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a b s t r a c t

Large-scale deployment of carbon dioxide (CO2) removal technology is an essential step to cope with

global warming and achieve carbon neutrality. Direct air capture (DAC) has recently received increasing

attention given the high flexibility to remove CO2 from discrete sources. Porous materials with adjustable

pore characteristics are promising sorbents with low or no latent heat of vaporization. This review article

has summarized the recent development of porous sorbents for DAC, with a focus of pore engineering

strategy and adsorption mechanism. Physisorbents such as zeolites, porous carbons, metal-organic frame-

works (MOFs), and amine-modified chemisorbents have been discussed and their challenges in practical

application have been analyzed. At last, future directions have been proposed, and it is expected to in-

spire collaborations from chemistry, environment, material science and engineering communities.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

In recent years, the world has faced serious environmental chal-

lenges. With the burning of fossil fuels and the continuous in-

tensification of industrial activities, the emission of CO2 in the

atmosphere is constantly increasing, which promoted the global

warming effect and extreme climate events [1–4]. Based on cur-

rent trend, it is predicted that by 2100, the concentration of CO2

in the atmosphere will reach 530–980ppm, approximately twice of

the current 410ppm level, leading to an increase of global average

temperature to 6.1 °C in 2100 [5]. Therefore, many countries have

worked on technologies to reduce carbon emission and achieve

carbon neutrality. Carbon capture, utilization technologies and se-

questration (CCUS) technology is believed to play an important role

towards this goal [6,7].

As early as 1999, Lackner proposed the concept of direct air

capture (DAC), and is now broadly defined as the direct extraction

of CO2 from ambient air, which aims to alleviate atmosphere CO2

concentration [8]. Subsequently, Chichilnisky et al. filed a patent

on direct air CO2 capture of amine-modified sorbent in 2007 [9].

Compared with CO2 capture at emission sites, the DAC site can be

planted flexibly close to the geological storage or catalytic utiliza-

tion sites (Fig. 1). Besides, it can also avoid the detrimental effect

of high concentration acidic impurities from industrial emission

source, and the life cycle of sorbents can be significantly elongated
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[10]. Therefore, DAC is considered as a promising negative emission

technology [11]. At present, global DAC factories are operating on

a small scale, and 18 DAC facilities have been built in Canada, Eu-

rope, and the United States (specific demonstration projects shown

in Table 1) [12]. Currently, the operational cost is still relatively

high, due to the low concentration of CO2 (410ppm) in the air, and

the development of advanced sorbents and engineering design is

needed towards practical application in a large scale.

Over the years, sorbents for CO2 adsorption have developed

rapidly. Porous solid sorbents with high specific surface area and

tunable pore environment have shown bright prospect as CO2 cap-

ture medium [13], as the common issues of amine solution includ-

ing equipment corrosion, solvent loss and high regeneration cost

[14] can be overcome. Based on adsorption mechanism, porous sor-

bents can be classified as physisorbents and chemisorbents, and

the porous structure promoted the adsorption processes in vari-

ous ways. For physisorbents, the weak interaction between sor-

bents and sorbates can be significantly enhanced in a porous struc-

ture through synergistic binding with multiple sites. Especially, the

emerging framework materials such as metal-organic frameworks

(MOFs), covalent-organic frameworks (COFs) with finely tunable

pore size, shape and surface functionality have enabled the deli-

cate control of host-guest interaction [15]. For chemisorbent, the

porous structure would facilitate the mass transportation and pro-

mote the adsorption kinetics.

This work summarized the recent development of solid porous

sorbents for direct air capture of CO2 including the synthetic

strategies, surface modification and performance. The performance
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Table 1

DAC plants in operation worldwide.

