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Abstract

Direct Air Capture (DAC) is emerging as a critical climate change mitigation strategy, offer-
ing a pathway to actively remove atmospheric CO,. This comprehensive review synthesizes
advancements in DAC technologies, with a particular emphasis on the pivotal role of nanos-
tructured solid sorbent materials. The work critically evaluates the characteristics, perfor-
mance, and limitations of key nanomaterial classes, including metal-organic frameworks
(MOFs), covalent organic frameworks (COFs), zeolites, amine-functionalized polymers,
porous carbons, and layered double hydroxides (LDHs), alongside solid-supported ionic
liquids, highlighting their varied CO, uptake capacities, regeneration energy requirements,
and crucial water sensitivities. Beyond traditional temperature/pressure swing adsorption,
the review delves into innovative DAC methodologies such as Moisture Swing Adsorption
(MSA), Electro Swing Adsorption (ESA), Passive DAC, and CO,-Binding Organic Liquids
(CO, BOLs), detailing their unique mechanisms and potential for reduced energy foot-
prints. Despite significant progress, the widespread deployment of DAC faces formidable
challenges, notably high capital and operational costs (currently USD 300-USD 1000/tCO,),
substantial energy demands (1500-2400 kWh/tCO;), water interference, scalability hur-
dles, and sorbent degradation. Furthermore, this review comprehensively examines the
burgeoning global DAC market, its diverse applications, and the critical socio-economic
barriers to adoption, particularly in developing countries. A comparative analysis of DAC
within the broader carbon removal landscape (e.g., CCS, BECCS, afforestation) is also
provided, alongside an address to the essential, often overlooked, environmental consider-
ations for the sustainable production, regeneration, and disposal of spent nanomaterials,
including insights from Life Cycle Assessments. The nuanced techno-economic landscape
has been thoroughly summarized, highlighting that commercial viability is a multi-faceted
challenge involving material performance, synthesis cost, regeneration energy, scalability,
and long-term stability. It has been reiterated that no single ‘best’” material exists, but
rather a portfolio of technologies will be necessary, with the ultimate success dependent
on system-level integration and the availability of low-carbon energy. The review paper
contributes to a holistic understanding of cutting-edge DAC technologies, bridging material
science innovations with real-world implementation challenges and opportunities, thereby
identifying critical knowledge gaps and pathways toward a net-zero carbon future.

Keywords: CO; capture; direct air capture; atmospheric air; moisture swing adsorption;
solid sorbents
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1. Introduction
1.1. The Growing Imperative for Carbon Removal

The escalating atmospheric concentration of carbon dioxide (CO,), primarily attributed
to anthropogenic activities encompassing fossil fuel combustion, deforestation, and indus-
trial processes, constitutes a principal driver of contemporary climate change [1]. This
increase in CO; levels precipitates profound perturbations within Earth’s delicate ecosys-
tems, manifesting as global temperature increases, altered meteorological patterns, ocean
acidification, and biodiversity disruptions [2,3]. To mitigate these adverse effects and avert
catastrophic warming scenarios, concerted global efforts are underway to cut greenhouse
gas emissions and explore innovative technologies for carbon removal (CRT) [4-6]. It is not
a case that the Intergovernmental Panel on Climate Change (IPCC) has emphasized the
critical need for CRT to constrain global warming to 1.5 °C above pre-industrial levels [7].
Achieving this objective necessitates not only the curtailment of current emissions but also
the active extraction of historical emissions from the atmosphere [8]. Among the multi-
tude of CRT, direct air capture (DAC) has garnered significant attention as a promising
approach for sequestering CO; directly from the ambient air [9,10]. Unlike point-source
carbon capture, DAC exhibits spatial flexibility, enabling deployment at diverse locations to
address diffuse CO, emissions [11,12]. DAC, along with other carbon removal approaches
like afforestation and reforestation, offers a potential pathway to achieve net-negative
emissions and restore equilibrium to the global carbon cycle [13]. The urgency of carbon
removal is underscored by the recognition that certain sectors, including aviation and
heavy industry, may prove recalcitrant to complete decarbonization in the near term, even
with stringent emissions reduction targets [14]. DAC provides a critical mechanism to
offset these residual emissions and address the cumulative impact of past emissions on
atmospheric CO, concentrations [15].

The technology typically involves using a sorbent material, either solid or liquid, to se-
lectively capture CO; from the air [16]. The captured CO; is then released in a concentrated
stream for various applications, including sequestration in geological formations or uti-
lization in producing valuable products like synthetic fuels and building materials [17,18].
Reflecting this potential, research interest in DAC processes has experienced exponential
growth over the past 5-6 years, as evidenced in Figure 1.
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Figure 1. Number of published articles over time with “direct air capture” in the title from ScienceDi-
rect database (March 2025).
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1.2. DAC Technologies: A Spectrum of Approaches

DAC technologies are broadly categorized as solid DAC (S-DAC) and liquid DAC
(L-DAC) [19]. Systems employ solid adsorbents, characterized by high surface areas and/or
tailored surface functionalities, to capture CO, molecules. These materials typically operate
under ambient to low pressure (vacuum) conditions and are regenerated at moderate
temperatures (80-120 °C) [20], a subject to be explored in detail in subsequent sections.
Conversely, L-DAC systems utilize aqueous basic solutions for CO, absorption, requiring
higher regeneration temperatures (300-900 °C) for CO, release [21]. Within these two
broad categories, a diverse range of sorbent materials and process configurations are
being explored, each exhibiting unique advantages and disadvantages [22]. The selection
of sorbent material and process design is contingent upon factors such as desired CO,
capture capacity, selectivity, energy consumption, cost-effectiveness, and environmental
impact [23].

As for the liquid sorbent, aqueous monoethanolamine (MEA, 30 wt%) remains the
benchmark for point-sources CO, capture. Yet, its low absorption rate and insufficient
removal under ultra-diluted CO, concentration (i.e., 400 ppm) [11], high volatility, suscepti-
bility to oxidative degradation [24], environmental concerns, and high regeneration energy
requirements [25] make it unsuitable for DAC application. Alkali hydroxide solutions
have progressively emerged as viable alternatives for CO; scrubbing [26,27], leveraging
the rapid formation of bicarbonate and carbonate species through the reaction of OH™
ions with CO,. This approach combines rapid absorption kinetics and accessibility with
high oxidative stability, low volatility and low toxicity [28]. Lithium hydroxide (LiOH),
sodium hydroxide (NaOH), and potassium hydroxide (KOH) have already demonstrated
potential for large scale operations (0.5-1 MtCO, /year [29]), although the high regeneration
temperatures (=900 °C) remain a primary challenge.

Recent studies have explored environmentally benign alkanolamines, including
Pyrrolizidines [30], OXDA, MXDA, and PXDA [31], which exhibit adsorption capaci-
ties and rates comparable to NaOH under DAC conditions, potentially offering lower
energy penalties during regeneration [32]. Amino acid-based [33] and guanidine-based sys-
tems [34] represent the latest advancements in liquid sorbents, demonstrating regeneration
temperatures within the 80-120 °C.

Despite these advancements, the high regeneration energy requirements of liquid
sorbents pose a significant barrier compared to solid sorbents. Consequently, solid sorbent-
based DAC is considered more economically attractive due to its ability to utilize waste
heat from industrial processes for regeneration, thereby reducing operational costs.
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1.3. The Crucial Role of Solid Sorbent Materials

The development of efficient and cost-effective DAC technologies hinges on the de-
sign and optimization of solid sorbents with specific properties (Figure 2) [35]. These
materials must exhibit high CO, capture capacity, selectivity for CO, over other gases
in the air, stability under various operating conditions, and low energy requirements for
regeneration [36]. The capture capacity of a sorbent material determines the amount of CO,
captured per unit mass or volume, influencing the size and cost of the DAC equipment [37].
Selective adsorption of CO, over other atmospheric constituents, such as nitrogen and
oxygen, is essential to minimize the capture of extraneous gases, which can reduce the
purity of the captured CO, stream and increase the energy required for regeneration [38].
Stability ensures that the sorbent material can withstand repeated adsorption-desorption
cycles without significant degradation, ensuring consistent performance and longevity [18].
Regeneration energy is a significant contributor to the overall energy consumption and cost
of DAC. Minimizing this energy input is essential for economic viability and environmental
sustainability of the technology [39].

Next-gen
solid sorbents

Figure 2. Main features of next-gen solid sorbents.

This Review focuses on the advances in DAC technology, specifically highlighting
the use of sorbents for CO, extraction from ambient air. DAC represents a crucial “neg-
ative carbon” technology with the potential to mitigate the escalating atmospheric CO,
concentrations responsible for climate change. We present a comprehensive overview of
various sorbents and processes employed in DAC, with a particular emphasis on Moisture
Swing Adsorption (MSA) in Section 3. Additionally, we provide a concise overview of
alternative DAC technologies and conclude with a critical analysis and discussion of future
perspectives for DAC development and deployment.
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2. Advanced Sorbent Materials for DAC: Solid and
Solid-Supported Systems

Solid sorbents constitute a pivotal class of materials in the realm of DAC technologies,
offering inherent advantages such as high surface area, tunable pore structures, and the
potential for selective CO, adsorption [40]. These materials play a crucial role in capturing
CO, directly from the ambient air, providing a promising avenue to mitigate escalating
atmospheric CO, concentrations and addressing climate change. While the primary focus
of this section is on traditional solid sorbents, a critical evaluation of advanced hybrid
systems and solid-supported materials that incorporate components not strictly classified as
bulk solids (e.g., ionic liquids) are also provided. These materials are included due to their
integral role in developing next-generation DAC sorbent technologies, often leveraging
nanostructured components or principles of nanoscale engineering to enhance efficiency
and selectivity.

The pursuit of the ideal solid sorbent for DAC applications, characterized by the
extremely dilute CO, concentration (approximately 400 ppm), has been a primary focus
of research. This pursuit is driven by the need for materials that exhibit high CO, capture
capacity, exceptional selectivity over other atmospheric gases (like Ny, CH4 and Hj), robust
stability under DAC conditions, and low energy requirements for regeneration [41].

This review specifically focuses on the most promising and extensively researched
classes of nanostructured materials for DAC, including Metal-Organic Frameworks (MOFs),
Covalent Organic Frameworks (COFs), Zeolites, Amine-functionalized Polymers, Carbon-
Based Materials, Layered Double Hydroxides (LDHs), and lonic Liquids in solid-supported
and hybrid forms, to provide a concise and scientifically reasonable scope of discussion.
Beyond describing their individual properties and recent advancements, we will critically
compare their performance characteristics—specifically CO, uptake capacity, regeneration
energy, scalability, and stability—in the context of DAC applications, highlighting their
respective advantages and limitations. Where data from higher CO, concentrations is
presented, it is to illustrate potential or comparative performance, but the primary focus
remains on their relevance and challenges for direct air capture. Table 1 summarizes the
key attributes of these materials while Figure 3 provides a summary on the state-of-the-art
materials for DAC.
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Table 1. CO;, capacity, selectivity and key features for various solid sorbents.

