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Abstract 

Direct air capture (DAC) has received tremendous attention as a negative carbon 

emission technology that could facilitate the addressing of global climate change. In 

this work, we systematically summarized the latest progress on the development of 

direct air capture and comprehensively reviewed the properties and performance of 

DAC adsorbents, which are categorized as physisorption and chemisorption according 

to sorption mechanisms. The unresolved issues and possible improvements of 

traditional DAC adsorbents for CO2 capture are pointed out. We highlight the potential 

of novel MMO-supported solid amine materials for DAC due to its excellent CO2 

adsorption capacity, superior regenerability, and ease for scaled up. This review paves 

the way for the understanding of the intrinsic mechanism and the practical development 

of DAC technology. 

Keywords: direct air capture, adsorbents, physical materials, chemisorption materials, 

amine-functionalized materials, mixed metal oxides. 
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Introduction 

During the past few years, we have witnessed a dramatic increase of CO2 concentration 

in the atmosphere from a preindustrial level of 280 ppm to 416 ppm [1]. The 

unprecedentedly increased CO2 emission has caused a serious greenhouse effect, 

leading to severe global warming accompanied by natural disasters such as glaciers 

melting, extreme weather, and desertification, which pose a considerable threat to the 

environment and human life [2]. To realize the Paris Agreement's goal of keeping the 

global average temperature increase to within 1.5 °C, in addition to reducing CO2 

emissions from industrial sources, it is necessary to eliminate the CO2 released into the 

atmosphere [3]. In this regard, carbon capture utilization and storage (CCUS) showed 

great potential application for both industrial and atmospheric CO2 reduction and was 

considered an indispensable technology for carbon neutrality [4]. 

Different from the traditional CO2 capture techniques, direct air capture (DAC) is 

a typical "negative emission" technology that could remove CO2 directly from the air 

and is currently under widespread consideration as an option for realizing negative 

carbon emission (Figure 1) [5]. The DAC technology has various advantages, such as 

flexibility in location and convenience for CO2 transfer. Due to the low concentration 

of CO2 in air, the cost of DAC is very high, so this technology has high requirements 

for the adsorption performance of CO2 capture materials [6].  

Reports on various DAC adsorption materials have increased rapidly in the past 

two decades. A comprehensive understanding of the recent development of DAC 

adsorbents, including the emerging MMO-based amine-functionalized DAC adsorbent, 
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needs a fresh assessment. In this work, we critically reviewed the CO2 capture capacity, 

regenerability, and mechanism of all DAC materials. Such efforts are expected to 

significantly assist the development of DAC from fundamental research to large-scale 

applications. 

 

Figure 1. Scheme of DAC and subsequent utilization chain [7].  

 

Adsorbent for CO2 capture from air 

In 1999, Lackner et al. [8] first put forward the concept of DAC. In the following 

two decades, DAC has been demonstrated as a promising technology for climate change 

mitigation, and a lot of research work has been carried out from the perspective of CO2 

capture from ambient air. To make a clear clarification of materials relevant to DAC, 

we have tried to categorize all adsorbents into two classes based on the adsorption 

mechanism, which included (1) physical adsorption materials and (2) chemical 

adsorption materials.  

Physical adsorption materials  

Physical adsorption materials have a great variety of adsorbents with stable 
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structures and ease of preparation but usually exhibit poor adsorption properties, 

including carbon-based materials, zeolites, and metal-organic frameworks (MOF).  

Carbon-based materials are desirable adsorbents for CO2 extraction caused of their 

ultrahigh specific surface area and inexpensive cost. It is believed that the excellent 

carbon-based CO2 adsorption capacity can be obtained by tuning the textural properties 

by activating agents. Sevilla et al. [9] synthesized a porous carbon adsorbent and 

exhibited a high CO2 capture capacity of 4.8 mmol g-1 in a pure CO2 stream. The 

abundant micropores generated during chemical activation using KOH play an essential 

role in achieving high CO2 uptake.  

Nonetheless, carbon materials always exhibit a small capacity at low CO2 partial 

pressure. For instance, the carbon monolith prepared by Lee et al. [10] showed a low 

CO2 uptake of 0.00137 mmol g−1 in 3000 ppm of CO2 at 30 °C. Furthermore, poor 

selectivity over N2 and moisture significantly hinders their performance of CO2 capture 

from air [11]. 