Company Country Sector CO2 storage or use Start-up year CO2 capture capacity

(tCO2/year)

Global thermostat United States R&D Not known 2010 500

Global thermostat United States R&D Not known 2013 1000

Climeworks Germany Customer R&D Use 2015 1

Carbon engineering Canada Power-to-X Use 2015 Up to 365

Climeworks Switzerland Power-to-X Use 2016 50

Climeworks Switzerland Greenhouse fertilisation Use 2017 900

Climeworks Iceland CO2 removal Storage 2017 50

Climeworks Switzerland Beverage carbonation Use 2018 600

Climeworks Switzerland Power-to-X Use 2018 3

Climeworks Italy Power-to-X Use 2018 150

Climeworks Germany Power-to-X Use 2019 3

Climeworks Netherlands Power-to-X Use 2019 3

Climeworks Germany Power-to-X Use 2019 3

Climeworks Germany Power-to-X Use 2019 50

Climeworks Germany Power-to-X Use 2020 50

Climeworks Germany Power-to-X Use 2020 3

Climeworks Germany Power-to-X Use 2020 3

Climeworks Iceland CO2 removal Storage 2021 4000

Fig. 1. Scheme of DAC and subsequent utilization chain.

and the technical maturity of representative porous sorbents for

DAC have been discussed, further we have analyzed their potential

for large-scale implementation in the future.

2. Physisorption materials

Physical adsorption is usually defined as a form of adsorption in

which the target adsorbate is attached to the surface of the sorbent

by hydrogen bond, vander Waals force and electrostatic attrac-

tion [16]. These sorbent-sorbate interactions are generally weak,

so the adsorption process is reversible with fast kinetics. Typical

physisorption materials include traditional porous materials such

as zeolites, mesoporous silica, carbon-based materials, as well as

emerging porous materials such as MOFs [17], porous organic poly-

mers (POPs) [18] and COFs [19].

2.1. Zeolites

The introduction of aluminum atoms in the silicate-based of

zeolite skeleton leads to the negative charge which is balanced

with cations (for example: Na+, La3+) acting as Lewis acidic sites

[20]. Due to the interaction between the Lewis acidic metal cations

and carbon dioxide, selective CO2 adsorption can be realized at

lower temperatures [21,22]. The performance of the zeolite can

be further regulated by ion exchange and other modification tech-

niques. For example, by doping iron into 13X zeolite through an

in-situ crystallization method, Hu et al. [23] obtained Fe@13X ze-

olite with faster adsorption rate and higher adsorption capacity of

0.64mmol/g compared with the parent zeolite. Later, Hong et al.

adopted the strategy of introducing a crystal growth inhibitor into

a small-pore zeolite to synthesize nanocrystalline molecular sieves

(K-CHA) and observed to exhibit a CO2 uptake of 0.7mmol/g at

298K, 400ppm [24]. In order to make zeolite more competitive

in future industrial applications, a standard method should be es-

tablished to evaluate the performance parameters of the sorbent

[25], such as adsorption-desorption kinetic analysis [26], recycla-

bility [27], and evaluation at pilot scale [28].

2.2. Mesoporous silica

Silicon-based porous materials have become one of the most

promising commercial sorbents due to their low cost and easy

accessibility of synthetic precursors. Significant efforts have been

made to control the pore structure of mesoporous silica. For exam-

ple, Chen’s team used pyrolysis to calcine hollow mesoporous silica

to obtain highly dispersed core-shell micro-nano particles, which

exhibited capture capacity of 0.75mmol/g at 0.2 bar and 298K [29].

While the much lower adsorption capacity under 400ppm pres-

sure makes it not efficient for DAC application. The low adsorption

capacity is due to its weak interaction with CO2. Taking advantage

of their high porosity, the surface modification of mesoporous sil-

ica is a more appealing strategy which will be discussed in the

section of chemisorbents.

2.3. Metal-organic framework

MOF materials have drawn great attention in recent years, for

their high surface area and tunable pore properties. The pore

size can be precisely regulated from ultra-micropore to mesopore

range, making them promising candidate for gas storage and sep-

aration [30,31]. By controlling the pore structure and the surface

functionalization, selective capture of specific gases from complex

mixtures have been realized [32,33]. Fig. 2 shows the crystal struc-

ture of some representative MOFs of diverse pore size and shape

[34].

The adsorption of CO2 by MOF is affected by pore size and sur-

face environment. In order to improve the adsorption capacity of

CO2 at low partial pressure, Shekhah et al. [17] reported SIFSIX-3-

Cu MOF constructed by pillaring a two-dimensional network with

silicon hexafluoride anions. Given the micropore size (3.5 Å) and

cooperative binding of CO2 through multiple fluoride sites, the ma-

terial uptakes significant amount of CO2 (1.24mmol/g) at 298K

and 0.4 mbar. After that, Bhatt et al. synthesized NbOFFIVE-1-

Ni through replacement of the inorganic pillar in SIFSIX-3-X with

2
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Fig. 2. Crystal structures of some representative MOFs. Reproduced with permis-

sion [34]. Copyright 2020, Wiley Publishing Group.