Regeneration Energy

Nanomaterial CO; Capacity (mmol g—1) Selectivity Key Advantages Challenges Regeneration Energy (GJ/tCO,) (GJ/tCOy) Regeneration Energy (GJ/tCO>)
2
Ultra-high surface area,
tunable chemistry, high Stability issues (e.g., 2 . A 2 . 15T Sensitive to humidity, can degrade; some
MOFs 2'0_4',0 Very High CO, uptake at low pressure, moisture sensitivity), high 0.5-18.75 (SOhd_ DAC range) [46]; 35-350 (operatl'o'nal) 1455 amine-appended MOFs show ~1.7 mmol/g
[42—44] 1 X . lowest: 5.76 [45] 60-190 (specific) [47] o
ow regeneration temp production cost at 50% RH, some water-enhanced uptake.
(70-120 °C) [45]
09-2.1 Exceptional chemical and Scalability and Good performance under humid conditions
COF '[ 48]. Very High thermal stability, tunable cost-effective synthesis 0.5-18.75 (Solid DAC range) [46] 250-600 (current DAC) [49] (e.g.,2.05 mmol/g at 50% RH). Exceptional
porosity remain significant hurdles thermal stability.
High thermal stability, Sensitive to humidity, Sensitive to humidity, water reduces
Zeolites }—2.8 High tunable pore size, excellent limited capaaFy at lqw CO, 0.5-18.75 (Solid DAC range) [46] 300-4000 (ggneral DAC)’ [57]; recovery/ procl.uctlvﬂyf creates “cold spots”;
[50-55] selectivity for CO. concentrations; high 202 (specific SBA-15) [47] CO; adsorption efficient at lower temps
y 2 desorption temp [56] (30-50°C) [58].
Low cost, scalable, good Limited thermal stability, 2 . . Maintains performance under humid
Polvmer-Based 0.5-2.6 Verv High CO;, affinity; diminished degradation over multiple 05 18'71;511(1310531 gf:g;?;ge) [40l; 100-590 (NOAK solid) [65] conditions; humidity can enhance uptake
¥ [59-63] yHig degradation under humid cycles; substantial ee ) : (20-40% RH optimal); capacity decreases at
b . (50-120 °C) [64] o
conditions regeneration energy cold temps (—20 °C) [66].
Low selectivity for CO, in
N . presence of other gases; 2 . . . . o4 Weak interaction with CO, under dilute
Carbon-based 0'[1 670].5 Moderate LOV\;E?&ZE: aslvgiicifiarea, weak physical interaction 0.150 x}fiiilse()}?;]tj(éfoga? (%’)e % 6[3?], 100 i%)égioliigi)c)l ?égfl 232 conditions, less effective in humid air
& ty with CO; atlow g g (implied). Good thermal stability.
concentrations
Limited . o . . .
Low cost, good thermal . - . 1A Amine-modified show impressive capacity
0.5-3.0 stability, reversible CO, capacity/ s‘ele4ct1v1ty VS 0.5-18.75 (SOhd DAC range) [4‘6]’ 400-1000 (near-term under humid conditions (e.g., 3.2 mmol/g at
LDHs Moderate T - MOFs/ zeolites; long-term regeneration energy penalty is - o o . ;
[70-73] adsorption; energy-efficient o . J DAC) [75] —20°C, 70% RH) [76]; capacity can decrease
> stability under fluctuating largest cost [74] o o
regeneration -1 at cold temps (~40% at —20 °C) [76].
humidity /temp
Negligible vapor pressure, High production cost, 0.5-18.75 (Solid DAC range) [46]; . S
< h . . . o - o Tunable chemistry for optimization;
Tonic Liquids 0.1-0.5[77,78] Moderate high chemical/thermal limited capacity/selectivity  70-120 °C regeneration [79]; 50% 500-1000 (current DAC) [75] volatility of IL-glycol mixtures assessed at

stability, tunable chemistry,
low corrosivity

vs. other sorbents; high
viscosity

energy reduction for
CO, BOLs [80]

25and 55 °C [79].
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1.43

mmol g
at 5000 ppm

Figure 3. Peak performance of state-of-the-art classes of sorbents for DAC. Each data point represents
the highest reported CO, uptake (mmol/g) at 400 ppm CO; concentration, with corresponding
citations provided. For enhanced clarity and reproducibility, future iterations of this figure will
include detailed annotations specifying the exact temperature (°C), humidity (e.g., dry, 50% RH), and
pressure (e.g., ambient, vacuum) at which each peak performance was achieved, alongside the existing
direct citations to the original experimental studies for each data point. Peak performance were taken
from: MOF [39]; Zeolites [54]; LDHs [72]; Porous Carbons [67]; ILs [78]; and Amine-functionalized
Polymers [62].

2.1. Metal-Organic Frameworks (MOFs): Structure, Functionalization, and CO, Capture

MOFs are a class of highly porous materials constructed from metal ions or clusters
coordinated with organic ligands. This arrangement creates a three-dimensional frame-
work with exceptionally high surface areas and tunable pore sizes, making MOFs attractive
candidates for CO, adsorption [81]. Effective capture of CO, from ambient air necessitates
sorbents with high CO, affinity, exceptional selectivity over other atmospheric gases, signif-
icant adsorption capacity, and robust stability. MOFs can fulfill these criteria by combining
high surface area and porosity with customizable pore dimensions and functionalities, often
acting as effective physisorbents due to strong van der Waals interactions and confined
pore environments. Moreover, MOFs exhibit inherent selectivity for CO, and relatively low
regeneration temperatures. Typical regeneration temperatures for MOF-based technolo-
gies range between 80 °C and 120 °C, a significant reduction compared to solvent-based
systems (e.g., ~900 °C for liquid DAC). This lower temperature requirement can lead to
regeneration energy consumption as low as 1.6 kWh/kg-CO,, equating to an operational
cost of USD 35-350/ton-CQO,, depending on the energy source [45]. To increase their CO,
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affinity and selectivity, particularly under dilute conditions, one of the best strategies
relies on the incorporation of specific functional groups, such as amines, which enables
efficient chemisorption of CO,. For example, IRMOE-74-11I-(CH,NH3),, an alkylamine-
functionalized MOF, demonstrates a CO, adsorption capacity of 3.2 mmol/g at 25 °C under
pure CO; conditions [82]. CALF-20 MOF, another promising MOF, has shown excellent
performance in pilot-scale carbon capture plants, combining high CO, uptake at 0.15 bar
(3.6 mmol/g) with high selectivity, and stability [83]. A Zn-based MOF with terminal zinc
hydride sites has demonstrated CO, capture ability at temperatures exceeding 200 °C, mak-
ing it suitable for capturing CO; from industrial exhaust streams [84]. NOTT-101/OEt, with
a working capacity of 3.8 mol/kg under pure CO,, has outperformed several well-known
MOFs, such as Mg-MOF-74 and Ni-4PyC [85]. Despite these promising results under pure
CO; conditions, direct air capture performance was rarely tested with MOE.

Crucially for direct air capture, Boone et al. constructed a library of core-shell MOFs
based on UiO-66 and UiO-67, demonstrating excellent DAC performance and high se-
lectivity of CO; over N, [42]. Lin et al. recently reported an amine-appended MOF
(mmen-appended Mg, (dobpdc) with (en = ethylenediamine and dobpdc = 4,4'-dioxido
biphenyl-3,3’-dicarboxylate) exhibiting a CO, uptake of 2.83 mmol g~! at 0.39 mbar of
dry CO, [39] which decreased till ~1.7 mmol g~! in the presence of 50% relative hu-
midity [43]. This performance currently represents the state-of-the-art DAC using MOF.
However, other studies on amine-functionalized MOFs demonstrate stability up to 50%
relative humidity when adsorption temperature varies from 25 to 40 °C [86]. Chen et al.
developed two series of amine-functionalized zirconium (Zr) MOF-808 variants with im-
proved CO, capture performance, especially under humid conditions [44]. The l-lysine-
and tris(3-aminopropyl)amine-functionalized variants (MOF-808-Lys and MOF-808-TAPA,
respectively) achieved CO, uptakes of 0.87 and 1.20 mmol/g at 400 ppm and 25 °C under
50% RH conditions. While MOFs, particularly amine-functionalized variants, demonstrate
some of the highest CO, uptake capacities under DAC-relevant conditions among solid
sorbents, their widespread implementation faces significant challenges. Compared to more
thermally stable materials like zeolites or porous carbons, many MOFs exhibit higher
sensitivity to water vapor and can suffer from structural degradation, which impacts their
long-term stability and regeneration efficiency. Furthermore, their complex synthesis and
high production costs present a considerable hurdle for scalability, making them generally
more expensive per unit of captured CO, than polymer-based or carbonaceous sorbents.
Current costs for MOF-based DAC systems are estimated to be in the range of USD 60-190
per ton CO,, though overall DAC costs can range from USD 300 to USD 1000 per tonne of
CO,, with a target of USD 100/tCO; for widespread adoption [47].

2.2. Covalent Organic Frameworks (COFs)

Covalent Organic Frameworks (COFs) represent another class of highly porous crys-
talline materials, distinct from MOFs, constructed from organic building blocks linked by
strong covalent bonds. Their well-defined, tunable pore structures, high surface areas,
and exceptional chemical and thermal stability make them promising candidates for gas
adsorption, including direct air capture of CO,. Despite the limited literature on this class
of materials, a novel covalent organic framework (COF-999) recently demonstrates CO,
capture performance of 0.96 mmol g ! under dry conditions and 2.05 mmol g~ ! under 50%
relative humidity, both from 400 ppm CO,. This sorbent also exhibited exceptional stability,
withstanding 100 cycles with no loss of capacity [48]. COFs, while still a nascent field
for DAC compared to MOFs or zeolites, show immense promise due to their exceptional
chemical and thermal stability, often surpassing that of many MOFs. Their tunable porosity
allows for high CO, uptake, and recent studies demonstrate good performance even under
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humid conditions, addressing a common challenge faced by other porous materials. How-
ever, scalability and cost-effective synthesis remain significant hurdles, similar to those
encountered with MOFs, limiting their immediate widespread application for large-scale
DAC. While specific regeneration energy and cost data for COFs are limited in the literature,
they are expected to fall within the broader range for solid sorbents, which typically require
0.5-18.75 GJ /t-CO, for regeneration and current costs ranging from USD 250 to USD 600
per tonne of CO,. The industry targets a cost of USD 100/tCO;, though this remains an
aspirational goal for most technologies [46]. Clearly, COFs represent a nascent field within
DAC research. This relative newness means that comprehensive techno-economic data,
particularly concerning regeneration energy and long-term operational costs, are not yet as
abundant as for more established sorbent classes like MOFs or zeolites. The absence of such
specific data poses a challenge for a thorough assessment of their commercial viability. For
COFs to transition from promising laboratory materials to scalable DAC solutions, future
research must prioritize not only further optimization of their synthesis and CO, capture
performance but also detailed techno-economic analyses. These analyses are crucial for
attracting the necessary investment and facilitating their large-scale deployment.

2.3. Zeolites: Structure, Functionalization, and CO, Capture

Zeolites, a class of crystalline aluminosilicates, exhibit well-defined nanoporous archi-
tectures that confer selectivity for CO; based on their unique pore dimensions and topolo-
gies. Their inherent thermal and chemical stability, coupled with their cost-effectiveness
and abundance, position zeolites as compelling alternatives to MOFs for large-scale carbon
dioxide DAC applications. These materials primarily act as physisorbents, adsorbing CO,
through weak physical interactions within their porous networks. However, precise modu-
lation of zeolite chemistry is often requisite to optimize DAC performance. Notably, 13X
Zeolite, characterized by high microporosity and uniform pore size, has been extensively
investigated for CO, adsorption and separation [87]. Yet, introduction of Fe atoms into
the 13X framework has been demonstrated to effectively constrict the micropore channels,
thereby enhancing CO, adsorption under simulated DAC conditions. For instance, Xiang
et al. successfully synthesized an iron-containing 13X zeolite (namely, Fe@13X) that ex-
hibited a CO, capacity of 0.64 mmol/g under simulated air conditions [50]. Furthermore,
Fu and Davis developed a MOR-X type zeolite, derived from a commercial zeolite, that
displayed promising DAC performance, achieving a CO; capacity of 1.15 mmol/g at 30 °C
and 400 ppm CO,, alongside high selectivity, rapid adsorption kinetics, low isosteric heat of
adsorption, and robust stability [51]. Lithium-exchanged low-silica zeolite X demonstrated
a CO, adsorption capacity of 1.34 mmol/g at 298 K and 400 ppm CO, [52] while the
lanthanum-exchanged NaX (LaNaX) exhibited improved CO,/Nj selectivity and excellent
cycling stability [53]. Recently, Wilson et al. reported a Na-X zeolite with an exceptional
CO; adsorption capacity of 2.54 mmol/g in ambient air under cold climate conditions [54].
A prominent trend in zeolite-based sorbent development involves amine modification,
achieved through chemical or physical grafting of amine functionalities onto the zeolite sur-
face to enhance the CO,-philicity, capture efficiency and selectivity through chemisorptive
interactions. Kumar and co-workers screened several amine-impregnated FAU zeolites,
revealing that PEI/FAU achieved CO, capture of 1.54 mmol g~ ! under humid conditions at
400 ppm CO, with sustained cycling stability over ten cycles [55]. Despite their compelling
attributes such as high thermal and chemical stability and cost-effectiveness, zeolites gener-
ally exhibit lower peak capture capacities compared to the most advanced MOFs or highly
functionalized polymers. Zeolites are typically regenerated by heat, with temperatures
often around 100 °C for amine-impregnated variants. Regeneration energy requirements
for zeolite-based systems are generally within the 2-18 GJ/ton (0.6-5 MWh/ton) range for
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current technologies, with some studies indicating total regeneration energy for specific
zeolites around 7 GJ /tCO;. Costs for solid adsorption-based DAC systems, which include
zeolites, are projected to be in the range of USD 88-228 per ton CO, within the next decade,
although current costs are higher, typically USD 300—4000 per ton CO, [68]. While their
regeneration energy requirements are often moderate, their inherent hydrophilicity can
lead to co-adsorption of water, increasing the energy penalty for CO, release. Competitive
adsorption of water vapor at the active sites presents a significant challenge for DAC
applications, potentially limiting the overall CO, capture efficiency and, consequently, the
viability of zeolites for atmospheric CO; sequestration. Studies confirm that water vapor
significantly impacts CO, adsorption capacity, with recovery and productivity dropping
by up to 30% in the presence of water. While some amine-impregnated FAU zeolites have
shown sustained cycling stability under humid conditions, the inherent hydrophilicity of
many zeolites can lead to co-adsorption of water, increasing the energy penalty for CO,
release. Effective CO, capture on zeolites is often most efficient at lower temperatures
(typically around 30-50 °C), and their performance can be evaluated across a wide range of
temperatures, from —30 to 50 °C for real-world applications [88].