Zeolites could interact with CO2 depending on the alkali cation on the surface and 

possess better performance at low CO2 partial pressure compared to carbon-based 

adsorbents [12]. However, shortcomings of low CO2 selectivity are the 

most challenging obstacle for zeolites to overcome [13]. A series of modification 

methodologies that are beneficial for improving the CO2 selectivity of zeolites have 

been reported. For instance, Chen et al. [14] modified 13X zeolite with extra framework 

cation and obtained polymetallic cation-exchanged LiPdAgX zeolite that exhibited 

higher CO2 selectivity than 13X and LiX-80 zeolites. 

MOF is a new kind of nanocrystalline porous material that is composed of 

transition metal nodes that are connected by bridging organic ligands, exhibiting 

promising potential for CO2 capture due to its high flexibility in chemical composition, 
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pore structure, and surface properties, which differs from zeolites and carbon-based 

materials [15]. Many studies about various types of MOF-based adsorbents have been 

developed for CO2 removal at room temperature since MOF-177 with ultrahigh specific 

surface areas was reported by Millward et al. [16], demonstrating excellent CO2 

adsorption capacity at room temperature in 2005.  

In addition to the specific surface area and pore structure, the adsorption capacity 

of CO2 is also greatly associated with the content of unsaturated metal sites, NH2 groups, 

and other adsorption sites that can strongly immobilize CO2. For instance, Britt et al. 

[17] prepared Mg-MOF-74 with rich unsaturated Mg sites on the surface and yielded a 

high CO2 uptake of 8.3 mmol g−1 at 25 °C and 1 bar, and 87% of the initial adsorption 

capacity can be maintained in temperature swing regeneration process.  

However, the presence of water vapor in air can significantly reduce the adsorption 

capacity of MOF by competing for adsorption sites with CO2. Kumar et al. [18] 

synthesized HKUST-1 and Mg-MOF-74 materials and found that both adsorbents 

showed a decrease in CO2 adsorption capacity after exposure to a humid environment 

for 1, 7, and 14 days, with 23.9%, 26.9% and 33.6% uptake loss for HKUST-1, and 

23%, 41% and 60.4% uptake loss for Mg-MOF74, respectively. 

The main drawback of physical adsorption materials rests in their small uptake 

and slow CO2 sorption kinetics from ambient air. Furthermore, most physical 

adsorbents will be subject to a significant selectivity decrease when temperature 

increases or in the presence of H2O, which must be improved in future [19]. 

 

Chemisorption Materials 

Alkali carbonate-based adsorbents  

Alkali metal and alkaline earth metal oxides and hydroxides, such as CaO, NaOH, 
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and Ca(OH)2, have a strong affinity for CO2 and can be used to realize the cyclic 

adsorption-desorption of CO2 through a reversible chemical reaction of carbonation 

reaction [20]. The CO2 capture of CaO and Ca(OH)2 at 200-450 °C was investigated by 

Nikulshina et al. [21]. His group reported that the carbonation reaction on Ca(OH)2 was 

less hindered compared to CaO. On this basis, the direct capture of CO2 from ambient 

air using Ca(OH)2 was systematically investigated by Samari et al. [22]. The effects of 

pre-hydration of adsorbents and humidity in the inlet air on the observed breakthrough 

curve and global reaction rate over adsorption/desorption cycles was examined. Their 

results showed that the best adsorption performance was obtained when the Ca(OH)2 

was pre-hydrated for 3 h and the inlet air was humidified to 55% relative humidity, 

providing a facile strategy for further deployment of the DAC system.  

However, one of the most significant factors limiting the application of such 

materials on a large scale is the expensive capture cost due to the high regeneration 

temperature. For example, CaCO3, the product of the CaO carbonation reaction, 

requires a high temperature of 800-875 °C for a complete decomposition, which allows 

the CO2 desorption and the regeneration of adsorbent [23]. Even if it is possible to be 

combined solar energy technologies to provide the required energy consumption for the 

adsorption process in future, the expensive cost and complex capture devices will pose 

a great challenge to the large-scale application of this technology [24]. 