NbOF5
2− anion. Interestingly, NbOFFIVE-1-Ni has a higher CO2 up-

take (3.21 Å) than that of SIFSIX-3-Cu at 400ppm [35]. These mate-

rials outperformed zeolite 13X and other representative MOFs such

as UiO-66-NH2 and Mg-MOF-74 (Fig. 3) [36].

For large-scale implementation of MOFs based sorbents, com-

prehensive evaluation of its performance under practical condi-

tions including high humidity should be done [37], including long-

term structural stability, performance in complex environments,

and energy consumption during adsorbent regeneration, which

should all be considered in place. In addition, the preparation

cost and scalability of MOFs are also important factors [38]. Chal-

lenges for green synthesis in large scale also needs to be over-

come, as only a few MOF can be prepared in large-scale currently

[16,39]. Nevertheless, such emerging type of material brought great

promise for DAC applications.

2.4. Carbon-based materials

Porous carbon materials have the advantages of easy synthe-

sis, high specific surface area [40], controllable pore size [41], high

thermal stability [42], and low energy consumption for regenera-

tion [43], which make them a very promising type of CO2 capture

sorbent. Among them, activated carbon is generally derived from

biomass as a basic carbon material [44]. Balasubramanian et al.

used the waste palm kernel shell as a carbon source, and prepared

foam carbon with hierarchical pore structure by hydrothermal car-

bonization and pyrolysis for efficient selective CO2 capture (CO2/N2

selectivity of 44) (Fig. 4). The adsorption of carbon dioxide by PKS-

Lignin-P600 sample at 323K, P/P0 =0.005 was about 1.43mmol/g

[45]. However, capturing carbon dioxide under a lower pressure is

a challenging task, due to the weak physical interaction between

the non-polar surface of carbon-based dsorbents and CO2. Intro-

duction of chemical functionalities including metal sites and basic

sites on the pore surface might be a feasible approach to further

promote its CO2 adsorption.

2.5. Porous organic polymers

Compared with porous carbon-based materials, MOF and ze-

olite sorbents, porous organic polymers (POPs) are usually pre-

pared under stirring conditions which is favourable for large scale

synthesis [46]. POPs also exhibit micro porosity, high specific sur-

face area [47] and good chemical stability [48]. Their surface prop-

erty can be improved by doping/functionalization to enhance the

CO2 adsorption. In addition, POPs usually hydrophobic, being suit-

able for DAC and post combustion capture under humid conditions

[46]. For instance, Dai’s group has developed a series of conjugated

triazine framework HAT-CTFs-450/600 (hexaazatriphenylene-based

conjugated triazine frameworks) for CO2 capture under low partial

pressure (0.15bar/273K, 3.0mmol/g CO2), based on an in situ dop-

ing strategy. The superior adsorption capacity among many POPs

was attributed to the synergistic effect of its ultra-porous struc-

ture and element doping (Fig. 5) [49]. However, such performance

is still not good enough for DAC application, as the adsorption ca-

pacity for ppm level CO2 is very limited. Besides, efficient synthetic

routes with cheap monomers need to be further explored [50].

Overall, significant progress has been made for CO2 capture

with physisorbents over the past decades. However, it is still

quite challenging to gain high adsorption capacity under ultra-

low pressure (400ppm) that is relevant to DAC application, due

to the relatively weak host-guest interactions. A few recent ex-

amples of fluorinated MOFs have shown great potential to pro-

mote the CO2 uptake through efficient pore confinement and rich

electronegative sites. These sorbents exhibit a relatively high Qst

among physisorbents, while still lower than most chemisorbents

(Table 2). The future research needs to further explore the adsorp-

tion/desorption kinetics and regeneration energy cost in compari-

son with chemisorbents.

3. Chemisorption materials

Chemical adsorption occurs when a chemical bond is formed

between the sorbent and the sorbate [15]. Among various carbon

dioxide capture technologies, liquid and solid sorbents based on

alkali and alkaline earth metal oxides and hydroxides can easily

react with carbon dioxide to form carbonates due to their high

chemical binding energy [51]. Subsequently, carbon dioxide is re-

leased by heating the sorbent to a high temperature, and the heat

loss during the regeneration process is quite significant [52]. This

high regenerative energy consumption makes the operational cost

of DAC very high [53]. In recent years, the alkylalcohol ammo-

nia solution has been used at industrial operation scale [54,55].