2.4. Amine-Functionalized Polymers

Amine-functionalized polymers (APs), a relatively new class of CO, sorbents, have
recently attracted a considerable amount of research attention because of their high CO,
uptake capacity and selectivity coupled with tuneable properties and scalable synthesis [89].
These materials are typically synthesized by incorporating amine functionalities into the
polymer matrix, facilitating chemisorption of CO, even at low partial pressure. Employing
APs in CO; capture offers advantages such as reduced amine leaching compared to tra-
ditional liquid amine scrubbing and diminished (or negligible) performance degradation
under humid conditions [90,91]. Despite their potential, the literature on APs specifically
for DAC remains relatively limited. Alivand et al. [59] demonstrated a CO, uptake of
2.65 mmol g~ ! by impregnating a meso-macroporous melamine formaldehyde (MF) scaf-
fold with a high loading of tetraethylenepentamine (TEPA, 71 wt%) and under ultra-diluted
CO; conditions. Similarly, Samaddoost et al. [60] developed a TEPA-functionalized A400
resin, achieving a CO, adsorption capacity of 1.32 mmol g~! under 390 ppm CO,, which
further increased till 1.91 mmol g~! upon incorporation of steartrimonium bromide as
a surfactant. Sekizkardes et al. explored polymers of intrinsic microporosity (PIMs) fea-
turing amidoxime and amine functionalities. These sorbents exhibited high CO, uptake
and processability into various forms, such as fibers and sheets. The PIM-1-AO-TAEA
sorbent demonstrated the highest CO, uptake capacity among all PIM-based sorbents to
date, achieving 0.8 mmol g ! at 400 ppm CO, [61]. Functionalization of commercial HP20
resin with polyetherimide (PEI) as an amine carrier yielded an optimized CO; capacity
of 2.26 mmol g’1 at 400 ppm CO, [62]; however, subsequent modification of PEI-HP20
surface with hydrophobic groups reduced the capture ability to 1.6 mmol g~ in ambient
air [63]. Amine-functionalized polymers offer distinct advantages for DAC, particularly
their lower production cost and greater scalability compared to MOFs or ionic liquids.
Their ability to maintain performance under humid conditions also sets them apart from
many physisorbent materials like bare zeolites. The regeneration of amine-functionalized
polymers typically occurs at mild temperatures (50-120 °C), requiring energy inputs that
generally fall within the 0.5-18.75 GJ /t-CO; range for solid sorbents. While specific cost
data for polymer-based sorbents vary, the industry is focused on reducing costs to below
USD 200/t in the short term for amine-based TVSA methods, with a broader target of
USD 100/tCO; [46,64]. However, a key limitation compared to inorganic sorbents (e.g.,
zeolites, carbons) is their generally lower thermal stability and susceptibility to degrada-
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tion over multiple adsorption-desorption cycles, which can compromise their long-term
performance and increase operational costs. While their CO, uptake can be competitive,
but still insufficient to effectively compete with MOFs and zeolites their regeneration
energy can still be substantial due to the strong chemical interaction with CO;. Despite
these limitations, amine-impregnated polymers like PEI- and TEPA-loaded alumina have
demonstrated stable and high working capacities across 10 cycles of adsorption-desorption
at temperatures ranging from —20 to 25 °C, with desorption at 60 °C. The presence of
moisture (e.g., 70% RH) can even improve CO; capacity at both ambient and sub-ambient
temperatures for these materials. However, significant degradation (e.g., ~40% decrease in
working capacity) is observed after 10 humid DAC cycles at cold temperatures (—20 °C)
due to reduced CO, capture kinetics attributed to amine redistribution [66,76].

2.5. Carbon-Based Materials

Porous carbonaceous materials present a compelling platform for CO, sorption, lever-
aging their high specific surface area [92], facile synthesis, tunable pore architecture, cost-
effectiveness, and excellent stability [93]. Contemporary research endeavors are directed
towards the development of porous carbons with tailored physicochemical properties to
enhance CO, capture efficiency and selectivity under DAC conditions [94]. A prominent
strategy involves the introduction of heteroatom functionalities, such as nitrogen, oxygen,
and sulfur, onto the carbon surface. These functionalities can increase CO, adsorption
capacity and selectivity by strengthening interactions between CO, molecules and the
carbon matrix. For instance, nitrogen-containing functional groups generate basic sites
that facilitate CO, adsorption through acid-base interactions [95]. An alternative approach
focuses on the synthesis of hierarchical porous carbon materials, characterized by intercon-
nected micro-, meso-, and macropores. This hierarchical architecture promotes efficient
CO, diffusion and mass transfer, thereby improving capture kinetics [96]. Researchers
are also investigating diverse activation methodologies, including hard templating, soft
templating, and chemical activation, to precisely control the pore size distribution and
specific surface area of the carbon materials. Zhang et al. recently reported a KOH-activated
bamboo biochar with capture capacity of 3.49 mmol g~! at 25 °C from 1 bar of CO, [97].
While impressive, this performance is under high CO, concentrations and does not directly
reflect DAC conditions. Despite these advancements, challenges persist in optimizing the
performance and scaling up the production of porous carbon materials for industrial DAC
applications. This is due to the weak physical interaction between the non-polar surface of
carbon-based sorbents and CO;, in particular under ultra-diluted conditions characteristic
of ambient air. The PKS-Lignin-P600 sorbent developed by Zhang et al. captured 1.43 mmol
CO;, per gram of material but at P/P0 = 0.005, namely one order of magnitude higher
than the atmospheric concentration of CO; [67]. Consequently, balancing the CO, binding
enthalpy with the energy demand for sorbent regeneration remains a critical challenge.
Excessive binding strength necessitates high energy input for CO, release, whereas insuffi-
cient binding may result in diminished CO; capacity. Researchers are actively addressing
this challenge by synthesizing novel porous carbons with tailored surface chemistries and
pore structures. In summary, porous carbonaceous materials stand out for their unique
material properties and synthetic versatility thus combining low cost, high thermal stability,
and inherent scalability, making them attractive from an industrial perspective compared
to more complex synthesized sorbents like MOFs. These materials typically require regen-
eration energy in the range of 0.5-18.75 GJ /t-CO,. While current costs for solid sorbent
DAC (including carbons) are around USD 500-600/tonne-CO,, projected costs aim for
USD 100-300/tonne-CO,, with a long-term goal of less than USD 100/tonne by 2030 for
some technologies [46,64]. However, their primary challenge for DAC lies in the weak
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physical interaction between their non-polar surface and the extremely dilute CO; in
ambient air, leading to generally lower CO; uptake capacities and selectivity compared
to amine-functionalized sorbents. This weak interaction means that while regeneration
energy might be lower, the overall efficiency for dilute CO, capture can be compromised,
as evidenced by a reported capacity of 1.43 mmol CO; per gram at P/P0 = 0.005, an order
of magnitude higher than atmospheric CO, concentration. Furthermore, most research on
carbonaceous materials has been conducted at ambient temperatures (25 °C) or higher, of-
ten under dry conditions, with limited studies exploring their performance at sub-ambient
temperatures (—20 °C) or varied humidity [45]. Balancing CO, binding enthalpy with the
energy demand for sorbent regeneration remains a critical challenge, as excessive binding
strength necessitates high energy input for CO, release, whereas insufficient binding may
result in diminished CO; capacity under DAC conditions. Ongoing research is focused
on enhancing their performance, reducing their manufacturing costs, and facilitating their
scale-up for industrial deployment. By pursuing these research directions, investigators
aim to further improve the efficacy and applicability of porous carbon materials in DAC,
paving the way for their widespread implementation as a viable carbon capture technology.

2.6. Layered Double Hydroxides

Layered Double Hydroxides (LDHs), a class of two-dimensional materials, exhibit
significant potential for DAC due to their tunable composition, high specific surface area,
and inherent anion exchange capabilities. Their layered structure, composed of positively
charged metal hydroxide sheets separated by interlayer anions and water molecules, allows
for precise control over material properties, optimizing them for CO, adsorption [98].
Notably, LDHs incorporating alkaline earth metals, such as magnesium and calcium,
effectively capture CO; from ambient air under mild conditions [99]. For instance, a Mg-
Al LDH with a Mg/ Al molar ratio of 3 and CO3~ as interlayer anions achieved a peak
adsorption capacity of 0.319 mmol g~ ! in pure CO, [100]. The energy-efficient regeneration
of CO,-saturated LDHs via thermal or vacuum swing adsorption further strengthens their
appeal for sustainable DAC. Amine surface modification strategies have proven effective
in enhancing CO, uptake capacity and selectivity [70]. Ge et al. synthesized a triamine-
grafted (TRI-grafted) Mg-Al-COs; LDHs using scalable fast mixing method, achieving
stable capture capacity of 0.545 mmol g~ during 200 simulated DAC cycles [71]. Similarly,
surface functionalization with branched poly(ethylenimine) (PEI) allowed the Mg—-Al-O
MMO to achieve CO, uptake of 2.27 mmol g~! under 400 ppm of CO, [72]. Zhao et al.
replaced PEI with tetraethylenepentamine (TEPA) and observed an increase in CO, capture
till 3.0 mmol g~ ! under dry ambient air conditions [73]. LDHs offer advantages such as low
cost, good thermal stability, and reversible CO, adsorption, making them potentially more
economically viable than some complex organic frameworks. The cost of Mg-Al LDHs
is reported to be USD 2-3/kg, with amine-modified variants costing around USD 5/kg.
Regeneration energy is a critical factor for LDHs, with the regeneration energy penalty
being the largest cost component. While specific energy data for DAC applications are
still emerging, LDHSs generally fall within the solid sorbent range of 0.5-18.75 GJ /t-CO,
for regeneration. Overall DAC costs are currently estimated at USD 400-1000 per metric
ton of CO; [76]. However, compared to MOFs or highly functionalized polymers, LDHs
generally exhibit more limited CO, capacity and selectivity under DAC conditions. Their
long-term stability under fluctuating atmospheric conditions, particularly variations in
humidity and temperature, remains a critical challenge that needs to be addressed for
practical DAC implementation. Despite this, amine-impregnated LDHs (e.g., MgxAl-COs3
LDHs and MgxAl-O MMOs) have demonstrated impressive adsorption capacities under
humid conditions (70% RH) at both —20 °C (3.2 mmol/g) and 25 °C (2.0 mmol/g). These
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materials also show promising regenerability during 10 humid DAC cycles at 25 °C with
a <10% decrease in working capacity. However, a notable decrease in working capacity
(~40%) is observed after 10 humid DAC cycles at cold temperatures (—20 °C) due to
reduced CO; capture kinetics attributed to amine redistribution. Addressing this requires
scalable synthesis methodologies and optimization of adsorption kinetics and capacity for
practical DAC implementation. Future research should prioritize exploring novel LDH
compositions, developing advanced surface modification techniques, and integrating LDHs
into hybrid DAC systems to achieve efficient and cost-effective atmospheric CO;, capture.

