conference on Negative CO, Emissions,
Gothenburg, May, 2018, pp. 22-24.

67 P. Judge, Climeworks opens the world's largest carbon-capture
facility in Iceland, https://www.datacenterdynamics.com/en/
news/climeworks-opens-the-worlds-largest-carbon-capture-
facility-in-iceland/.

68 K. S. Lackner, Eur. Phys. ].: Spec. Top., 2009, 176, 93-106.

69 M. Fasihi, O. Efimova and C. Breyer, J. Cleaner Prod., 2019,
224, 957-980.

70 M. Ozkan, S. P. Nayak, A. D. Ruiz and W. Jiang, Iscience,
2022, 103990.

71 A. Simon, N. B. Kaahaaina, S. J. Friedmann and R. D. Aines,
Energy Procedia, 2011, 4, 2893-2900.

72 K. Z. House, A. C. Baclig, M. Ranjan, E. A. van Nierop,
J. Wilcox and H. J. Herzog, Proc. Natl. Acad. Sci. U. S. A.,
2011, 108, 20428-20433.

73 M. Broehm, ]J. Strefler and N. Bauer, Techno-Economic
Review of Direct Air Capture Systems for Large Scale
Mitigation of Atmospheric CO,, Available at SSRN 2665702,
2015.

74 G. F. Nemet and A. R. Brandt, Energy J., 2012, 33(1), 53-82.

75 Y. Deng, J. Li, Y. Miao and D. Izikowitz, Energy Rep., 2021, 7,
3506-3516.

76 X. Zhu, W. Xie, J. Wu, Y. Miao, C. Xiang, C. Chen, B. Ge,
Z. Gan, F. Yang and M. Zhang, Chem. Soc. Rev., 2022,
51(15), 6574-6651.

77 A. Cherevotan, J. Raj and S. C. Peter, J. Mater. Chem. A, 2021,
9, 27271-27303.

78 X. Shi, H. Xiao, H. Azarabadi, J. Song, X. Wu, X. Chen and
K. S. Lackner, Angew. Chem., Int. Ed., 2020, 59, 6984-7006.

79 N. McQueen, K. V. Gomes, C. McCormick, K. Blumanthal,
M. Pisciotta and J. Wilcox, Prog. Energy, 2021, 3, 032001.

and

© 2023 The Author(s). Published by the Royal Society of Chemistry


https://carbonengineering.com/our-story/
https://carbonengineering.com/our-story/
https://www.technologyreview.com/2014/10/07/171023/can-sucking-co2-out-of-the-atmosphere-really-work
https://www.technologyreview.com/2014/10/07/171023/can-sucking-co2-out-of-the-atmosphere-really-work
https://www.technologyreview.com/2014/10/07/171023/can-sucking-co2-out-of-the-atmosphere-really-work
https://www.datacenterdynamics.com/en/news/climeworks-opens-the-worlds-largest-carbon-capture-facility-in-iceland/
https://www.datacenterdynamics.com/en/news/climeworks-opens-the-worlds-largest-carbon-capture-facility-in-iceland/
https://www.datacenterdynamics.com/en/news/climeworks-opens-the-worlds-largest-carbon-capture-facility-in-iceland/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra07940b

Open Access Article. Published on 15 February 2023. Downloaded on 5/3/2026 5:41:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

80 M. Erans, E. S. Sanz-Pérez, D. P. Hanak, Z. Clulow,
D. M. Reiner and G. A. Mutch, Energy Environ. Sci., 2022,
15, 1360-1405.

81 K. Lackner, H.-]J. Ziock and P. Grimes, Carbon dioxide
extraction from air: is it an option?, Los Alamos National
Lab.(LANL), Los Alamos, NM, United States, 1999.

82 F. M. Brethomé, N. J. Williams, C. A. Seipp, M. K. Kidder
and R. Custelcean, Nat. Energy, 2018, 3, 553-559.

83 T. N. Borhani and M. Wang, Renewable Sustainable Energy
Rev., 2019, 114, 109299.

84 C.-H. Yu and C.-S. Tan, Energy Procedia, 2013, 37, 455-460.

85 M. K. Mondal, H. K. Balsora and P. Varshney, Energy, 2012,
46, 431-441.

86 R. Sharifian, R. Wagterveld, I. Digdaya, C. Xiang and
D. Vermaas, Energy Environ. Sci., 2021, 14, 781-814.

87 D. W. Keith, G. Holmes, D. St. Angelo and K. Heidel, joule,
2018, 2, 1573-1594.

88 R. Baciocchi, G. Storti and M. Mazzotti, Chem. Eng. Process.,
2006, 45, 1047-1058.

89 M. D. Robert Socolow, R. Aines, J. Blackstock, O. Bolland,
T. Kaarsberg, N. Lewis, M. Mazzotti, A. Pfeffer, K. Sawyer,
J. Siirola, B. Smit, and ]J. Wilcox, Direct Air Capture of CO,
with Chemicals: A Technology Assessment for the APS Panel
on Public Affairs, 2011.