Since 1930, primary and secondary amine aqueous solutions have

been widely used to capture CO2 from air at high partial pressure

through chemical bonding between the Lewis acidic CO2 and the

basic amino group [56,57]. However, issues including their high re-

generation energy, amine degradation, high heat capacity, and cor-

rosion of equipment are difficult to be overcome, which has hin-

dered their large-scale application [58].

In contrast, solid amine sorbents are considered to be promis-

ing alternatives for CO2 capture from the air due to their non-

corrosive, high CO2 adsorption capacity and low regeneration en-

ergy consumption [59,60]. The chemisorbents used for DAC re-

search are usually composed of amines supported on the porous

solid matrix such as mesoporous silica, cellulose and MOFs [61].

The highly porous structure of support material enabled high load-

ing of amine molecules and fast diffusion of CO2 [62].

The preparation methods of amine-functionalized porous sor-

bents can be divided into three types (Fig. 6): (1) Physical im-

pregnation; (2) Grafting through covalent or coordination bond; (3)

In-situ polymerization of inorganic supports and amine-containing

units [63]. In the following sections, we will discuss different types

of amine loaded porous sorbents and their CO2 capture perfor-

mance.

3.1. Amine-loaded porous silica

Porous silica materials, such as SBA-15 (Santa Barbara Amor-

phous well-ordered hexagonal mesoporous silica), MCM-41 (Mobil

Composition of Matter No. 41) and KIT-n (Korea Advanced Insti-

tute of Science and Technology), have been regarded as promis-

ing sorbents for effective CO2 capture after surface amino modi-

fication (Fig. 7) [64]. Especially under dry conditions, amines re-

3
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Fig. 3. (a) Synthesis and the channel structures of SIFSIX-3-Cu; (b) Structure view of NbOFFIVE-1-Ni along different directions; (c) CO2 adsorption isotherms in the range

0 to 3000ppm at 298K of HKUST-1, Mg-MOF-74, SIFSIX-3-Ni, TIFSIX-3-Ni, Zeolite 13X, NbOFFIVE-1-Ni and UiO-66-NH2. Reproduced with permission [17]. Copyright 2014,

Springer Nature. Reproduced with permission [35]. Copyright 2016, American Chemical Society. Reproduced with permission [36]. Copyright 2017, Royal Society of Chemistry.

Fig. 4. (a) Schematic illustration for the synthesis of PKS-Lignin-P600; (b) CO2 adsorption-desorption isotherms of PKS-H250-P600 and PKS-Lignin-P600. Reproduced with

permission [45]. Copyright 2022, Elsevier.

Fig. 5. (a) Synthesis route of proposed O-Doped HAT-CTFs; (b) CO2 adsorption-desorption of HAT-CTF-450/600 at both 273 and 297K. Reproduced with permission [49].

Copyright 2016, American Chemical Society.

act with CO2 to form carbamates (zwitterionic mechanism), which

greatly improves the adsorption capacity and selectivity of CO2

[65,66]. The pioneering work of amine-impregnated silica porous

sorbents for CO2 capture was carried out by Song et al. who re-

ported a material obtained by loading poly(ethylenimine) (PEI)

on MCM-41 [67]. Afterwards, a large number of papers have

been published on this topic, and the adsorption performance of

the amine-loaded solid sorbents synthesized with different types

of amine have been evaluated, including PEI, pentaethylaniline

(PEHA), (3-aminopropyl)triethoxysilane (APTES) and tetraethylani-

line (TEPA) [68–72]. The work of Sayari et al. [73] demonstrated

that the triamine-grafted mesoporous silica TRI-PE-MCM-41 has

high adsorption capacity (0.98mmol/g) at low CO2 partial pressure

(400ppm) in air, good stability and excellent CO2 selectivity under

dry and wet conditions.

3.2. Amine-modified metal-organic framework

As a class of crystalline porous materials, MOFs have the ad-

vantages of adjustable chemical properties (pore size, structure,

surface chemistry) and are very attractive for CO2 capture [74].