2.7. lonic Liquids in Solid-Supported and Hybrid Sorbents

Ionic liquids (ILs), defined as organic salts with melting points below 100 °C, have
emerged as promising candidates for DAC, offering unique attributes such as negligible
vapor pressure, high chemical and thermal stability, minimal corrosivity, non-flammability,
and tunable structures [101]. While not strictly solid sorbents themselves, their relevance in
the context of this review on advanced sorbent materials and nanomaterials for DAC stems
from their increasing exploration in solid-supported forms and hybrid composites, where
they leverage the benefits of a solid matrix while contributing their inherent CO, affinity and
selectivity. This integration allows for the development of advanced sorbent systems that
combine the ease of handling associated with solid materials with the high CO, uptake and
tunable chemistry characteristic of ILs, thus providing clear advantages over conventional
amine solvents for efficient and sustainable carbon capture processes [102,103].

Thapaliya et al. synthesized tetracationic and dicationic ILs, achieving a CO, capture
capacity of 0.433 mol/kg at 298.15 K and 10 bar with 30Et-Im [104,105]. Chen et al. reported
a pyrene based conjugated polymer with [P4444][p-2-O] ionic liquid, able to capture
CO, from ambient air with capability of 47.37 umol g~! and a selectivity of 98.8% [77].
Addressing the high viscosity of ILs, which impedes mass transfer and increases energy
demands, researchers have explored IL-glycol mixtures. Adding glycols like ethylene
glycol and propylene glycol to ILs reduces viscosity and enhances CO; sorption, with
encapsulated mixtures showing significantly reduced volatility (e.g., 0.0002 mmol h~!
at 25 °C for [2-CNpyr]/diethylene glycol capsules). While ILs offer unique benefits like
negligible vapor pressure and tunable chemistry, their performance across a wide range
of temperatures (e.g., —30 to 50 °C for real-world DAC) needs further investigation to
ensure consistent capture efficiency [79]. Adding glycols like ethylene glycol and propylene
glycol to ILs, such as 1-ethyl-3-methylimidazolium 2-cyanopyrrolide ([2-CNpyr]) reduces
viscosity and enhances CO, sorption [79]. To mitigate glycol evaporation, encapsulation
techniques have been employed, with [2-CNpyr]/diethylene glycol capsules showing the
lowest volatility at 0.0002 mmol h~! at 25 °C. This approach addresses the potential loss of
volatile components and ensures the long-term stability of the IL-glycol mixtures.

Furthermore, IL/metal-organic framework (MOF) composites have been developed,
leveraging the high surface area of MOFs and the enhanced selectivity and capacity of ILs.
Klemm et al. demonstrated CO;, chemisorption and microwave-assisted regeneration, in
these composites, achieving selective CO, absorption from synthetic air (0.5 mmol g~ ! at
30 °C) and rapid desorption within 2—4 min [78]. This study demonstrated the synergistic
effects of combining different materials to optimize DAC performance: while MOFs pro-
vided a high surface area for CO, adsorption, the ILs enhanced the selectivity and capacity
of the composite material. As in the case of carbonaceous sorbent, critical challenge in DAC
is balancing CO; binding strength with the regeneration energy. Researchers are addressing
this by developing novel ILs with tailored properties and exploring alternative regeneration
techniques, such as microwave-assisted regeneration [106]. Functionalized ILs, classified
as room-temperature ILs (RTILs), task-specific ILs (TSILs), dual-functionalized ILs (DFILs),
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and amino-acid ILs (AAILs) [107], each offering unique properties for optimized DAC per-
formance. Amino-functionalized ILs, for example, exhibit high thermostability and capture
capacity compared to conventional ILs [106]. Ionic liquids provide unique benefits for DAC,
notably their negligible vapor pressure and tunable chemistry, which offer advantages over
conventional liquid amine solvents in terms of environmental impact and degradation.
While their CO, uptake can be competitive, especially in functionalized or hybrid forms,
their high viscosity and relatively high production costs present significant challenges com-
pared to most solid sorbents. Regeneration energy for IL-based systems, particularly when
integrated with MOFs and utilizing microwave-assisted regeneration, can achieve rapid
desorption within 2—4 min. While specific cost data for ILs in DAC are still developing, the
overall cost of DAC systems, including those exploring ILs, currently ranges from USD
500 to 1000 per ton CO,, with a long-term target of USD 100/tCO,. Efforts are focused on
reducing costs through learning-by-doing, with projections for solid and liquid sorbent
DAC (which ILs can be part of) ranging from USD 226 to 579 per net ton of CO, at the
gigatonne scale [46,75]. The development of solid-supported ILs or IL/MOF composites
aims to mitigate these issues by combining the benefits of ILs with the ease of handling
and higher surface areas of solid materials, potentially offering a more balanced solution
for DAC. Ongoing efforts are directed towards improving IL performance, reducing costs,
and scaling up for industrial applications [108]. Future opportunities include controlling
the interaction with CO, and its transport at the charged or electrified interface with the
ionic-liquid electric double layer, as well as integrating CO, capture and conversion with
ILs [109].

3. Moisture Swing Adsorption (MSA)

Within the broader landscape of DAC technologies, and building upon the detailed
discussion of various solid sorbent materials in Section 2, moisture swing adsorption (MSA)
stands out as one of the most promising approaches. Its appeal stems from its potential for
low energy consumption and cost-effectiveness [9]. Unlike energy-intensive temperature
or pressure swing adsorption (TSA/PSA) methods, MSA leverages ambient humidity for
CO; capture and release [110]. This innovative process directly capitalizes on the inherent
properties of specific solid sorbents, as highlighted in Section 2, which are designed to
exhibit a high affinity for CO, under dry conditions and a significantly reduced affinity
under humid conditions [10]. Essentially, MSA involves cycling between dry and humid
air streams. Dry air allows CO, to adsorb onto the sorbent surface via weak chemical
bonds. Subsequent exposure to humid air triggers CO, release, regenerating the sorbent
for repeated use. This moisture-driven adsorption/desorption cycle minimizes energy
consumption and waste generation, making MSA an attractive approach for sustainable
DAC [111]. The effectiveness of MSA relies on the complex interplay between the sorbent
material, CO,, and water molecules. The regeneration of adsorbent in moisture swing CO,
capture technology utilizes the evaporation free energy of water, which can significantly
reduce the problem of high energy consumption associated with traditional temperature
swing technology [112].

3.1. Mechanisms of Moisture Swing Adsorption

The effectiveness of moisture swing adsorption (MSA) relies on the complex interplay
between the sorbent material, CO,, and water molecules. Several mechanisms govern the
moisture-swing behavior of these materials. Some MSA systems relies on the so called
“Hydrolysis and Neutralization” mechanism (see Figure 4), according to which water
molecules react with anions in the sorbent via hydrolysis, generating hydroxide anions
(OH™). These serve as active sites for CO, capture through reaction with CO, to form
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bicarbonates. During regeneration, exposure to high humidity promotes neutralization,
where water reacts with bicarbonates and protonated anions, releasing CO; [38]. An alter-
native mechanism, namely hydration and dehydration, is based on the capability of sorbent
materials to undergo structural changes upon hydration and dehydration, impacting their
CO; affinity. Some ion-exchange resins, for example, exhibit higher CO, adsorption ca-
pacity in their dehydrated state due to increased accessibility of active sites. Conversely,
hydration can induce swelling, reducing CO; affinity and promoting its release. Finally,
competitive adsorption can occur, where water molecules compete with CO, for adsorption
sites, potentially decreasing CO, capture under humid conditions. However, in some cases,
water can enhance CO, adsorption by promoting bicarbonate formation or altering the
sorbent’s structure.

Moisture Swing Adosprtion (MSA)
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Figure 4. Schematic of mechanisms of moisture swing adsorption method.

3.2. Sorbent Materials for Moisture Swing Adsorption

The selection of sorbent materials suitable for MSA remains, to date, very limited.
Potassium Carbonate solutions, which are liquid-phase systems, are considered the current
benchmark for the MSA process. De facto, combining potassium carbonate solutions with
guanidine compounds enables rapid and efficient CO, capture from air. In this system,
guanidine compounds react with CO,-rich potassium carbonate solutions, crystallizing
as an insoluble carbonate salt that can be regenerated with minimal energy input [23].
Membrane-based sorbents have emerged as a compelling alternative, demonstrating high
efficiency in capturing CO, from ambient air, even at low CO, concentrations. These sor-
bents typically comprise thin films or porous structures that facilitate rapid CO, adsorption
and desorption under varying humidity conditions [111]. Among membrane sorbents,
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ion-exchange resins (IERs), characterized by quaternary ammonium cations and hydroxide
or carbonate counterions, have shown promise [113]. He et al. first demonstrated the
effectiveness of a commercial Excellion membrane for MSA, achieving a capture capacity of
0.13 mmol/g in 400 ppm of dry CO, with release under humid conditions [114]. A higher
MSA performance of 0.72 mmol g~ was attained using polyHIPE [115]. Recent research
has expanded the library of ions for moisture-swing carbon capture, exploring orthosilicate,
borate, pyrophosphate, tripolyphosphate, and dibasic phosphate anions in ion-exchange
resins [116-119]. Biery et al. designed a sulfone-based multiblock copolymers containing
ammonium functionalities demonstrating their potential for moisture-swing direct air
capture of CO,. The maximum CO, uptake observed was less than 50 pmol g_l, therefore
significantly lower than that necessary for commercially viable materials [120]. A novel
approach by Nicotera et al. employed a quaternary ammonium-functionalized graphene
oxide material, achieving a reversible CO, capture capacity of 3.24 mmol g~! of CO, under
simulated MSA conditions [121], representing the highest reported performance to date for
MSA sorbents.

3.3. Prospects and Challenges of Moisture Swing Adsorption

MSA offers several advantages over traditional DAC technologies. Primarily, it sig-
nificantly reduces energy consumption compared to TSA /PSA processes by eliminating
the need for high temperatures or pressures during sorbent regeneration. This translates
to lower operational costs and reduced environmental impact, potentially enhancing the
economic viability of large-scale CO, capture [10,18]. Furthermore, MSA’s compatibility
with various sorbent materials, including MOFs, zeolites, and amine-functionalized poly-
mers, provides flexibility in material selection and process design. By minimizing waste
generation and reducing reliance on fossil fuels, MSA contributes to a more sustainable
carbon capture process.

However, challenges remain before MSA reaches maturity [9]. A particularly critical
aspect and potential limitation of MSA is its absolute reliance on specific and often high
humidity conditions for effective CO, desorption and sorbent regeneration. Unlike other
DAC methods that might require dry air or operate best in low-humidity environments,
MSA fundamentally leverages the presence of water vapor. This necessitates meticulous
control and optimization of the humidity swing, which can add significant complexity to
the process design and operation, and potentially lead to energy penalties if humidification
or dehumidification of the air stream is required. Desorption kinetics may also be slower
compared to thermal regeneration methods, potentially impacting overall DAC efficiency.
For instance, typical humidity or temperature swing operations for some materials yield
0.9-1.1 mg of CO; per 1 g per hour, with absorption and desorption times being comparable
in humidity swing [122]. Moreover, as a relatively nascent technology, further research
and development are crucial to fully explore MSA'’s potential and address its limitations,
especially concerning the precise management of water within the system.

Despite these challenges, continued research and development in MSA are crucial
for advancing its technological maturity and realizing its full potential for DAC appli-
cations. Key areas of future focus include exploring new sorbent materials with higher
CO; capture capacity, greater selectivity for CO; over other atmospheric components, and
enhanced stability under varying humidity conditions, which is essential for improving the
performance of MSA systems. This may involve investigating new classes of materials or
modifying existing materials to optimize their properties for MSA, A, specifically focusing
on materials with tailored water interactions that facilitate efficient CO, release. Addition-
ally, fine-tuning operational parameters, such as the humidity swing, air flow rates, and
sorbent bed configurations, can significantly enhance the efficiency and kinetics of CO,
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capture and release. Advanced modeling and simulation techniques can aid in identifying
optimal operating conditions for specific MSA systems, particularly in managing the water
cycle efficiently. Furthermore, integrating MSA with other carbon capture and utilization
technologies, such as the conversion of CO; into valuable products, can enhance the eco-
nomic viability and environmental benefits of DAC. This integrated approach can create
a closed-loop system where captured CO; is utilized rather than simply stored, further
contributing to sustainability goals.