90 A. Bandi, M. Specht, T. Weimer and K. Schaber, Energy
Convers. Manage., 1995, 36, 899-902.

91 M. Mahmoudkhani and D. W. Keith, Int. J. Greenhouse Gas
Control, 2009, 3, 376-384.

92 Q. Shu, L. Legrand, P. Kuntke, M. Tedesco and
H. V. Hamelers, Environ. Sci. Technol., 2020, 54, 8990-8998.

93 F. Sabatino, M. Mehta, A. Grimm, M. Gazzani, F. Gallucci,
G. J. Kramer and M. van Sint Annaland, Ind. Eng. Chem.
Res., 2020, 59, 7007-7020.

94 N. El Hadri, D. V. Quang, E. L. Goetheer and M. R. A. Zahra,
Appl. Energy, 2017, 185, 1433-1449.

95 J. M. Hanusch, I. P. Kerschgens, F. Huber, M. Neuburger
and K. Gademann, Chem. Commun., 2019, 55, 949-952.

96 F. Barzagli, C. Giorgi, F. Mani and M. Peruzzini, ACS
Sustainable Chem. Eng., 2020, 8, 14013-14021.

97 H. K. Karlsson, M. G. Sanku and H. Svensson, Int. J.
Greenhouse Gas Control, 2020, 95, 102952.

98 H. Cai, X. Zhang, L. Lei and C. Xiao, ACS omega, 2020, 5,
20428-20437.

99 P. Dong, X. Li, Y. Yu, Z. Zhang and J. Feng, Int. J. Greenhouse
Gas Control, 2021, 109, 103375.

100 V. Nikulshina, C. Gebald and A. Steinfeld, Chem. Eng. J.,
2009, 146, 244-248.

101 C. Li, H. Shi, Y. Cao, Y. Kuang, Y. Zhang, D. Gao and L. Sun,
Energy, 2015, 87, 201-211.

102 H. Yang, M. Singh and ]. Schaefer, Chem. Commun., 2018,
54, 4915-4918.

103 J. Wu, F. Xu, S. Li, P. Ma, X. Zhang, Q. Liu, R. Fu and D. Wu,
Adv. Mater., 2019, 31, 1802922.

104 F. Bougie, D. Pokras and X. Fan, Int. J. Greenhouse Gas
Control, 2019, 86, 34-42.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

105 S. Zavahir, H. Ben Yahia, J. Schneider, D. Han, I. Krupa,
T. Altamash, M. Atilhan, A. Amhamed and P. Kasak,
Molecules, 2022, 27, 3845.

106 1. ]. Vitorica-Yrezabal, D. F. Sava, G. A. Timco, M. S. Brown,
M. Savage, H. G. W. Godfrey, F. Moreau, M. Schroder,
F. Siperstein, L. Brammer, S. Yang, M. P. Attfield,
J. J. W. McDouall and R. E. P. Winpenny, Angew. Chem.,
Int. Ed., 2017, 56, 5527-5530.

107 M. M. Sadiq, M. P. Batten, X. Mulet, C. Freeman,
K. Konstas, J. I. Mardel, J. Tanner, D. Ng, X. Wang,
S. Howard, M. R. Hill and A. W. Thornton, Adv.
Sustainable Syst., 2020, 4, 2000101.

108 D. G. Madden, H. S. Scott, A. Kumar, K.-J. Chen, R. Sanii,
A. Bajpai, M. Lusi, T. Curtin, J. J. Perry and
M. J. Zaworotko, Philos. Trans. R. Soc., A, 2017, 375,
20160025.

109 G. Santori, C. Charalambous, M.-C.
S. Brandani, Energy, 2018, 162, 1158-1168.

110 E. E. Unveren, B. O. Monkul, S. Sarioglan, N. Karademir
and E. Alper, Petroleum, 2017, 3, 37-50.

111 M. Mubashir, L. F. Dumée, Y. Y. Fong, N. Jusoh, J. Lukose,
W. S. Chai and P. L. Show, J. Hazard. Mater., 2021, 415,
125639.