In recent years, MOF-based sorbents have been rapidly developed,

significant adsorption performance has been achieved for flue gas

capture [75,76]. However, only limited number of MOF have rea-

sonable adsorption capacity under very low partial pressure for

DAC application [32]. A promising strategy is the post-synthetic

4
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Table 2

Performance of representative porous sorbents for DAC capture.

Class Material Qst (kJ/mol) Adsorption condition CO2 uptake

(mmol/g)

Ref.

Physisorbents APG-III – 295 K, 400 ppm 0.42 [50]

LTA (Na+ , Ca2+ , Mn2+ , Ce3+) 39 298 K, 350 ppm 1.2 [114]

Na-GIS – 298 K, 400 ppm 0.7 [24]

SIFSIX-3-Cu 54 298 K, 0.4 mbar 1.24 [115]

SIFSIX-2-Cu-i 32 298 K, 0.4 mbar 0.0684 [24]

SIFSIX-3-Zn 45 298 K, 0.4 mbar 0.13 [24]

TIFSIX-3-Ni 55 298 K, 0.2 mbar 0.71 [24]

SIFSIX-3-Ni 44 298 K, 0.2 mbar 0.18 [17]

SynAalumina – 298 K, 400 ppm 1.74 [116]

NaCaA-85 52 298 K, 400 ppm 1.8 [117]

MOR5 30 298 K, 400 ppm 1.15 [118]

Zn-CHA2-1.9W2X 42 303K, 400 ppm 0.67 [119]

Chemisorbents NbOFFIVE-1-Ni@polyacrylates 56.2 298 K, 400 ppm 1.44 [120]

MF-Cr-AEEA – 298 K, 400 ppm 2.05 [36]

Ph-3-ED/SBA-15 – 308K, 400 ppm 0.92 [121]

Ph-6-PD/SBA-15 – 308K, 400 ppm 0.27
29Si CP/MASNMR (DT-grafted SBA-15) – 318 K, 400 ppm 0.30–0.64 [122]

PEI-infused cellulose acetae-SiO2 – 308/318/328 K, 395 ppm 0.62/0.56/0.33 [123]

PEI/PME – 298 K, 400 ppm (0%–90% RH) 2.2–2.9 [124]

ePTFE/silica 67 308K, 400 ppm 1.62 [125]

PPN-6-CH2 DETA 60 295 K, 400 ppm 1.04 [126]

PPN-6-CH2EDA 55.5 295 K, 0.05 bar 1.70 [127]

PPN-6-CH2TAEA 40 295 K, 0.05 bar 1.80 [127]

PP-2-DETA 48.2 298 K, 0.05 bar 0.74 [128]

P(DVB-co-VBC)-31-TEPA 41 298 K, 0.05 bar 0.79 [129]

Py-TMC-MA 25.4 273 K, 0.05 bar 0.98 [130]

PP1-2-TREN 78 273 K, 0.05 bar 1.13 [131]

PEI–Mg0.55Al–O – 298 K, 400 ppm 1.66 [132]

Mg0.55Al-O-TEPA – 298 K, 400 ppm 3 [60]

APG-Ⅲ=Nax[(AlO2)86(SiO2)106]·xH2O; LTA= Linde Type A zeolite; SIFSIX= SiF6
2−; TIFSIX=TiF6

2−; NaCaA-85=Ca2+-ion-exchanged A-type zeolite; MOR=mordenite-type ze-

olite; CHA= zinc containing chabazite zeolites; NbOFFIVE= (NbOF5)
2−; MF-Cr-AEEA=N-(2-aminoethyl)ethanolamine (AEEA) with low volatility is applied to functionalize

MIL-100(Fe), UiO-66(Zr), and MIL-100(Cr); PPN=porous polymer network; Ph-X-YY= alkyl-aryl amine-rich molecules; ED= ethylene diamine; PD=propane-1,3-diamine;

PP-x=porous polymers; DVB= ivinylbenzene; VBC=4-vinylbenzyl chloride; P(DVB-co-VBC)-31=porous polymer; Py=perylene; TMC= trimesoyl chloride; MA=melamine;

PP1-2-TREN=micro-/mesoporous polymers modified with tris(2-aminoethyl)amine.