To reduce energy consumption in the regeneration process, Nikulshina et al. [25] 

reported a Na-based adsorbent for DAC. Although the energy consumption of Na-based 

adsorbent materials was decreased compared to Ca-based materials, it was still 

relatively high. The complete thermal decomposition of Na2CO3 to Na2O and CO2 

requires high temperatures of 1000-1400 °C, which hindered the further promotion and 

application of Na-based adsorbent materials. Recently, Veselovskaya et al. [26] 
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performed the direct CO2 capture from ambient air using a K2CO3/Al2O3 composite 

adsorbent followed by CO2 methanation in the presence of 4% Ru/Al2O3 catalyst, and 

the CO2 uptake capacity of the composite adsorbent was 22±2 mL CO2 g-1, showed 

great potential in the application for DAC. In particular, the regeneration of the 

composite adsorbent could occur at 325 °C, which decreases energy-demanding 

compared to Na-based and Ca-based adsorbents.  

Solid amine-based adsorbents 

Amine-modified solid materials have shown great potential in DAC applications 

due to their high CO2 adsorption capacity, fast kinetics, and low energy consumption 

[1]. These adsorbents can be classified into three categories according to the preparation 

methods as shown in Figure 2, which are named: class 1 adsorbents (physically 

impregnated amine-modified materials), class 2 adsorbents (chemically grafted amine-

modified materials), and class 3 adsorbents (in-situ polymerized amine-modified 

materials). The amine type chosen is an important factor influencing the adsorption 

performance. For example, linear PEI, which mainly consists of secondary amines, has 

high oxidative resistance but low CO2 uptake, while small amines like TEPA exhibited 

excellent capture performance but poor cyclic stability. The molecular structures of the 

most well studied amines are presented in Figure 3. Among the amines mentioned 

above, PEI has received the most attention cause of its high amine density and good 

thermal stability [27].  
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Figure 2. Three categories of solid amine-based adsorbents. Class 1 adsorbent: physically 

impregnated amine-modified materials. Class 2 adsorbent: chemically grafted amine-modified 

materials. Class 3 adsorbent: in-situ polymerized amine-modified materials [27]. 
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Figure 3. Structures of well-studied solid amines for DAC adsorbents: (a) class 1, (b) class 2, (3) 

class 3 [20]. 

 

Traditional amine-silica materials 

Silica-based mesoporous materials such as SBA-15, MCM-41, SBA-16, KIT-6, 

etc., are usually formed by using organic molecules as templating agents. The 

assemblies are obtained from self-assembly of supramolecular or the synergy between 
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inorganic silicon source and template thin surface. Then the organic substances are 

removed by calcination or extraction to retain the inorganic skeleton and form 

mesoporous structures [28]. Researchers believe that surface chemical modification 

(functionalization with amine groups) of these mesoporous materials makes the 

modified adsorbent a promising carbon capture adsorbent due to the acid-base 

interaction between CO2 and the modified basic sites, which greatly increases the 

adsorption capacity and selectivity for CO2 [29]. 

Song's group [30] reported the study of CO2 capture by amine-impregnated silica 

materials for the first time in 2002. This is a material obtained by loading 

polyethyleneimine (PEI) on MCM-41 zeolite. Since then, a variety of amine-based 

solid adsorbents have been synthesized via modifying porous supports with different 

amines, including PEI, pentaethylenehexamine (PEHA), and tetraethylenepentamine 

(TEPA) et al. Among them, low molecular weight PEI is commonly used for the 

preparation of class 1 adsorbents. For example, Choi et al. [31] conducted a study on 

the use of PEI-impregnated amine adsorbent for DAC. By loading 45.1% PEI on SiO2, 

a CO2 adsorption capacity of 2.36 mmol g-1 was obtained at 25 °C in a CO2 

concentration of 400 ppm. However, the cyclic stability of the material was poor, and 

the adsorption capacity decreased to 1.65 mmol g-1 after four cycles.  