112 A. Kumar, D. G. Madden, M. Lusi, K.-J. Chen, E. A. Daniels,
T. Curtin, J. J. Perry IV and M. J. Zaworotko, Angew. Chem.,
Int. Ed., 2015, 54, 14372-14377.

113 Y. Zhai and S. S. C. Chuang, Energy Technol., 2017, 5, 510-
519.

114 J. Yu and S. S. C. Chuang, Ind. Eng. Chem. Res., 2017, 56,
6337-6347.

115 J.J. Lee, C.-H. Chen, D. Shimon, S. E. Hayes, C. Sievers and
C. W. Jones, J. Phys. Chem. C, 2017, 121, 23480-23487.

116 R. P. Wijesiri, G. P. Knowles, H. Yeasmin, A. F. A. Hoadley
and A. L. Chaffee, Ind. Eng. Chem. Res., 2019, 58, 3293-3303.

117 A. Goeppert, H. Zhang, R. Sen, H. Dang and
G. K. S. Prakash, ChemSusChem, 2019, 12, 1712-1723.

118 E. S. Sanz-Pérez, A. Arencibia, G. Calleja and R. Sanz,
Microporous Mesoporous Mater., 2018, 260, 235-244.

119 A. Goeppert, S. Meth, G. K. S. Prakash and G. A. Olah,
Energy Environ. Sci., 2010, 3, 1949-1960.

120 E. S. Sanz-Pérez, A. Fernandez, A. Arencibia, G. Calleja and
R. Sanz, Chem. Eng. J., 2019, 373, 1286-1294.

121 A. Goeppert, M. Czaun, R. B. May, G. K. S. Prakash,
G. A. Olah and S. R. Narayanan, J. Am. Chem. Soc., 2011,
133, 20164-20167.

122 X. Xu, C. Song, J. M. Andresen, B. G. Miller and
A. W. Scaroni, Energy Fuels, 2002, 16, 1463-1469.

123 A. A. Al-Absi, M. Mohamedali, A. Domin, A. M. Benneker
and N. Mahinpey, Chem. Eng. J., 2022, 447, 137465.

124 S. Meth, A. Goeppert, G. K. S. Prakash and G. A. Olah,
Energy Fuels, 2012, 26, 3082-3090.

125 M. A. Sakwa-Novak, S. Tan and C. W. Jones, ACS Appl
Mater. Interfaces, 2015, 7, 24748-24759.

126 Y. Zhai and S. S. C. Chuang, Ind. Eng. Chem. Res., 2017, 56,
13766-13775.

127 S. H. Pang, L.-C. Lee, M. A. Sakwa-Novak, R. P. Lively and
C. W. Jones, J. Am. Chem. Soc., 2017, 139, 3627-3630.

Ferrari and

RSC Adv, 2023, 13, 5687-5722 | 5719


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra07940b

Open Access Article. Published on 15 February 2023. Downloaded on 5/3/2026 5:41:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

128 M. Vallet-Regi, F. Schiith, D. Lozano, M. Colilla and
M. Manzano, Chem. Soc. Rev., 2022, 51(13), 5241-5732.

129 S. Choi, M. L. Gray and C. W. Jones, ChemSusChem, 2011, 4,
628-635.

130 L. A. Darunte, A. D. Oetomo, K. S. Walton, D. S. Sholl and
C. W. Jones, ACS Sustainable Chem. Eng., 2016, 4, 5761-
5768.

131 Z. Shen, Q. Cai, C. Yin, Q. Xia, J. Cheng, X. Li and Y. Wang,
Chem. Eng. Sci., 2020, 217, 115528.

132 A. Holewinski, M. A. Sakwa-Novak and C. W. Jones, J. Am.
Chem. Soc., 2015, 137, 11749-11759.

133 W. Chaikittisilp, H.-J. Kim and C. W. Jones, Energy Fuels,
2011, 25, 5528-5537.

134 K. Basaran, B. U. Topcubas1 and T. Davran-Candan, J. CO,
Util., 2021, 47, 101492,

135 K. Min, W. Choi and M. Choi, ChemSusChem, 2017, 10,
2518-2526.

136 Y. Meng, J. Jiang, Y. Gao, F. Yan, N. Liu and A. Aihemaiti, /.
CO, Util., 2018, 27, 89-98.

137 S. H. Pang, R. P. Lively and C. W. Jones, ChemSusChem,
2018, 11, 2628-2637.

138 Y. Kuwahara, D.-Y. Kang, J. R. Copeland, N. A. Brunellj,
S. A. Didas, P. Bollini, C. Sievers, T. Kamegawa,
H. Yamashita and C. W. Jones, J. Am. Chem. Soc., 2012,
134, 10757-10760.