Fig. 6. Schematic diagram of three main strategies of amine functionalization of

porous supports. Class 1 sorbent: polyethyleneimines (PEI) impregnated in porous

materials. Class 2 sorbent: amines covalently tethered through silane linkages. Class

3 sorbent: In situ aziridine polymerization on a solid material.

functionalization of MOFs with alkanolamines as chemisorbents

of carbon dioxide through the formation of zwitterionic carba-

mates or carbamates [77,78]. Multiple types of amines includ-

ing ethylenediamine (EDA) [79,80], tris(aminoethyl)amine (TAEA)

[81], TEPA [82], PEI [83], tris(2-amino ethyl) (TREN) [81] and

PEHA [84] have been used for impregnation in Mg-MOF-74 [85,86],

MIL-101 (Cr) [87], and HKUST-1 [88]. For instance, Long et al.

[89] modified the Mg2(dobpdc) material with ethylene diamine

which showed high adsorption under 120 °C, being a promising

candidate for temperature swing adsorption (TSA), as shown in

Figs. 8a and b. Chen et al. [90] loaded the smallest diamine hy-

drozine molecule in classical Mg2(dobdc) to achieve a high record

capacity of 3.89mmol/g at 0.4 mbar and 298K (Figs. 8c and d).

Although MOF has a larger pore volume and specific surface

area than other porous materials and has become a potential can-

didate for amination, due to its structural complexity and narrow

pores, it may face the problem of blocking pore channels with high

amine loading, which leads to poor adsorption kinetics [83]. In-

terestingly, a unique adsorption mechanism through cooperative

CO2 insertion between metal site and amine was discovered. Such

novel mechanism enabled further tunability of adsorption behav-

ior, for example, the strength of metal-amine coordination bonds

plays an important role in controlling the adsorption step pres-

sures [91,92].

3.3. Amine functionalized metal-oxide materials

Metal oxides are broadly used in the field of CO2 capture due

to their wide operating temperature, abundant source of raw ma-

terials and low price [93]. However, some metal oxides faced the

challenges of poor stability, easy surface hardening and low ad-

sorption capacity at high temperature or in the presence of water

vapor [94,95]. In addition, the high energy consumption of the re-

generation process is also a limit for the widespread use of metal

oxides [96]. So far, a large number of studies have strived to in-

crease the porosity of metal oxides [97,98] and modify the sur-

face with amine [99,100] to promote the CO2 adsorption capacity

under low pressure. Taking advantage of the unique structure of

5
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Fig. 7. (a) Model structure diagram of PEI loading in the pore-expanded MCM-41; (b) The CO2 (400ppm in N2) uptake and amine efficiency at 25 ◦C as a function of PEI

loading for PEI/PME(x), PEI/SBA-15, [PME = pore-expanded MCM-41 with a surface layer of cetyltrimethylammonium (CTMA) cations]. Reproduced with permission [64].

Copyright 2011, American Chemical Society.

Fig. 8. (a) Structure of the MOF Mg2(dobpdc) and ethylenediamine coordination at open metal site. (b) Pure CO2 adsorption isobars of a series of Mg2(dobpdc) variants

loaded with various types of diamines. (c) Structures of [Mg2(dobdc)] and [Mg2(dobdc)(N2H4)2]. (d) CO2 adsorption (solid) and desorption (open) isotherms measured at

298, 313, 328 and 413K. Reproduced with permission [89]. Copyright 2016, Royal Society of Chemistry. Reproduced with permission [90]. Copyright 2018, Royal Society of

Chemistry.

Fig. 9. (a) CO2 adsorption isotherms of PEI/SBA-15 and PEI/Mg0.55Al–O at 25 °C. (b) CO2 adsorption kinetics of PEI-impregnated SBA-15 and Mg0.55Al–O at 25 °C under

400ppm CO2. Reproduced with permission [101]. Copyright 2020, Royal Society of Chemistry.

layered double hydroxide (LDHs), Wang et al. prepared the mixed

metal oxide (MMO) nanosheets from LDHs, and the nanosheet fur-

ther formed spherical particles through self-assembly. The mate-

rial contained abundant mesopores and surface defects to form

strong interaction with amine molecules, and therefore prohibited

the leakage of amine molecules during the regeneration process

[101]. Up to 67 wt% of PEI was loaded in to Mg-Al-CO3 LDH de-

rived MMOs (Fig. 9). Thanks to the nanostructure of the MMOs, PEI

is evenly dispersed on the surface, which improved the accessibil-

ity of CO2 molecules to the amine adsorption sites. In addition, the

sorbent has good thermal stability (up to 300 °C), which is mainly

attributed to the strong electrostatic attraction between the MMO

layer and the polyamines [101]. Finally, the material exhibits un-

expected high adsorption capacity (2.27mmol/g), fast kinetics and

high stability under 25 °C and 0.4 mbar CO2 conditions. This study

demonstrated great promise of MMO sorbents by simple prepara-

tion methods with cheap raw materials for scalable DAC applica-

tions.