By addressing these challenges and capitalizing on its inherent advantages, MSA has
the potential to become a leading technology for DAC, contributing significantly to global
efforts in mitigating climate change and achieving a sustainable future.

4. Emerging DAC Technologies

While solid sorbents and moisture swing adsorption represent significant advance-
ments in DAC technology, the pursuit of even more efficient and cost-effective CO, removal
methods continues. This chapter explores emerging DAC technologies, such as Electro
Swing Adsorption (ESA), Passive DAC, carbon dioxide-binding organic liquids (CO, BOLs),
and bio-inspired approaches, that hold promise for further improving the efficiency and
economic viability of capturing CO; from the atmosphere. To provide a holistic perspective,
Table 2 provides a comparative analysis of the various DAC technologies, highlighting
their primary mechanisms, advantages, limitations, energy consumption, scalability, and
environmental considerations, directly addressing the commercial prospects and trade-offs
involved in selecting a DAC technology. It is important to note that while these technolo-
gies may not always exclusively rely on nanomaterials, many integrate nanostructured
components or leverage principles of nanoscale engineering to significantly enhance their
efficiency, selectivity, and overall performance, thereby linking them to the central theme of
this review.

4.1. Electro Swing Adsorption (ESA)

Electro swing adsorption (ESA) is an emerging DAC technology that leverages elec-
trochemistry for CO, capture and release [38]. ESA systems utilize a solid electrode with
high CO; affinity as the sorbent material. Applying a negative charge to the electrode
attracts and adsorbs CO, from the air, while a positive charge releases the captured CO, for
collection and concentration. This approach offers several advantages. ESA can potentially
operate with lower energy consumption than traditional temperature or pressure swing
adsorption (TSA/PSA) processes, as it avoids the need for high temperatures or pressures
during regeneration. MIT researchers demonstrated a ‘faradaic electro-swing’ that achieved
>90% efficiency using only 40-90 k] per mole of CO,, which is roughly 0.9-2.0 GJ per ton,
representing up to a 10-fold reduction in energy compared to conventional methods. Other
electrochemical systems have shown energy consumption as low as 63 k] /mol CO,. These
systems often utilize nanostructured electrode materials, such as porous carbons, metal ox-
ides, and conductive polymers, to maximize surface area for CO; interaction and optimize
electrochemical activity [64,123]. The inherent fast kinetics of electrochemical processes
facilitate rapid CO, adsorption and desorption, potentially enhancing overall DAC system
efficiency. Additionally, the electrode’s CO, selectivity can be tuned by modifying its
surface chemistry or applied electrochemical potential. Many of the advanced electrode
materials being developed for ESA are nanostructured, including porous carbons, metal
oxides, and conductive polymers, designed to maximize surface area for CO; interaction
and optimize electrochemical activity. Several companies are actively developing ESA-DAC
systems. Verdox is focused on a novel electrochemical cell with a proprietary electrode
material, aiming for low energy consumption and high CO; capture capacity [124]. Carbon
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Atlantics is pursuing a different electrochemical cell design, prioritizing scalability and
cost-effectiveness. These efforts highlight the growing interest in ESA as a potentially trans-
formative DAC technology [125]. ESA modules with bipolar electrodes have demonstrated
scalability without reducing adsorptive performance, and with improvement in energetic
performance, making them attractive for gigaton-scale carbon capture.

4.2. Passive DAC

Passive DAC is another innovative approach that accelerates the natural carbon min-
eralization process, leveraging the reaction between calcium hydroxide and atmospheric
CO;, to form limestone (calcium carbonate) [112]. In a typical passive DAC system, calcium
hydroxide is typically exposed to the atmosphere in a controlled environment, passively
absorbing CO, from the air. The resulting calcium carbonate can be processed to release the
captured CO, and regenerate the calcium hydroxide for subsequent cycles. This technology
offers potential advantages in terms of energy efficiency and cost-effectiveness, as it relies
on a spontaneous chemical reaction rather than energy-intensive processes [126]. While
the term “passive’ implies minimal energy input, the efficiency of passive DAC systems
can be significantly improved by utilizing calcium hydroxide or other reactive materials
in high surface area, often nanostructured, forms to maximize the contact area with atmo-
spheric CO; and accelerate the carbonation kinetics. This approach fundamentally aims
for near-zero operational power consumption for the capture step itself, similar to passive
DAC cables that consume no power and reduce heat. While fundamentally a chemical
reaction, the efficiency of passive DAC systems can be significantly improved by utilizing
calcium hydroxide or other reactive materials in high surface area, often nanostructured,
forms to maximize the contact area with atmospheric CO, and accelerate the carbonation
kinetics. Passive DAC systems has recently gained the attention of several companies.
Carbon Collect, for instance, is focused on a contactor-based system with an emphasis on
modularity and scalability [64]. Heirloom Carbon Technologies is developing a system
that utilizes renewably powered kilns to accelerate the carbonation of calcium hydroxide,
aiming to combine low energy consumption with cost-effectiveness [126]. These develop-
ments underscore the growing interest in passive DAC as a potentially sustainable and
scalable approach to CO, removal. However, the scalability of such systems for gigatonne
CO;, removal requires substantial investment and infrastructure development for material
production and handling. While the capture step is passive, the regeneration of calcium
hydroxide typically involves high-temperature calcination (e.g., 900 °C), which is energy-
intensive and constitutes a significant challenge for achieving net-negative emissions if
powered by fossil fuels [127].

4.3. CO, BOLs

Carbon dioxide-binding organic liquids (CO, BOLs) represent a novel approach to
the efficiency of DAC by lowering the enthalpy of sorbent regeneration. CO, BOLs chemi-
cally bind and release CO, more energetically and efficiently than aqueous alkanolamine
systems. They have high CO, capacities (19% by weight, 147 g CO, /L) compared to 30%
monoethanolamine solution in water (7% by weight, 108 g CO, /L) because they are liquid
with or without CO, and do not require any added solvent such as water. The specific
heats of organic CO, BOLs are over 50% lower than water, resulting in a 50% reduction in
energy to strip out CO, compared to aqueous alkanolamine solutions [80]. These liquids
are designed to selectively bind with CO, molecules, forming stable complexes that can be
easily separated and regenerated as presented in Figure 5. Typically, CO, BOLs comprise
a mixture of an alcohol and a strong organic base, such as 1,8-Diazabicyclo[5.4.0]Jundec-
7-ene (DBU) or 1,1,3,3-Tetramethylguanidine (TMG), coupled with alcohols like hexanol
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or propanol, which upon CO, uptake form liquid amidinium or guanidinium alkylcar-
bonate salts [80]. Some CO, BOLs also exist as single-component systems, where the
alcohol and basic moieties are combined in one molecule, such as alkanolguanidines and
alkanolamidines [128]. A key strategy for deploying CO, BOLs in DAC involves immobi-
lizing them with porous support, often nanostructured materials like mesoporous silica
of MOFs [23]. This creates solid-supported CO, BOLs, combining the high CO, capture
capacity of liquid sorbents with the ease of handling and regeneration associated with solid
sorbents and leveraging the high surface area of the nanomaterial support. However, a
significant challenge for CO, BOLs, particularly for large-scale deployment, is managing
the sharp increase in viscosity after saturated absorption, which can lead to equipment
scaling and pipe blockage. While adding glycols can mitigate this, maintaining long-term
stability and preventing volatile component loss remains a concern. Ongoing research
is dedicated to developing and optimizing CO, BOLs for DAC applications. The Pacific
Northwest National Laboratory (PNNL) is focused on lowering the energy requirements
for sorbent regeneration, aiming to improve the economic viability of DAC technolo-
gies [129]. Researchers at the UNCAGE-ME Energy Frontier Research Center are exploring
the use of CO, BOLs in porous liquids for DAC, with a focus on understanding their
fundamental properties and optimizing their performance for CO, capture [129]. These
research initiatives highlight the potential of CO, BOLs to contribute to the advancement
of DAC technologies.

CO,-Binding Organic Liquids

CO,-enriched
sorbent

CO, desorption

Figure 5. Schematic of mechanisms of carbon dioxide-binding organic liquids (CO, BOLs).
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4.4. Comparative Analysis of Direct Air Capture Techniques

The diverse array of DAC technologies, each with distinct Technology Readiness
Levels (TRLs), energy requirements (thermal vs. electrical), and operational characteristics,
underscores a fundamental truth: a portfolio approach is essential for gigaton-scale DAC
deployment. There is no single “best” DAC solution universally applicable to all scenarios.
The optimal choice for deployment is highly dependent on a complex interplay of regional
factors, including the availability of low-cost, low-carbon energy (whether thermal or
electrical), access to water resources, the presence of suitable geological storage sites, and
specific local climate conditions (e.g., prevailing humidity and temperature) [49,130,131].
For example, while solid sorbent DAC is currently at a higher TRL (7-9) compared to liquid
DAC (4-6) and electrochemical methods (1-4), liquid DAC requires very high regeneration
temperatures (300-900 °C), while solid DAC operates at more moderate temperatures
(80-120 °C) and can potentially leverage waste heat [132]. Electro Swing Adsorption aims
to reduce thermal energy by relying on electrical energy, and Moisture Swing Adsorption
leverages ambient humidity for regeneration. The source of energy for a DAC plant
significantly impacts its net climate benefit; for instance, using nuclear energy for a solid
sorbent DAC plant results in nearly four times lower lifecycle emissions than using natural
gas with recapture for a liquid sorbent plant. This implies that merely showcasing a
nanomaterial’s high CO, uptake capacity is insufficient; the discussion must extend to how
these materials integrate into larger DAC systems and how their specific properties can be
leveraged within a broader energy and economic framework to achieve cost reduction [64].
Material science innovations are a necessary but not sufficient condition for cost-effective
DAC; parallel advancements in systems engineering and supportive policy are equally
vital. Therefore, to achieve the necessary gigaton-scale CO; removal, a diverse portfolio
of DAC technologies will likely be indispensable. This necessitates sustained support for
research and development across various approaches to ensure flexibility and resilience in
addressing the multifaceted challenges of global DAC deployment.
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Table 2. Comparative analysis of direct air-capture technologies.
. . . Technology - .
DAC . . R Typical Regeneration Typical Cost . Scalability Water Usage(tons Environmental
Technology Primary Mechanism Key Advantages Key Limitations Energy (GJ/tCO>) (USD/tCO,) Readg&;.{sE)Level Potential H,O/ton CO,) Considerations
. Moderate regeneration o . L
. AdSOI’.ptIOII temp (80-120 °C), waste Slov\'zgr km?tlcs’ water Thermal: 2-6 [133]; 100-590 (NOAK) [65]; 7-9 (Commercial High, scales Net GHG reduction:
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5. Challenges and Perspectives of DAC