139 M. A. Sakwa-Novak and C. W. Jones, ACS Appl. Mater.
Interfaces, 2014, 6, 9245-9255.

140 M. Niu, H. Yang, X. Zhang, Y. Wang and A. Tang, ACS Appl.
Mater. Interfaces, 2016, 8, 17312-17320.

141 L. Zhang, N. Zhan, Q. Jin, H. Liu and J. Hu, Ind. Eng. Chem.
Res., 2016, 55, 5885-5891.

142 Z. Chen, S. Deng, H. Wei, B. Wang, J. Huang and G. Yu, ACS
Appl. Mater. Interfaces, 2013, 5, 6937-6945.

143 J. Wang, H. Huang, M. Wang, L. Yao, W. Qiao, D. Long and
L. Ling, Ind. Eng. Chem. Res., 2015, 54, 5319-5327.

144 L. Keller, B. Ohs, J. Lenhart, L. Abduly, P. Blanke and
M. Wessling, Carbon, 2018, 126, 338-345.

145 Y. Belmabkhout, R. Serna-Guerrero and A. Sayari, Chem.
Eng. Sci., 2010, 65, 3695-3698.

146 M. Jahandar Lashaki, H. Ziaei-Azad and A. Sayari,
ChemSusChem, 2017, 10, 4037-4045.

147 P. Bhanja, A. Modak and A. Bhaumik, ChemCatChem, 2019,
11, 244-257.

148 D. Trache, A. F. Tarchoun, M. Derradji, T. S. Hamidon,
N. Masruchin, N. Brosse and M. H. Hussin, Front. Chem.,
2020, 8, 392.

149 M. Ding, R. W. Flaig, H.-L. Jiang and O. M. Yaghi, Chem.
Soc. Rev., 2019, 48, 2783-2828.

150 R.-B. Lin, S. Xiang, W. Zhou and B. Chen, Chem, 2020, 6,
337-363.

151 G. Singh, J. Lee, A. Karakoti, R. Bahadur, J. Yi, D. Zhao,
K. AlBahily and A. Vinu, Chem. Soc. Rev., 2020, 49, 4360-
4404.

152 J. M. Kolle, M. Fayaz and A. Sayari, Chem. Rev., 2021, 121,
7280-7345.

5720 | RSC Adv, 2023, 13, 5687-5722

View Article Online

Review

153 C. Gebald, J. A. Wurzbacher, A. Borgschulte,
T. Zimmermann and A. Steinfeld, Environ. Sci. Technol.,
2014, 48, 2497-2504.

154 C. Gebald, J. A. Wurzbacher, P. Tingaut and A. Steinfeld,
Environ. Sci. Technol., 2013, 47, 10063-10070.

155 F. Inagaki, C. Matsumoto, T. Iwata and C. Mukai, J. Am.
Chem. Soc., 2017, 139, 4639-4642.

156 A. Sayari and Y. Belmabkhout, J. Am. Chem. Soc., 2010, 132,
6312-6314.

157 W. Li, P. Bollini, S. A. Didas, S. Choi, J. H. Drese and
C. W. Jones, ACS Appl. Mater. Interfaces, 2010, 2, 3363-3372.

158 S. Choi, J. H. Drese, P. M. Eisenberger and C. W. Jones,
Environ. Sci. Technol., 2011, 45, 2420-2427.

159 Z. Liang, B. Fadhel, C. J. Schneider and A. L. Chaffee,
Microporous Mesoporous Mater., 2008, 111, 536-543.

160 H. Azarabadi and K. S. Lackner, Appl. Energy, 2019, 250,
959-975.

161 J. Elfving, C. Bajamundi, J. Kauppinen and T. Sainio, J. CO,
Util., 2017, 22, 270-277.

162 R. L. Siegelman, E. J. Kim and J. R. Long, Nat. Mater., 2021,
20, 1060-1072.

163 S. Deutz and A. Bardow, Nat. Energy, 2021, 6, 203-213.

164 E.S. Sanz-Pérez, C. R. Murdock, S. A. Didas and C. W. Jones,
Chem. Rev., 2016, 116, 11840-11876.

165 W. Buijs, Ind. Eng. Chem. Res., 2019, 58, 14705-14708.

166 M. Jahandar Lashaki, S. Khiavi and A. Sayari, Chem. Soc.
Rev., 2019, 48, 3320-3405.

167 M.]. Bos, S. Pietersen and D. W. F. Brilman, Chem. Eng. Sci.:
X, 2019, 2, 100020.

168 R. P. Wijesiri, G. P. Knowles, H. Yeasmin, A. F. A. Hoadley
and A. L. Chaffee, Ind. Eng. Chem. Res., 2019, 58, 15606—
15618.