For practical DAC application using the amine-modified porous

metal oxides, further studies are still needed. For the synthesis of

different metal oxides, the process safety, simplicity and high re-

peatability need to be optimized to meet industrial standard. Most
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Fig. 10. (a) Preparation route of amine (APDES = 3-aminopropylmethyldiethoxysilane) modified NFC (nanofibrillated cellulose) adsorbent. (b) CO2 adsorption isotherms of

APDES-NFC at 296K (●), 323K (�), and 343K (�) as a function of CO2 pressure and the numerically fitted Toth model (solid line). Reproduce with permission [105]. Copyright

2014, American Chemical Society.

of the sorbents studied at the present stage are in powder form,

making them difficult for engineering in a pressure swing adsorp-

tion (PSA) or temperature swing adsorption (TSA) process. In the

future, it is necessary develop strategies for material shaping in

granular/columnar form. Comprehensive analysis of the influence

of the type and concentration of organic amine during the loading

process, could provide more insights on adsorption mechanism to

further optimize the adsorption capacity and kinetics.

3.4. Amine-functionalized cellulose nanofiber

The traditional cellulose medium not only has high surface area

and good water stability, but also has the advantages of abundant

resources, renewable and easy degradation, which make it widely

studied for wastewater treatment, drug release and gas adsorption

[30,31,102,103].

Recently, the amine-functionalized cellulose nanofibers (CNFs)

have been widely used in CO2 adsorption studies. As a new ad-

vanced porous material, CNF has a series of outstanding charac-

teristics, such as large aspect ratio, ecological friendliness, biocom-

patibility, light weight and rich hydroxyl groups for facile chem-

ical modification [104,105]. For example, at 296K and 0.02 kPa

CO2 partial pressure, Gebald et al. [105] analyzed the single-

component CO2 adsorption of amino-functionalized nanocellulose,

showing a capture capacity of 0.85mmol/g and an adsorption heat

of −50kJ/mol (Fig. 10). The results showed that the adsorption ca-

pacity of CO2 increased dramatically by surface modification, espe-

cially with high loading of phthalimide. Jovanovic et al. [106] con-

structed a closed-loop experimental facility for direct air cap-

ture, and investigated the co-adsorption kinetics of carbon dioxide

and water on a differential bed composed of amine-functionalized

nanocellulose, the CO2 adsorption capacity reached 1.25mmol/g at

0.01 bar and 308K.

Amino-functionalized nanocellulose has been adopted in com-

mercial scale for carbon capture [106]. Due to their high availabil-

ity, the annual production exceeds 100 million tons. In addition to

being converted into cellulose derivatives, they can also be used to

prepare cellulose nanocrystals (CNCs) [76]. Although nanocellulose

display many advantages, in specific applications, it exhibits poor

interfacial adhesion and excessive water sorption [75,107]. Further

studies are suggested to be carried out, including stability during

high temperature regeneration, retention of surface area after func-

tionalization, and development of new cellulose-based sorbents.

Besides, they can also be combined with other solid supports and

leverage their strengths in order to promote DAC application.

3.5. Porous metal oxides

Since the 21st century, great progress has been made in the cap-

ture of CO2 by porous metal oxides [95,108]. Among porous metal

oxides, single and multi-component porous metal oxides (Li2O, al-

kaline earth metal oxides, TiO2/CaO) have been studied extensively

[109]. MgO and CaO generally exhibit small specific surface area

and pore volume and prone to form dense carbonate films with

carbon dioxide and hinder the diffusion of CO2 [110]. The sor-

bent regeneration is usually performed under high temperature,

which causes high energy consumption. In addition, during the re-

generation process, agglomeration sintering and pore shrinkage of-

ten happens, which deviate the adsorption capacity sharply during

multiple cycles. Overall, porous metal oxides are more suitable for

CO2 capture under high temperature for certain industrial environ-

ment rather than DAC application [111].