Despite the significant potential of DAC technologies, particularly those employing
advanced nanomaterials, several formidable challenges need to be addressed for their
widespread deployment and large-scale implementation [140]. It is crucial to understand
that there is no single ‘best’ material universally applicable for DAC; the optimal choice
depends on specific deployment conditions, energy availability, and economic models.
High CO, uptake performance alone does not automatically translate to commercial viabil-
ity. Commercial viability for DAC involves a complex interplay of high CO, uptake, low
regeneration energy, cost-effective and scalable synthesis, robust long-term stability, and
water resistance. No single material excels in all aspects, necessitating a holistic techno-
economic assessment rather than focusing solely on CO, uptake. The DAC challenges
are often exacerbated by the unique properties and requirements of nanomaterials in the
demanding DAC environment:

e  High cost: DAC remains a relatively expensive technology compared to other carbon
capture methods. The cost of capturing CO; from the air is significantly higher than
capturing it from point sources due to the low concentration of CO, in the atmo-
sphere [141]. Recent modeling studies assume DAC costs as low as USD 100 to USD
200 per ton of CO, removed, but evidence suggests far higher costs. Currently, DAC
and mineralization costs range from ** USD 300 to USD 500 per tonne of CO,, and can
be as high as USD 1000 in older technologies **. The industry often targets bringing
costs down to ** USD 100/tonne of CO, ** for widespread adoption, though current
demonstrated costs are closer to ** USD 1000/tonne of CO, **. First-of-a-kind (FOAK)
DACCS projects (DAC coupled with storage) are likely to range from ~USD 400 to
USD 700/net-tCO; using global average solar photovoltaics (PV) costs, or ~USD 350
to USD 550/net-tCO, with lowest-cost renewables. Significant cost reductions could
potentially lead to ~USD 194-USD 230/net-tCO; for 1 MtCO, /year scale for nth-of-
a-kind (NOAK) DACCS plants. For nanomaterials, this cost is often driven by the
complex synthesis procedures, high-purity precursors, and energy-intensive fabrica-
tion processes required to achieve desired structural and chemical properties. The
sorbent material itself can account for as much as 80% of all DAC costs [75]. For in-
stance, the multi-step synthesis of many MOFs and COFs contributes significantly
to their high capital cost per ton of CO; removed, making them generally more ex-
pensive than simpler carbon-based or polymer sorbents. While some materials like
zeolites and LDHs offer lower production costs, achieving the necessary DAC-specific
performance often requires costly functionalization or post-synthetic modification,
further impacting the overall economic viability of these nanomaterial-based systems.

e  Energy consumption: Some DAC technologies, particularly those based on liquid
sorbents, require high energy input for sorbent regeneration. This can offset the en-
vironmental benefits of CO, removal if the energy is sourced from fossil fuels [142].
Most proposed processes require an equivalent of at least 1.2 megawatt-hours of
electricity for each tonne of CO, removed. Current DAC systems are more specifically
reported to consume 1500-2400 kWh per ton of CO,. For comparison, the theoretical
minimum energy consumption for DAC is 0.5-0.76 GJ per ton of CO; (or approxi-
mately 140-210 kWh per ton of CO5), highlighting the significant gap between current
practice and theoretical limits. Most proposed processes require an equivalent of at
least 1.2 megawatt-hours of electricity for each tonne of CO, removed. Overall, the
work equivalent regeneration energy demand for solid sorbent DAC systems ranges
from 0.5 to 18.75 GJ /t-CO,, and for liquid solvent DAC systems, it ranges from 0.62
to 17.28 GJ /t-CO,. Energy costs can constitute as much as 50% of long-term liquid
DACCS costs. For solid sorbents, regeneration temperatures are typically 80-120 °C,
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while liquid sorbents require much higher temperatures (300-900 °C) for CO, release.
Continuous fan operation and sorbent regeneration are major contributors, consuming
nearly 2000-3000 kWh per ton of CO, captured. For comparison, the theoretical mini-
mum energy consumption for DAC is 0.5-0.76 GJ per ton of CO, (or approximately
140-210 kWh per ton of COy), highlighting the significant gap between current practice
and theoretical limits. Energy costs can constitute as much as 50% of long-term liquid
DACCS costs. While solid sorbents generally require lower regeneration temperatures
than liquid systems, the energy demand can still be substantial. Figure 6a provides a
quick overview about the “Regeneration Energy (GJ/Cost)” against “Capture Cost
(/Tco,)” and “CO, Uptake (mmol/g)” for the various classes of DAC sorbents treated
in the review. For chemisorbents (e.g., amine-functionalized MOFs, polymers, or
zeolites), the strong binding with CO, necessitates higher energy input for desorp-
tion, often requiring thermal swing adsorption (TSA). This strong interaction, while
beneficial for capture efficiency, directly translates to a higher energy penalty during
regeneration. In contrast, physisorbents (like many pristine carbons or MOFs) might
require lower regeneration temperatures due to weaker CO, interactions, but often
suffer from lower CO, capacities under dilute conditions. This means larger volumes
of air must be processed and more sorbent cycled, indirectly increasing overall energy
consumption for a given amount of captured CO,. Emerging technologies like Electro
Swing Adsorption (ESA) aim to reduce thermal energy requirements, but still rely on
electrical energy, and their electrode materials often involve complex nanomaterial
designs that require careful optimization for energy efficiency.
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Figure 6. Regeneration energy vs. (a) capture cost and (b) CO, uptake for various classes of DAC sorbents.

Water sensitivity: The presence of water vapor in ambient air (typically 50-90% RH)
poses a critical challenge for many nanomaterials. Between 1 and 50 tons of water
are consumed per ton of CO; captured in almost all DAC approaches. Many highly
porous nanomaterials, such as pristine MOFs and zeolites, are inherently hydrophilic,
leading to competitive adsorption of water over CO,. This significantly reduces CO,
capture efficiency and increases regeneration energy as co-adsorbed water must also
be desorbed. For instance, CO, recovery and productivity for zeolites can drop by
30% in the presence of water. Developing water-resistant sorbents or efficient dehu-
midification systems is crucial for improving the performance of DAC systems [88].
Many highly porous nanomaterials, such as pristine MOFs and zeolites, are inherently
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hydrophilic, leading to competitive adsorption of water over CO,. This significantly
reduces CO, capture efficiency and increases regeneration energy as co-adsorbed
water must also be desorbed [143]. Developing water-resistant sorbents or efficient de-
humidification systems is crucial for improving the performance of DAC systems [144].
For instance, amine functionalization can improve CO; selectivity in humid conditions
for some materials (e.g., amine-modified polymers, MOFs), but the long-term stability
of these functional groups in the presence of moisture and oxygen remains a concern
for sorbent degradation, particularly for organic components. However, some amine-
impregnated LDHs and polymers have demonstrated impressive CO, uptake under
humid conditions, with water even enhancing CO, adsorption for certain MOFs up to
an optimum humidity. This suggests a more complex, nuanced interaction where wa-
ter can be both a challenge and, in some cases, a facilitator for CO, capture, depending
on the sorbent chemistry and operating conditions [76,145]. Developing nanoma-
terials with robust hydrophobic surfaces or selective water exclusion mechanisms
is paramount.

Scalability: Scaling up DAC technologies to capture gigatonnes of CO; from the atmo-
sphere requires substantial investment and infrastructure development [146]. Recent
modeling studies project DAC deployment on the scale of 5 to 40 gigatonnes of CO,
removed per year, but the likelihood of deploying DAC at the gigatonne scale is highly
uncertain. To capture 1% of annual global CO, emissions, one incumbent technology
would require ~20% of the global silica and ethanolamine markets. Furthermore,
~25% of global energy supplies by 2100 could be required for gigaton-scale DAC. The
transition from laboratory-scale synthesis to industrial-scale production often presents
significant challenges related to consistency, reproducibility, and cost-effectiveness,
especially for complex, highly ordered materials like MOFs and COFs. In the case
of nanomaterials, the transition from laboratory-scale synthesis to industrial-scale
production often presents significant challenges related to consistency, reproducibil-
ity, and cost-effectiveness. While materials like porous carbons and some polymers
are more readily scalable due to established manufacturing processes, the complex,
multi-step synthesis of highly ordered materials like MOFs and COFs, or the precise
functionalization of others, can be difficult to achieve at the required volumes without
compromising performance or drastically increasing costs [146]. Furthermore, engi-
neering contactor designs that efficiently utilize the high surface area of nanomaterials
while minimizing pressure drop and material attrition at large scales is a critical area
of ongoing research. While solid DACCS costs scale more linearly with size and are
likely to be the more cost-effective option for smaller plants (<100 ktCO, /year), liquid
systems are significantly more cost-effective at large scales due to economies of scale.
Electrochemical DAC systems, such as ESA, have demonstrated that their modules
can be scaled without reducing adsorptive performance, with improved energetic
performance [130].

Sorbent degradation: The long-term stability of sorbent materials under repeated
adsorption—desorption cycles, fluctuating temperatures, and the presence of at-
mospheric contaminants (like oxygen and trace pollutants) is crucial. Amine-
functionalized polymers and MOFs can be susceptible to oxidative degradation, amine
leaching, or structural collapse, respectively, leading to a reduction in CO; capture
capacity and lifespan. This degradation necessitates frequent sorbent replacement,
increasing operational costs and environmental footprint. Inorganic sorbents like
zeolites and LDHs generally offer higher thermal stability but may still face issues
with hydration/dehydration cycles, or poisoning by other atmospheric components
over extended operation. Research indicates that when sorbent degradation is in-
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cluded in models, there is a non-linear relationship between CO; captured and sorbent
lifetime as the sorbent’s capacity decreases each cycle. This implies a continuous,
rather than sudden, drop in performance. Such degradation necessitates frequent
sorbent replacement, increasing operational costs and environmental footprint, and
can also lead to an increase in the energy carbon footprint over prolonged use due
to reduced efficiency. For economic viability, a typical sorbent must survive tens,
if not hundreds, of thousands of loading and unloading cycles [147]. Ensuring the
robustness of nanomaterial structures and functional groups under real-world DAC
conditions is a key research priority.

Uncertainty in carbon prices: The long-term value of carbon credits for DAC is un-
certain, adding risk to the economic viability of DAC projects, irrespective of the
material used. This economic uncertainty can deter investment in the development
and deployment of novel nanomaterial-based DAC systems.

Overcoming these challenges requires continued research and development in various

areas, including in the following areas:

Developing new sorbent materials: Researchers are actively exploring new materials
with higher CO, capture capacity, selectivity, and stability, as well as lower energy
requirements for regeneration. This involves designing nanomaterials with enhanced
hydrophobicity to resist water interference, more robust frameworks to withstand
repeated cycling, and tailored surface chemistries for stronger yet reversible CO,
binding at ambient concentrations [148]. Future directions include exploring novel hy-
brid nanomaterials that combine the strengths of different classes (e.g., MOF-polymer
composites, carbon-supported ionic liquids) to overcome individual limitations.
Optimizing DAC processes: Improving the efficiency of DAC processes, such as air
contactor design and sorbent regeneration methods, can reduce energy consumption
and costs [9]. This includes developing novel contactor designs that maximize in-
teraction with nanomaterials while minimizing pressure drop and ensuring efficient
mass transfer, as well as exploring alternative regeneration methods like electro-swing
or moisture-swing adsorption that are particularly well-suited for certain nanomate-
rial properties.

Integrating DAC with other technologies: Combining DAC with other carbon capture
and utilization technologies, such as CO, conversion to valuable products, can en-
hance the economic viability of DAC [18]. CO; utilization technologies aim to convert
captured CO, into valuable products or directly use it as a chemical feedstock in
various industries, including chemicals and fuels, building materials, enhanced oil
recovery (EOR), and bio-products. While EOR remains dominant in terms of scala-
bility, maturity, and economic benefits, photocatalytic and electrochemical reduction
of CO; along with bio-fixation are gaining attention for their energy intensity and
environmental benefits. However, most promising CO, utilization techniques are
either technologically immature or limited in scale to deploy globally, and the high
cost of CO,-based production and the low value of the CO, market remain significant
barriers [149]. Nanomaterials can play a dual role here, not only capturing CO, but
also potentially acting as catalysts for its conversion into valuable chemicals or fuels.
Policy support: Government policies and incentives can play a crucial role in acceler-
ating the development and deployment of DAC technologies [1]. Targeted policies
that support fundamental research into nanomaterials for DAC, as well as incentives
for pilot-scale demonstrations and commercialization, are essential.

Public perception: Building public trust and acceptance of DAC technologies is crucial
for their widespread deployment. Clear communication of the benefits and risks of
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DAC, as well as engagement with stakeholders, is essential, including transparent
discussions about the lifecycle impacts of nanomaterial production and disposal.

By addressing these challenges and capitalizing on the opportunities, DAC can become
a viable and scalable solution for removing CO, from the atmosphere and contributing to a
sustainable future. Continued innovation in nanomaterial science will be a cornerstone in
realizing the full potential of DAC.