169 C. J. E. Bajamundi, J. Koponen, V. Ruuskanen, J. Elfving,
A. Kosonen, J. Kauppinen and J. Ahola, J. CO, Util., 2019,
30, 232-239.

170 A.R. Sujan, S. H. Pang, G. Zhu, C. W. Jones and R. P. Lively,
ACS Sustainable Chem. Eng., 2019, 7, 5264-5273.

171 Q.Yu,]J. d. 1. P. Delgado, R. Veneman and D. W. F. Brilman,
Ind. Eng. Chem. Res., 2017, 56, 3259-3269.

172 M. J. Bos, V. Kroeze, S. Sutanto and D. W. F. Brilman, Ind.
Eng. Chem. Res., 2018, 57, 11141-11153.

173 S. A. Al-Tamreh, M. H. Ibrahim, M. H. El-Naas, ]J. Vaes,
D. Pant, A. Benamor and A. Amhamed, ChemElectroChem,
2021, 8, 3207-3220.

174 R. Rodriguez-Mosqueda, E. A. Bramer and G. Brem, Chem.
Eng. Sci., 2018, 189, 114-122.

175 R. Rodriguez-Mosqueda, J. Rutgers, E. A. Bramer and
G. Brem, J. CO,, Util., 2019, 29, 65-73.

176 J. Bao, W.-H. Lu, J. Zhao and X. T. Bi, Carbon Resour.
Convers., 2018, 1, 183-190.

177 J. Wilcox, P. C. Psarras and S. Liguori, Environ. Res. Lett.,
2017, 12, 065001.

178 J. Elfving, J. Kauppinen, M. Jegoroff, V. Ruuskanen,
L. Jarvinen and T. Sainio, Chem. Eng. J., 2021, 404, 126337.

179 S. R. Sherman, Environ. Prog. Sustainable Energy, 2009, 28,
52-59.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra07940b

Open Access Article. Published on 15 February 2023. Downloaded on 5/3/2026 5:41:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

180 X. Shi, H. Xiao, X. Liao, M. Armstrong, X. Chen and
K. S. Lackner, J. Chem. Phys., 2018, 149, 164708.

181 T. Wang, C. Hou, K. Ge, K. S. Lackner, X. Shi, J. Liu, M. Fang
and Z. Luo, J. Phys. Chem. Lett., 2017, 8, 3986-3990.

182 T. Wang, K. Ge, K. Chen, C. Hou and M. Fang, Phys. Chem.
Chem. Phys., 2016, 18, 13084-13091.

183 K. S. Lackner, S. Brennan, J. M. Matter, A.-H. A. Park,
A. Wright and B. v. d. Zwaan, Proc. Natl. Acad. Sci. U. S.
A., 2012, 109, 13156-13162.

184 T. Wang, J. Liu, K. S. Lackner, X. Shi, M. Fang and Z. Luo,
Greenhouse Gases: Sci. Technol., 2016, 6, 138-149.

185 C. Hou, Y. Wu, T. Wang, X. Wang and X. Gao, Energy Fuels,
2019, 33, 1745-1752.

186 J. Song, J. Liu, W. Zhao, Y. Chen, H. Xiao, X. Shi, Y. Liu and
X. Chen, Ind. Eng. Chem. Res., 2018, 57, 4941-4948.

187 M. Armstrong, X. Shi, B. Shan, K. Lackner and B. Mu, AIChE
J., 2019, 65, 214-220.

188 X. Shi, Q. Li, T. Wang and K. S. Lackner, Plos One, 2017, 12,
€0179828.

189 D. S. Goldberg, K. S. Lackner, P. Han, A. L. Slagle and
T. Wang, Environ. Sci. Technol., 2013, 47, 7521-7529.

190 H. He, M. Zhong, D. Konkolewicz, K. Yacatto, T. Rappold,
G. Sugar, N. E. David and K. Matyjaszewski, J. Mater.
Chem. A, 2013, 1, 6810-6821.