Since the class 1 adsorbents are prepared by impregnation method, the amine 

groups are only physically adsorbed instead of being chemically bonded on the surface 

of supports. Moreover, the relatively high regeneration temperature (>100 °C) resulted 

in a series of chemical stability issues containing urea species formation under the CO2-

rich regeneration environment and the oxidative degradation of amines under O2-

containing air [32]. Therefore, some strategies were proposed to retard the chemical 

deactivation by modifying the class 1 adsorbents. For example, Choi et al. [33] reported 
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that the 1,2-epoxybutane (EB) -functionalization can improve the oxidative stability 

and anti-urea properties of PEI, while it also resulted in an appreciable drop of CO2 

uptake, which limits the DAC application.  

For this reason, researchers proposed the preparation of composites by chemical 

grafting, hoping to obtain amine-modified adsorbents with more stable structures. 

Belmabkhout et al. [34] first proposed the preparation of triamine-grafted mesoporous 

silica (TRIPE-MCM-41), which exhibited better CO2 adsorption capacity and higher 

CO2 selectivity than physical adsorbents under both dry and humid air conditions. 

Nevertheless, the limited number of silicon hydroxyl groups on the surface of the class 

2 adsorbents reduces the amount of grafted amino groups, and the CO2 adsorption 

capacity is lower than that of class 1 adsorbents [35]. 

To overcome the shortcomings of the class 1 adsorbents and the class 2 adsorbents 

mentioned above, Choi et al. [36] synthesized hyperbranched aminosilica (HAS) 

materials by integrating polymeric amines into typical porous matrices through 

covalent bonding, which were known as class 3 amine adsorbents. Thanks to the higher 

number of amino groups, the CO2 adsorption capacity of class 3 adsorbents is higher 

than that of class 2 amine adsorbents, and the materials exhibit good stability in the 

adsorption-desorption cycling tests because the amino groups rely on covalent bonding 

to the supports. The advantages of class 3 adsorbents are easy to manufacture, 

potentially cost-effective, and cyclic stability. The main challenges currently limiting 

the large-scale application of class 3 adsorbents are the excessive energy consumption 

and the cost of the regeneration process [29]. 

Amine-MOF composites 

Modification with amines is one of the most common strategies to improve the 

CO2 adsorption capacity of MOF, which could enhance the affinity between the 
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adsorption site with CO2 molecules [37]. Several works impregnated different types of 

amines onto such MOFs as Mg-MOF-74, HKUST-1, UiO-66357, and ZIF-8. As 

expected, the resulting amine-modified composites exhibit excellent CO2 capture 

performance even at low pressure. Darunte et al. [38] chose the branched PEI, which 

has a low molecular weight to modify MIL-101(Cr) and demonstrated that the optimal 

MIL-101(Cr)-PEI material has relatively good stability under laboratory-scale 

temperature fluctuation adsorption conditions and in the presence of water vapor.  

However, a disadvantage of amine-MOF composites is that their relatively narrow 

pore size hinders the diffusion of amines into their pores and the mass transfer of CO2 

within the pore channels. To overcome this shortcoming, some researchers tried to 

expand the ligands to obtain MOFs with wider channels [39]. In future, more in-depth 

studies should be carried out on the stability of functional group modification, the 

selection of metal groups, and the improvement of CO2 adsorption kinetics. 

Amine-mixed metal oxide composites 

Conventional amine-impregnated/grafted mesoporous silica-based DAC materials 

generally suffer from slow adsorption kinetics and poor thermal stability due to the poor 

bonding between the amine group and the silica-based carrier [40]. The qualitative 

properties and surface microstructure of the supports can influence the amine 

morphology and the gas-solid interactions [41]. To solve the above-mentioned 

drawbacks, it is crucial to investigate and develop supporting materials with proper 

morphology, high hydrothermal resistance, and strong binding to amino groups [42]. 

LDHs are compounds assembled from positively charged main laminates and 

interlayer anions through non-covalent bonding interactions and are widely used in 

catalytic and environmental applications due to the chemical composition of the main 

laminates, the type and number of interlayer anions, and the tunability of the particle 
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size and distribution of the intercalated assemblies [43]. During the synthesis and 

subsequent calcination, the LDH-derived mixed metal oxide (MMO) nanosheets 

formed spherical particles by self-assembly with abundant surface defects, which can 

retard the leakage of amine molecules during the regeneration process by stronger 

attraction [42].  