CO, Utilization Pathways

Nanomaterials, beyond their primary role in CO; capture, are increasingly recognized
for their potential to act as catalysts in various CO; utilization pathways, facilitating the
conversion of captured CO; into valuable chemicals and fuels. CO; utilization technologies
aim to convert captured CO, into valuable products or directly use it as a chemical feedstock
in various industries, including chemicals and fuels, building materials, enhanced oil
recovery (EOR), and bio-products. While EOR remains dominant in terms of scalability,
maturity, and economic benefits, photocatalytic and electrochemical reduction of CO, along
with bio-fixation are gaining attention for their energy intensity and environmental benefits.
However, most promising CO; utilization techniques are either technologically immature
or limited in scale to deploy globally, and the high cost of CO;-based production and the
low value of the CO, market remain significant barriers [135,149].

While the integration of Direct Air Capture (DAC) with CO, utilization pathways
is proposed as a means to enhance economic viability, a significant maturity mismatch
currently exists. Most promising CO, utilization techniques, such as photocatalytic and
electrochemical reduction or bio-fixation, are either technologically immature or limited
in scale for global deployment. This immaturity means they are not yet ready for large-
scale integration with DAC. Furthermore, the high cost associated with capturing and
concentrating CO, via DAC often renders CO;-derived products uncompetitive with
conventionally produced alternatives, thereby limiting market demand and the overall
value of captured CO,. To fully realize the economic benefits of DAC, simultaneous and
aggressive investment is needed in both DAC technology and the maturation of CO,
utilization pathways. Policy interventions, such as robust carbon pricing mechanisms
and targeted subsidies for green technologies, are crucial to bridge this economic gap
and stimulate market demand for CO,-derived products, fostering a more robust circular
carbon economy.

6. Real Market and Practical Application of DAC

The global market for Direct Air Capture (DAC) is experiencing significant growth,
driven by the pressing need to achieve net-zero emissions and combat climate change.
The market for DAC devices was valued at USD 25.9 million in 2024 and is anticipated to
reach USD 1340 million by 2031, witnessing a compound annual growth rate (CAGR) of
76.8%. Broader market estimates for Direct Air Capture technology indicate a valuation
of USD 93.1 million in 2024, projected to reach USD 2046.3 million by 2034, at a CAGR of
40.4% [150]. Another projection estimates the global DAC market size at USD 74.59 million
in 2023, expected to reach USD 8936.42 million by 2033, growing at a CAGR of around
61.38%. This accelerated market momentum over the past five years is attributed to
pilot projects transitioning into demonstration-scale facilities, meaningful declines in cost
trajectories, and the crystallization of strategic partnerships [151].

Key driving factors for this market expansion include ambitious carbon removal
mandates from governments and corporate net-zero commitments, which are catalyzing
offtake agreements and integrating capture capacity into broader climate strategies. ! Public—
private partnerships are becoming increasingly prominent, with regulatory frameworks
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adapting to support infrastructure development and provide revenue-stabilizing incentives
such as carbon credits and tax credits. The emergence of carbon removal marketplaces
has also created transparent valuation mechanisms, enabling project developers to secure
long-term financing. Furthermore, continuous development and research are making
DAC technology more cost-effective and efficient, with advances in sorbent materials and
system design lowering energy intensity and making operations more sustainable and
scalable [151].

DAC technology finds applications across various end-user industries. The energy
industry is anticipated to dominate the market share, utilizing DAC to capture CO, emis-
sions from power plants and other facilities. In transportation, DAC can be used to produce
sustainable synthetic fuels or capture emissions from sources like ships and airplanes.
The industrial sector can use captured CO; as a feedstock for manufacturing chemicals,
materials, and other goods, thereby lowering their overall carbon footprint. In agriculture,
DAC systems offer a consistent supply of CO, for greenhouse operations, enhancing crop
growth and production. Other applications include construction, waste management, and
R&D endeavors focused on carbon sequestration and utilization.

Leading companies and startups are actively developing and deploying DAC so-
lutions. Climeworks AG, a Swiss company, debuted the world’s first commercial DAC
machine in Switzerland and has 13 other commercial plants across Europe, capturing CO,
for geological storage or use in food, beverages, greenhouses, and renewable fuels. Carbon-
Capture Inc. (Los Angeles, CA, USA) develops modular DAC machines, while Heirloom
Carbon Technologies (Brisbane, CA, USA) focuses on accelerating calcium hydroxide car-
bonation using renewably powered kilns. Other notable players include Verdox (Woburn,
MA, USA), with electrochemical cells; Carbon Atlantics (Dartmouth, Nova Scotia, Canada),
prioritizing scalability; Noya (Oakland, CA, USA), developing cost-effective approaches
using abundant materials; South Ocean Air (Houston, TX, USA), utilizing cellulose-based
sorbents; Aerbon (Brannkyrkagatan, Stockholm, Sweden), with solid sorbents and waste
heat; Yama (Paris, France), building modular systems with hybrid electrochemical and
low-heat processes; and Fortyfour (Zurich, Switzerland), providing electric DAC systems
for greenhouses.

Despite this global momentum, the adaptability of DAC for developing countries with
limited resources faces significant challenges [149]. The high cost of DAC technology is
a primary restriction, with current costs being two to six times higher than desired for
widespread deployment. Capital and energy costs constitute about 95% of the total DAC
technology cost. For many developing nations, the substantial upfront investment and
the energy-intensive nature of DAC processes pose considerable hurdles, especially if
relying on fossil fuels for energy, which would negate environmental benefits. Furthermore,
the required infrastructure for large-scale DAC deployment, including capture facilities,
CO, transport networks, and geological storage sites, demands massive build-out and
significant investment, which can be challenging in regions with limited resources. The
perceived and real uncertainties surrounding the business cases and economies of scale for
commercial operations constrain large private financing flows, making DAC projects risky
investments for many. Critics also express concern that DAC development is closely tied to
oil and gas interests, potentially distracting from crucial emissions reductions and creating
a “predatory delay” in the transition away from fossil fuels.

However, opportunities exist to enhance DAC adoption in developing countries [131].
The technology can be taken over by businesses once profits are apparent, suggesting a
need for mechanisms to de-risk early-stage investments. Governments and multilateral
agencies must provide financial support to demonstrate reliable performance and gain
broader acceptance, potentially through dedicated “DAC funds” that blend public and
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private capital. The cost of DAC and storage is expected to fall to between USD 100 and
600/t-CO; by 2050 through learning-by-doing rules and mass manufacturing of modular
units. Creating market mechanisms and policy interventions to develop demand for
Carbon Removal as a Service (CRaaS) and a vibrant carbon market backed by prudent
climate action policies can shape DAC technology and drive private capital flows. The
adaptability of DAC in resource-limited developing countries is not inherent but rather
contingent on significant external support, strategic policy design, and the maturation of
the technology to achieve substantial cost reductions and integrate with local renewable
energy sources and utilization pathways. This highlights that while DAC is location-
flexible in principle, its practical implementation is deeply intertwined with economic and
infrastructural development.

7. Comparison with Other Carbon Removal and Capture Approaches

DAC is designed to actively take CO; out of the atmosphere and lock it away perma-
nently. This distinguishes it from emissions reduction solutions, which focus on cutting
future emissions, and point-source carbon capture technologies, which stop new CO,
emissions from being released from an industrial source. Understanding these distinctions
is crucial for positioning DAC within the broader climate change mitigation portfolio [152].
As mentioned above, DAC offers several unique advantages. It is location-flexible, mean-
ing it can be built almost anywhere with access to clean energy and CO, storage or reuse
options, decoupling carbon removal from emission origins. The technology is scalable, with
commercial plants already demonstrating the potential to remove millions of tonnes of CO,
from the atmosphere. DAC produces high-purity CO, output, making it ideal for various
utilization pathways. It also requires a minimal land footprint compared to nature-based
solutions, leading to less disruption to ecosystems. DAC systems are designed to run using
renewable electricity, supporting the clean energy transition, and can operate as a continu-
ous process around the clock. However, DAC is currently more expensive than some other
carbon removal technologies, and its widespread adoption is reliant on stable, long-term
policy support backed by regulation to unlock larger-scale project financing [133].

Point-source carbon capture, often referred to as Carbon Capture and Storage (CCS) or
Carbon Capture, Utilization, and Storage (CCUS), is another approach to mitigate climate
change, which involves capturing CO, directly from large industrial emitters before it enters
the atmosphere. Almost 50% of greenhouse gas emissions in the United States come directly
from energy production or industry, making these large “point sources” prime targets for
CCS. The primary advantage of CCS is its ability to capture highly concentrated CO; from
flue gases, such as those from power plants, cement production, and steel manufacturing.
This high concentration makes the capture process less energy-intensive compared to
DAC, where CO; is extremely dilute. CCS can abate both process emissions (inherent to
chemical reactions) and thermal emissions (from fuel combustion) [153]. Despite these
advantages, CCS faces significant disadvantages. Implementing CCS technology in existing
industrial and power plants increases the cost of the final product, often requiring subsidies.
Critics argue that CCS creates a “moral hazard” by allowing carbon-intensive industries,
particularly fossil fuel operations, to continue operating rather than transitioning to cleaner
alternatives [154]. Almost all existing CCS projects are tied to “enhanced oil recovery”
(EOR), where captured CO; is injected into depleted oil wells to boost oil production, which
ultimately leads to more CO; emissions when the extracted oil is burned. The buildout
of CCS infrastructure, including massive pipeline networks and underground injection
sites, presents serious health, safety, and environmental risks, such as potential CO, leaks,
contamination of drinking water, and stimulation of seismic activity. Furthermore, CCS
typically only captures a fraction of carbon emissions and does not address other harmful
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pollutants from fuel combustion. The IPCC’s Sixth Assessment Report indicates that there
are no scenarios in which CCUS would allow continued use of fossil fuels at current levels,
emphasizing that it is a complementary tool for hard-to-abate sectors, not a license to
perpetuate fossil fuel use.

Bioenergy with Carbon Capture and Storage (BECCS) combines the production of
energy from biomass with the capture and storage of the CO, emissions produced during
the process [155]. In theory, biomass removes CO, from the atmosphere as it grows,
and capturing the CO; released during energy conversion could result in “net negative
emissions”. This makes BECCS a potentially crucial technology for offsetting emissions
from sectors difficult to decarbonize. However, BECCS faces considerable challenges,
particularly regarding scalability and environmental impacts. Scaling up BECCS could
require vast land areas, potentially leading to land-use conflicts, biodiversity loss, and
even increased net emissions in the short-to-medium term if not managed sustainably
(e.g., through clear-cutting forests). Studies suggest that after 20 years of operation, the
uncaptured emissions from BECCS could be nearly equal to that of a coal plant, as it takes
decades for replanted seedlings to absorb enough CO, to make the total lifecycle emissions
negative. Supply chain challenges, ensuring sustainable biomass sourcing, and difficulties
in measurement and verification also pose hurdles [152].

Afforestation (planting new forests) and reforestation (replanting existing forests) are
natural climate solutions that reinforce terrestrial carbon sinks. These methods are relatively
cost-effective and contribute to maintaining the water cycle, preventing soil erosion and
creating animal habitats [156]. Trees absorb CO; as they grow, storing it in their roots,
trunks, and soil, making it one of the best natural ways to reduce greenhouse gases. Despite
their benefits, afforestation and reforestation efforts often lack permanence due to risks from
droughts, wildfires, tree diseases, and deforestation. While trees absorb carbon immedjiately,
it can take decades for them to absorb significant amounts of CO; (e.g., 1040 kg per year
per tree). This means they do not reduce carbon emissions immediately at the scale and
speed required for today’s emissions. Furthermore, planting non-native trees or afforesting
in inappropriate biomes (e.g., grasslands) can negatively impact previously established
ecosystems and reduce biodiversity. These methods can also be harder to measure, verify,
and manage over time compared to technological solutions.

Finally, Industrial decarbonization encompasses a wide array of strategies beyond
direct carbon capture [157]. The International Energy Agency (IEA) notes that industrial
emissions must decrease by 43% by 2030 (compared to 2019) to meet 2050 net-zero tar-
gets. Key strategies include the following: (i) energy efficiency: improving energy use
across various industrial processes; (ii) heat electrification: shifting industrial heating pro-
cesses from fossil fuels to electricity, particularly from renewable sources; (iii) green fuels:
transitioning to emission-free fuels like green hydrogen (produced via electrolysis with
renewable electricity) as a fossil fuel replacement; (iv) recycling: increasing recycling rates,
especially in steel, aluminum, and plastics industries, to reduce demand for raw materials
and associated emissions; (v) process optimization and material substitution: redesigning
industrial processes to inherently reduce emissions and using lower-carbon materials.