191 M. Holzinger, A. Le Goff and S. Cosnier, Front. Chem., 2014,
2, DOI: 10.3389/fchem.2014.00063.

192 I.T. Pineda, C. K. Choi and Y. T. Kang, Int. J. Greenhouse Gas
Control, 2014, 23, 105-112.

193 S. Geng, K. Yao, Q. Zhou and K.
Biomacromolecules, 2018, 19, 4075-4083.

194 J. Ouyang, W. Gu, C. Zheng, H. Yang, X. Zhang, Y. Jin,
J. Chen and J. Jiang, Appl. Clay Sci., 2018, 152, 267-275.

195 C.Yang, D. Liu, Y. Chen, C. Chen, J. Wang, Y. Fan, S. Huang
and W. Lei, ACS Appl. Mater. Interfaces, 2019, 11, 10276—
10282.

196 T. Zhang, Y. Zhang, H. Jiang and X. Wang, Environ. Sci.
Pollut. Res., 2019, 26, 16716-16726.

197 P. Li, W. Liu, J. S. Dennis and H. C. Zeng, ACS Appl. Mater.
Interfaces, 2017, 9, 9592-9602.

198 D. Qian, C. Lei, E.-M. Wang, W.-C. Li and A.-H. Lu,
ChemSusChem, 2014, 7, 291-298.

199 Q. Wang, H. Ma, J. Chen, Z. Du and J. Mi, J. Environ. Chem.
Eng., 2017, 5, 2807-2814.

200 S. Sepahvand, M. Jonoobi, A. Ashori, F. Gauvin,
H. J. H. Brouwers, K. Oksman and Q. Yu, Carbohydr.
Polym., 2020, 230, 115571.

201 J. Wei, S. Geng, J. Hedlund and K. Oksman, Cellulose, 2020,
27, 2695-2707.

202 K. Huang, L. Liang, S. Chai, U. Tumuluri, M. Li, Z. Wu,
B. G. Sumpter and S. Dai, J. Mater. Chem. A, 2017, 5,
16241-16248.

203 J. Wilcox, P. Rochana, A. Kirchofer, G. Glatz and ]. He,
Energy Environ. Sci., 2014, 7, 1769-1785.

204 Y. Zhao, Y. Dong, Y. Guo, F. Huo, F. Yan and H. He, Chin. J.
Chem. Eng., 2021, 31, 113-125.

205 S. M. Rafigh and A. Heydarinasab, ACS Sustainable Chem.
Eng., 2017, 5, 10379-10386.

Oksman,

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

206 S. Beil, M. Markiewicz, C. S. Pereira, P. Stepnowski,
J. Thoming and S. Stolte, Chem. Rev., 2021, 121, 13132-
13173.

207 X. Li, M. Hou, Z. Zhang, B. Han, G. Yang, X. Wang and
L. Zou, Green Chem., 2008, 10, 879-884.

208 H. Vanda, Y. Dai, E. G. Wilson, R. Verpoorte and Y. H. Choi,
C. R. Chim., 2018, 21, 628-638.

209 K. Fukumoto and H. Ohno, Chem. Commun., 2006, 3081-
3083.

210 Y. Huang, G. Cui, Y. Zhao, H. Wang, Z. Li, S. Dai and
J. Wang, Angew. Chem., Int. Ed., 2017, 56, 13293-13297.
211 Y. Ji, Y. Hou, S. Ren, C. Yao and W. Wu, Energy Fuels, 2018,

32, 11046-11054.

212 P. J. Gusnawan, S. Zha, L. Zou, G. Zhang and J. Yu, Chem.
Eng. J., 2018, 335, 631-637.

213 R. Vaghasia, B. Saini and A. Dey, in Polymer-Based Advanced
Functional Materials for Energy and Environmental
Applications, Springer, 2022, pp. 147-175.

214 R. Condemarin and P. Scovazzo, Chem. Eng. J., 2009, 147,
51-57.

215 A. Pandey, D. Dhingra and S. Pandey, J. Mol. Lig., 2019, 277,
594-605.

216 R. Santiago, J. Lemus, A. X. Outomuro, ]J. Bedia and
J. Palomar, Sep. Purif. Technol., 2020, 233, 116050.

217 W. Xie, X. Ji, X. Feng and X. Lu, Ind. Eng. Chem. Res., 2016,
55, 366-372.

218 N. A. Ramli, N. A. Hashim and M. K. Aroua, Sep. Purif.
Technol., 2020, 230, 115849.

219 J. Przepiorski, A. Czyzewski, R. Pietrzak and
A. W. Morawski, Ind. Eng. Chem. Res., 2013, 52, 6669-6677.

220 Y.-Y. Lee, K. Edgehouse, A. Klemm, H. Mao, E. Pentzer and
B. Gurkan, ACS Appl. Mater. Interfaces, 2020, 12, 19184~
19193.