Overall, chemisorbents generally exhibit high CO2 uptake un-

der low pressure, due to its high affinity towards CO2. The prop-

erties of amine-modified sorbents depend on multiple factors in-

cluding amine loading, amine type, amine site density, size of the

amine molecule immobilized on the porous supports [59]. The ma-

jor challenge for amine-modified sorbents is the high regeneration

temperature that not only consumes large amount of energy, but

also leads to volatilization and aggregation of amine species, re-

sulting in clogging of the pores and shortening the sorbent life

time [61].

3.6. Energy consumption for sorbent regeneration

The most important characteristics of porous adsorbents for

DAC include adsorption capacity, adsorption kinetics, regeneration

energy and cycle stability. Among them, the regeneration energy

penalty is the largest cost source of DAC, and the equivalent en-

ergy demand of solid adsorption DAC system (supported by grid

or fossil fuel combustion) ranges of 4.2–18.75 GJ/t-CO2 [112,113].

Through a more comprehensive analysis of reported examples, it

is evidenced that sorbents with high adsorption capacity gener-

ally demands large amount of energy for regeneration, which can

be attributed to the strong CO2 affinity induced high Qst (Table

2) [17,24,36,50,60,114–132] Therefore, there is a trade-off between

the goals of high adsorption capacity and low regeneration energy.

Moreover, kinetic factors [133] and thermal conductivity [134] are

also important considerations to the energy cost, and fast desorp-

tion could save energy to a high extent.

Moreover, coupling the CO2 adsorption and catalytic conversion

processes within a single material is another appealing approach,

which not only greatly reduces the overall construction cost of the

equipment, but also eliminates the energy consumption of adsor-

bent regeneration and reduces the overall cost of the system.

4. Conclusion

Given the increasing threat of global warming, large-scale de-

ployment of negative carbon emission technologies is an essential

step in the near future. Direct air capture is a promising technology

to minimize CO2 emissions. Among various sorbents for this pur-
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pose, porous materials are attractive candidates. This review arti-

cle summarized the recent progress and status of porous materials

for DAC application with representative examples of each type of

material. According to the adsorption mechanism, porous sorbents

were classified as physisorbents and chemisorbents.

Due to the low CO2 concentration in the atmosphere, efficient

sorbents should exhibit significant CO2 adsorption under low par-

tial pressure (400ppm or 0.4 mbar). For physisorbents, the adsorp-

tion under low CO2 partial pressure is generally very limited. Only

a few materials developed recently exhibit considerable CO2 ad-

sorption under 0.4 mbar. Given the highly tunable pore size and

rich functional sites, MOFs materials are perhaps the most promis-

ing physisorbents. However, the moderate stability and high pro-

duction cost of MOFs are grand challenges for their practical ap-

plication in large scale. Alternatively, chemical adsorption of CO2

is another feasible approach. The most popular amine-modified

porous sorbent was synthesized by loading polyamines into porous

supports. The strong interaction between amine sites and CO2 led

to high adsorption capacity under low pressure, however, the re-

generation energy is also quite high. Besides, the high temperature

may also cause amine degradation and irreversible decrease of ad-

sorption capacity. In addition to the solid porous sorbents, porous

liquids [135] with accessible permanent porosity and excellent pro-

cessability [136] have been explored for gas separation including

post-combustion CO2 capture [137–139]. Porous liquids might also

be excellent candidates for DAC if their affinity to CO2 can be pro-

moted to capture low concentration CO2.

For practical application of these sorbents, other properties

need to be considered, such as: long-term stability under practical

conditions, recyclability, heat capacity and shaping. It is estimated

that DAC sorbents should undergo at least tens of thousands of

cycles, and reported materials are generally recycled less than 10

times. In addition, there are trade-offs between several key prop-

erties of the materials, such as adsorption capacity, selectivity, re-

generation energy, resistance to moisture and high temperatures,

economic costs.

In conclusion, DAC technology is still in its infancy. Its practical

application in large scale relies on the development of advanced

porous sorbent materials with high performance and low cost of

production and operation. The fast development of porous materi-

als for CO2 capture would significantly flourish this field. It is ex-

pected that cost effective DAC technology will be readily available

in the near future to contribute the carbon neutrality.
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