In this broader context, CCS and DAC are viewed as complementary tools rather
than standalone solutions. They are particularly relevant for “hard-to-abate” sectors where
eliminating fossil fuel use or other emissions is not yet technically or economically feasible.
The IPCC’s scenarios emphasize that while carbon capture technologies can contribute
to emissions reduction, they do not allow for the continued use of fossil fuels at current
levels. The optimal strategy for climate change mitigation involves a diverse portfolio of
approaches, combining aggressive emissions reductions across all sectors with various
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carbon removal methods, each tailored to specific contexts and leveraging their respective
advantages while mitigating their limitations.

8. Environmentally Friendly Handling of Spent Nanomaterials

The long-term stability of sorbent materials under repeated adsorption—desorption
cycles, fluctuating temperatures, and the presence of atmospheric contaminants is crucial
for the economic viability and environmental footprint of DAC. Sorbent degradation, such
as oxidative degradation, amine leaching, or structural collapse in amine-functionalized
polymers and MOFs, leads to a reduction in CO; capture capacity and lifespan. This
necessitates frequent sorbent replacement, increasing operational costs and environmental
footprint. Inorganic sorbents like zeolites and LDHs generally offer higher thermal sta-
bility but may still face issues with hydration/dehydration cycles or poisoning by other
atmospheric components over extended operation.

8.1. Environmental Concerns of Nanomaterial Production and Disposal

The production and eventual disposal of nanomaterials used in DAC raise several
environmental considerations. The synthesis of many advanced nanomaterials, such as
MOFs and COFs, often involves the use of strong acids, high temperatures, and toxic
solvents. These processes, if not properly managed, can lead to the release of harmful
byproducts and volatile organic compounds (VOCs) into the atmosphere, contributing to
air pollution and potential harm to ecosystems. Furthermore, the large-scale production
of these materials necessitates significant amounts of resources, including metals and
organic ligands, whose extraction and processing can have negative environmental impacts
such as habitat destruction, water pollution, and high energy consumption [158]. Beyond
production, the degradation of sorbents during DAC operation can also pose environmental
risks. Degraded sorbents may release unwanted pollutants, and there are concerns about
hazardous chemicals contaminating water sources if waste management practices are
improper. The entire lifecycle of these materials, from raw material extraction and synthesis
to operation and end-of-life disposal, must be carefully considered to ensure the net
environmental benefit of DAC [159].

8.2. Recycling and Regeneration Strategies

Efficient regeneration is paramount for extending sorbent lifetime and reducing overall
costs and environmental impact [46]. Research efforts are focused on developing lower-
temperature regeneration methods to reduce degradation, with some coated sorbents
demonstrating regeneration at temperatures as low as 50 °C. Direct steam stripping is
emerging as a cost-effective and energy-efficient regeneration process for solid sorbents,
potentially avoiding sorbent degradation and significantly increasing regeneration rates.
For example, solid bis(iminoguanidines) (BIGs) have shown up to 99% CO; recovery
through direct steam exposure, with fully regenerated material converting into an aqueous
solution that can be easily recycled [159].

Specific recycling and regeneration considerations for different nanomaterial classes
include the following:

e  MOFs: These materials exhibit high cycling stability and low energy requirements for
regeneration. Modular DAC systems are being developed that allow for the flexible
replacement of MOF-based sorbents as new materials emerge. Furthermore, research
is exploring the upcycling of waste materials, such as polyethylene terephthalate (PET)
and heavy-metal-containing industrial wastewater, to produce magnetic MOFs, offer-
ing a sustainable solution for waste management and environmental cleanup [160].
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e  COFs: COF-999, for instance, has demonstrated exceptional stability, retaining full per-
formance over 100 adsorption—desorption cycles in open air. This inherent robustness
reduces the frequency of replacement and the associated environmental burden [48].

e  Zeolites: Zeolites are known for their regenerability and reusability, which helps
reduce their overall environmental impact. Efforts are also underway to convert
industrial by-products, such as coal fly ash, into synthetic zeolites for use in flue gas
cleaning systems, addressing both waste management and carbon capture. Life cycle
assessment (LCA) studies indicate that zeolites can have lower environmental loads
compared to carbon molecular sieves in carbon capture processes, particularly when
renewable energy is used for regeneration [161].

e  Polymer-Based Sorbents: These materials are designed for satisfactory performance
stability toward regeneration. For economic viability, polymer sorbents are targeted to
withstand approximately 100,000 adsorption—desorption cycles, necessitating robust
design to minimize degradation over time [162].

e  Porous Carbons: Research focuses on upcycling solid waste into porous carbons for
CO; capture, which offers dual environmental benefits by mitigating climate change
and addressing solid waste management challenges. Captured CO; can also be min-
eralized with enriched porous carbons for use as an additive in concrete production,
providing a viable path for permanent CO, storage in value-added products [163].

e Jonic Liquids: ILs are noted for their high chemical and thermal stability, non-
flammability, and tunable properties, making them promising “greener” alternatives
to conventional solvents. Efforts are ongoing to reduce the costs and environmental
emissions associated with IL-based capture processes through systematic selection
and heat integration [109].

8.3. Life Cycle Assessment of DAC

A comprehensive life cycle assessment (LCA) is crucial for evaluating the true envi-
ronmental performance of DACCS systems. Studies reveal substantial variability in life
cycle efficiency and environmental impacts across different DACCS configurations [135].
Solid sorbent technologies demonstrate average net greenhouse gas reductions of 640 kg
COy-eq/t CO,, while liquid sorbent systems achieve reductions of about 560 kg CO;-eq/t
CO,, with system carbon efficiencies ranging between 56% and 64% [135]. Beyond climate
impacts, DACCS systems exhibit significant resource demands, with water consumption
ranging from 1 to 12 tons per ton of CO, captured, and land use spanning 854450 km?
depending on system configuration and renewable energy requirements [152]. For gigaton-
scale facilities, significant environmental trade-offs emerge, including substantial particu-
late matter emissions (170-180 kt annually) and varying impacts on marine eutrophication
(up to 90% higher for amine-based systems compared to hydroxide-based alternatives).
Low-temperature DAC systems may exhibit higher human toxicity and ecotoxicity impacts
due to increased electricity demands, while metal resource depletion varies significantly
based on system design and energy sources. A critical finding from LCA is the importance
of selecting appropriate locations for grid-coupled system layouts, as deploying DACCS
at geographic locations with CO,-intensive grid electricity mixes can lead to net GHG
emissions instead of GHG removal [152]. This underscores that the environmental benefits
of DAC are highly dependent on the energy source used for its operation, particularly for
regeneration, and the overall resource footprint of the materials throughout their lifecycle.
Developing nanomaterials with robust hydrophobic surfaces or selective water exclusion
mechanisms and ensuring the robustness of nanomaterial structures and functional groups
under real-world DAC conditions are key research priorities to extend sorbent lifetime and
reduce the overall environmental burden.
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9. Conclusions

Direct air capture (DAC) is a critical technology in the fight against climate change,
offering a way to remove CO, directly from the atmosphere and contribute to global
decarbonization efforts. This review has provided a comprehensive overview of the state-
of-the-art materials used for DAC, exploring various classes of sorbents, including solid
sorbents like metal-organic frameworks (MOFs), covalent organic frameworks (COFs),
zeolites, amine-functionalized polymers, porous carbons, and layered double hydrox-
ides (LDHs), as well as solid-supported ionic liquids and emerging technologies such as
Moisture Swing Adsorption (MSA), Electro Swing Adsorption (ESA), Passive DAC, and
CO;-Binding Organic Liquids (CO, BOLSs).

Solid sorbents, with their high surface area, tunable pore structures, and potential for
selective CO; adsorption, have emerged as promising candidates for DAC applications,
with their nanoscale properties being fundamental to their performance. MOFs, in par-
ticular, have garnered significant attention due to their exceptional CO, capture capacity,
selectivity, and relatively low regeneration temperatures, although their high cost and
water sensitivity remain challenges. Zeolites offer high thermal and chemical stability and
cost-effectiveness, but their inherent hydrophilicity can reduce efficiency in humid con-
ditions. Amine-functionalized polymers present high CO, uptake capacity and maintain
performance under humid conditions, but their thermal stability and regeneration energy
require further optimization. Carbonaceous materials offer low cost and high stability but
struggle with low CO; selectivity in dilute air. LDHs provide low cost and energy-efficient
regeneration but have limited capacity and long-term stability concerns under fluctuating
conditions. Solid-supported ionic liquids offer tunable chemistry and negligible vapor
pressure, but high viscosity and production costs are notable limitations [164].

Moisture swing adsorption (MSA) stands out as a promising DAC technology that
leverages ambient humidity to drive CO; capture and release, offering potential for re-
duced energy consumption and cost-effectiveness compared to conventional temperature
or pressure swing adsorption processes. However, its absolute reliance on specific humidity
conditions introduces operational complexities that must be meticulously managed. Emerg-
ing DAC technologies like ESA, Passive DAC, and CO, BOLs hold significant potential for
further improving efficiency and cost-effectiveness, with many integrating nanostructured
components to enhance performance [165].

A critical aspect of this comprehensive review has been addressing the real market
for DAC and its practical applications. The global DAC market is projected for sub-
stantial growth, driven by net-zero targets, corporate commitments, and technological
advancements. DAC finds diverse applications across energy, transportation, industrial,
and agricultural sectors, with leading companies actively developing and deploying solu-
tions. However, the adaptability of DAC for developing countries with limited resources
faces significant hurdles, primarily due to high costs, energy demands, and infrastructure
limitations. Successful deployment in these regions will necessitate substantial external
investment, strategic policy frameworks, and the maturation of technologies to achieve
significant cost reductions.

The comparison with other carbon removal and capture approaches highlights that
DAC is not a singular solution but a crucial component within a broader climate mitigation
portfolio. Unlike point-source carbon capture, which addresses concentrated emissions,
DAC targets diffuse atmospheric CO; and is location-flexible. While natural solutions like
afforestation are cost-effective, they often lack permanence and are slow to act. Bioenergy
with Carbon Capture and Storage (BECCS) offers theoretical net-negative emissions but
faces significant scalability and land-use challenges. The optimal path to climate stabi-
lization requires a diverse portfolio, combining aggressive emissions reductions across
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all sectors with various carbon removal methods, each strategically deployed based on
regional factors and resource availability.

Despite the significant progress in DAC technologies, several formidable challenges
remain, including high capital costs, substantial energy demands, water sensitivity, and
scalability issues. Sorbent degradation over repeated cycles also poses a critical operational
and environmental concern. The environmentally friendly handling of spent nanomaterials
necessitates a holistic approach, considering the environmental impacts from synthesis (e.g.,
use of strong acids, toxic solvents) to operational degradation and end-of-life management.
Research is actively pursuing advanced regeneration strategies, such as lower-temperature
methods and direct steam stripping, and exploring the recycling and upcycling of spent
sorbents, including MOFs, zeolites, and porous carbons, into value-added products. Life
Cycle Assessments (LCAs) underscore the variability in environmental impact across differ-
ent DAC systems, emphasizing the critical role of energy source and resource consumption
in determining net climate benefits. Furthermore, while CO, utilization pathways can
enhance economic viability, a significant maturity mismatch currently exists between DAC
and most utilization techniques, requiring simultaneous investment and supportive policy
frameworks to bridge this gap [166].

Overcoming these challenges requires continued research and development across
multiple domains, including the design of new, more robust, and water-resistant nanoma-
terial sorbents, optimization of DAC processes, seamless integration with complementary
technologies, and supportive policy frameworks to incentivize innovation and acceler-
ate deployment. The development and deployment of DAC technologies are crucial for
achieving global climate goals. As the technology matures, DAC is poised to play an
increasingly vital role in mitigating climate change and enabling the transition to a net-zero
carbon future. By effectively addressing the extant challenges and capitalizing on emerging
opportunities, DAC can become a truly viable and scalable solution for atmospheric CO,
removal, contributing significantly to a sustainable future for generations to come.
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