221 C. Zhao, Y. Guo, C. Li and S. Lu, Appl. Energy, 2014, 124,
241-247.

222 C. Zhao, Y. Guo, C. Li and S. Lu, Chem. Eng. J., 2014, 254,
524-530.

223 J. V. Veselovskaya, V. S. Derevschikov, T. Y. Kardash,
0. A. Stonkus, T. A. Trubitsina and A. G. Okunev, Int. J.
Greenhouse Gas Control, 2013, 17, 332-340.

224 S. Bali, M. A. Sakwa-Novak and C. W. Jones, Colloids Surf., A,
2015, 486, 78-85.

225 V. S. Derevschikov, J. V. Veselovskaya, T. Y. Kardash,
D. A. Trubitsyn and A. G. Okunev, Fuel, 2014, 127, 212-218.

226 G. Xu, H. Zhang, J. Wei, H.-X. Zhang, X. Wu, Y. Li, C. Li,
J. Zhang and J. Ye, ACS Nano, 2018, 12, 5333-5340.

227 H.-L. Peng, F.-Y. Zhong, J.-B. Zhang, ]J.-Y. Zhang, P.-K. Wu,
K. Huang, J.-P. Fan and L.-L. Jiang, Ind. Eng. Chem. Res.,
2018, 57, 11031-11038.

228 X. Tan, L. Kou, H. A. Tahini and S. C. Smith, Sci. Rep., 2015,
5, 1-8.

229 K. S. Lakhi, W. S. Cha, S. Joseph, B. J. Wood, S. S. Aldeyab,
G. Lawrence, J.-H. Choy and A. Vinu, Catal. Today, 2015,
243, 209-217.

230 W. A. Smith, T. Burdyny, D. A. Vermaas and H. Geerlings,
Joule, 2019, 3, 1822-1834.

RSC Adv, 2023, 13, 5687-5722 | 5721


https://doi.org/10.3389/fchem.2014.00063
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra07940b

Open Access Article. Published on 15 February 2023. Downloaded on 5/3/2026 5:41:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

231 H. C. Thomas Sigi, I. U. Hackenberg, R. Stadler, L. de Meo,
B. Martens and 1. H. Waltl, Corporate Responsibility Report
2014, 2015.

232 https://climeworks.com/direct-air-capture.

233 Climeworks, Climeworks AG and Antecy B.V. are joining
forces, boosting technology portfolio, https://
climeworks.com/news/climeworks-ag-and-antecy-b.v.-are-
joining-forces.

234 H. Yang, M. Singh and ]. Schaefer, Chem. Commun., 2018,
54, 4915-4918.

235 Hydrocell, Direct Air Capture (DAC) appliances, https://
hydrocell.fi/en/air-cleaners-carbon-dioxide-filters-and-dac-
appliances/dac-appliances/.

236 Y. Ishimoto, M. Sugiyama, E. Kato, R. Moriyama, K. Tsuzuki
and A. Kurosawa, 2017.

237 Infinitree, Technology,
technology.

238 O. S. Board and E. National Academies of Sciences and
Medicine, Negative emissions technologies and reliable
sequestration: A research agenda, National Academies
Press, 2019.

239 https://www.aircapture.com/.

240 C. Capture, What We Do, https://www.carboncapture.com/.

241 http://www.climeworks.com/.

242 http://www.carbyon.com/.

243 https://www.heirloomcarbon.com/.

244 S. Power, Making buildings carbon sinks — Solitaire Power —
Direct Air Capture company from Finland, https://
www.soletairpower.fi/making-buildings-carbon-sinks/.

245 B. Rismanchi, J. M. Zambrano, B. Saxby, R. Tuck and
M. Stenning, Energies, 2019, 12, 347.

246 A. Sodiq, M. A. Khan, M. Naas and A. Amhamed, Environ.
Res., 2021, 199, 111329.

247 Z. Nie, F. Gao and C.-B. Yan, Energies, 2021, 14, 400.

248 N. Giannetti, A. Rocchetti, K. Saito and S. Yamaguchi, Appl.
Therm. Eng., 2015, 75, 826-838.

249 R. Aridi, J. Faraj, S. Ali, M. Gad El-Rab, T. Lemenand and
M. Khaled, Energies, 2021, 14, 5869.

250 E. T. Richardson, C. D. Morrow, D. B. Kalil, L.-G. Bekker
and R. Wood, PLoS One, 2014, 9, €96334.

251 E. T. Gall, C. Sonat, W. W. Nazaroff and C. Unluer, Build
Environ., 2016, 110, 161-172.

http://www.infinitreellc.com/

5722 | RSC Adv,, 2023, 13, 5687-5722

View Article Online

Review

252 R. Essehli, S. Sabri, F. El-Mellouhi, B. Aissa, H. Ben Yahia,
T. Altamash, M. Khraisheh, A. Amhamed and B. El Bali,
Sci. Rep., 2020, 10, 8909.