A new class of amine-functionalized DAC adsorbents impregnated with branched 

PEI onto composite MMO nanosheets with excellent CO2 adsorption properties was 

first reported by Zhu et al. [42]. Compared with mesoporous silica-based materials, 

PEI/MMO exhibits superior CO2 adsorption (2.27 mmol g-1) and CO2 adsorption 

kinetics (1.1 mmol g-1 h-1) and possesses good thermal and hydrothermal stability with 

little performance degradation after 20 adsorption/regeneration cycles. On this base, 

Zhao et al. [1] synthesized TEPA modified MMOs as a novel amine-functionalized 

DAC adsorbent, and the optimized Mg0.55Al-O-TEPA67% achieved a saturation 

adsorption capacity of 3.00 mmol g-1 at 25 °C. The CO2 adsorption decreased by only 

9.2% after 80 cycles, suggesting its superior cyclic stability. The amine group 

adsorption energy for MMO and conventional SiO2 was obtained by DFT calculation. 

The result showed that the MMO possesses a much larger binding energy with the 

amino group of -1.73 eV than SiO2 (-0.30 eV). It also confirmed that the unique charge 

transfer interaction between the oxygen defects on the MMO and the amino group 

results in the strong binding force, which significantly inhibits amine leakage during 

cyclic regeneration of the material and substantially improves the stability of the 

material during CO2 adsorption/desorption cycles. The CO2 adsorption capacity and 

stabilization mechanism for MMOs supported solid amine have been summarized 

in Figure 4. It is worth mentioning that the synthesis process of MMO is simple and 

inexpensive, making it a suitable support for amine modified composites. As the 
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observed oxidative degradation of most amine-functionalized adsorbents under realistic 

O2-containing conditions could be correlated with regeneration temperature and amine 

ratio, much effort should be made to overcome this drawback for future industrial 

applications. 

 

Figure 4. CO2 adsorption performance and stabilization mechanism of Amine/poly(ethylenimine)-

MMO composites used for DAC: CO2 uptakes of (a) PEI/Mg0.55Al-O composites [42] and (b) 

TEPA/Mg0.55Al-O composites [1], (c) cyclic stability of PEI67/Mg0.55Al-O [42], (d) The adsorption 
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energy of amine subunit (CH3NH2) over oxygen vacancy of Mg-Al MMO surface and SiO2 surface 

[1]. 

 

Conclusions  

DAC has been regarded as a promising approach to reducing carbon emissions 

and has been widely studied for the past two decades. In this mini-review, recent 

research advances in solid adsorbents for CO2 capture from ambient air have been 

systematically summarized. So far, most of the adsorbents are far from ultimate 

industrial application owing to their high energy demands and stability drawbacks.  

The poor uptake and low selectivity at low CO2 partial pressure have always been 

the shortcomings for physical adsorbents. All of them need to be functionalized to 

chemisorb CO2 due to their abundant porosity. Given the relatively high regeneration 

temperature, the resulting large energy consumption for the alkali solid capture 

techniques greatly hinders the DAC deployment. But, the operation cost of the capture 

system based on solid alkali carbonates adsorbents can be effectively decreased by 

loading alkali metal carbonates onto porous supports. The most popular solid-supported 

amine adsorbents synthesized through loading polyamines or amine onto SiO2-support 

are currently suffering from irreversible decreases in CO2 capture capacity during 

cycling. The thermal stability and chemical stability of the adsorbent under dry and 

humid CO2 streams should be improved, which are essential for the long-term 

deployment of the capture system. Furthermore, a consistent benchmark or standard is 

required to better assess a novel adsorbent. Remarkably, MMO-based adsorbents and 

MOF-based adsorbents present higher CO2 uptake and excellent regenerability, which 
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substantially addresses the extraordinary stability issues of solid amine materials.  

In summary, the development of DAC materials is still in its infancy, and there is 

still much room for improvement. Further research about the design of a cost-effective 

DAC system and steam-assisted temperature swing process on these bases is needed to 

ultimately realize the deployment of such adsorbents. 
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