253 A. Sinha, H. Thakkar, F. Rezaei, Y. Kawajiri and M. J. Realff,
Appl. Energy, 2022, 322, 119526.

254 M. K. Kim, L. Baldini, H. Leibundgut, J. A. Wurzbacher and
N. Piatkowski, Energy Build., 2015, 87, 134-141.

255 R. Zhao, L. Liu, L. Zhao, S. Deng, S. Li, Y. Zhang and H. Li,
Energy Convers. Manage., 2019, 183, 418-426.

256 H. Bryan and F. B. Salamah, Building-integrated carbon
capture: Carbon dioxide removal through buildings’
mechanical systems, American Society of Heating,
Refrigeration and Air Conditioning Engineers, P Atlanta,
2019.

257 S.-C. Hu, A. Shiue, S.-M. Chang, Y.-T. Chang, C.-H. Tseng,
C.-C. Mao, A. Hsieh and A. Chan, Int. J. Low-Carbon
Technol., 2017, 12, 330-334.

258 T. Wang, K. S. Lackner and A. Wright, Environ. Sci. Technol.,
2011, 45, 6670-6675.

259 X. Shi, H. Xiao, K. Kanamori, A. Yonezu, K. S. Lackner and
X. Chen, joule, 2020, 4, 1823-1837.

260 A. K. Persily, Evaluating building IAQ and ventilation with
indoor carbon dioxide, Transactions-American society of
heating refrigerating and air conditioning engineers, 1997,
vol. 103, pp. 193-204.

261 L. Baus and S. Nehr, Build Environ., 2022, 208, 108629.

262 S. C. Lee, C. C. Hsieh, C. H. Chen and Y. S. Chen, Aerosol Air
Qual. Res., 2013, 13, 360-366.

263 R. Chauvy and L. Dubois, Int. . Energy Res., 2022, 30, 301-
315.

264 N. McQueen, M. J. Desmond, R. H. Socolow, P. Psarras and
J. Wilcox, Front. Clim., 2021, 2, 618644.

265 C. Beuttler, L. Charles and J. Wurzbacher, Front. Clim.,
2019, 1, 10.

266 Y. Ji, J. Yong, W. Liu, X. Zhang and L. Jiang, Energy Build.
Envirnon., 2022, 239, 121-131.

267 R. Young, L. Yu and J. Li, Cost Assessment of Direct Air
Capture: Based on Learning Curve and Net Present Value,
available at SSRN 4108848.

268 T. Daniel, A. Masini, C. Milne, N. Nourshagh, C. Iranpour
and J. Xuan, Carbon Capture Sci. Technol., 2022, 2, 100025.

© 2023 The Author(s). Published by the Royal Society of Chemistry


https://climeworks.com/direct-air-capture
https://climeworks.com/news/climeworks-ag-and-antecy-b.v.-are-joining-forces
https://climeworks.com/news/climeworks-ag-and-antecy-b.v.-are-joining-forces
https://climeworks.com/news/climeworks-ag-and-antecy-b.v.-are-joining-forces
https://hydrocell.fi/en/air-cleaners-carbon-dioxide-filters-and-dac-appliances/dac-appliances/
https://hydrocell.fi/en/air-cleaners-carbon-dioxide-filters-and-dac-appliances/dac-appliances/
https://hydrocell.fi/en/air-cleaners-carbon-dioxide-filters-and-dac-appliances/dac-appliances/
http://www.infinitreellc.com/technology
http://www.infinitreellc.com/technology
https://www.aircapture.com/
https://www.carboncapture.com/)
http://www.climeworks.com/
http://www.carbyon.com/
https://www.heirloomcarbon.com/
https://www.soletairpower.fi/making-buildings-carbon-sinks/)
https://www.soletairpower.fi/making-buildings-carbon-sinks/)
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra07940b

	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions

	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions

	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions
	Emerging trends in direct air capture of CO2: a review of technology options targeting net-zero emissions


