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Abstract 

Carbonation of lime-based materials at high temperatures has been extensively explored in the 

processes for decarbonisation of the power and industrial sectors. However, their capability to 

capture carbon dioxide from air at realistic ambient conditions in direct air capture technologies 

is less explored. In this work, lime and hydrated lime samples are exposed to ambient air for 

prolonged durations, as well as to calcination/ambient-carbonation cycles, to assess their 

carbonation performance. It is shown that the humidity plays a key role in carbonation of lime 

under ambient conditions. Furthermore, faster weathering and higher conversions are 

demonstrated by hydrated lime, showing a carbonation conversion of 70% after 300 h. 

Importantly, it was found that there was a negligible difference in the carbonation conversions 

during five calcination/ambient-carbonation cycles, which can be explained by simultaneous 

reactivation of cycled material by moist air. These findings indicated that lime-based materials 

are suitable for carbon dioxide capture from ambient air employing cyclic processes, in a 

practical time-scale, and that humidity of air plays a key role. 

Keywords: Climate change; Direct air capture; Negative emissions; Limestone; Hydration; 

Carbonation  
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Nomenclature and abbreviations 

BECCS Bio-energy with carbon capture and storage 

CCS  Carbon capture and storage 

DAC  Direct air capture 

DAC-IN Direct air capture inside building 

DAC-OUT Direct air capture outside building 

DAC-HYD Direct air capture by hydrated lime 

DAC-CIN Direct air capture - cyclic inside building 

DAC-COUT Direct air capture - cyclic outside building 

ESEM  Environmental scanning electron microscopy 

SEM  Scanning electron microscopy 

SI  Supporting information 

SOFC  Solid oxide fuel cell 

TGA  Thermogravimetric analysis 

UNFCCC United Nations Framework Convention on Climate Change 

Xcarb  Carbonation conversion  

Xhyd  Hydration conversion  

Xtot  Total conversion  
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1. Introduction 

The Paris agreement, achieved at the 21st Conference of the UNFCCC Parties, recommended 

that the global mean temperature increase should be kept below 2° C. Moreover, it was 

established that efforts should be undertaken to limit the rise to 1.5° C above pre-industrial 

levels (Tollefson, 2015). Reducing CO2 emissions in order to mitigate climate change has been 

investigated thoroughly over the last decades (Dovì et al., 2009; Zou et al, 2017). In order to 

tackle CO2 emissions in the power sector, a combination of technologies such as carbon capture 

and storage (CCS) (Aminu et al., 2017), biomass-fired power plants with CCS (BECCS) 

(Fajardy et al., 2018) and renewable sources need to be deployed (IEA, 2017). On the other 

hand, the decarbonisation of industrial processes imposes even greater challenges since CO2 

emissions are not only associated with the combustion of fossil fuels but also the process itself 

(Bains et al., 2017). However, the reduction targets on CO2 emissions might not be achieved 

even with complete decarbonisation of the power and industrial sectors due to emissions from 

distributed CO2 sources, such as transportation and small-scale distributed heat and power 

generation. Therefore, it has been proposed that negative emissions technologies should be 

potentially deployed in order to remove the CO2 directly from the atmosphere (Obersteiner et 

al., 2018; Rogelj et al., 2015). Direct air capture (DAC) is one of the potential approaches that 

can reduce the concentration of CO2 already in the atmosphere (Goeppert et al., 2012), and 

could account for distributed CO2 emissions (Bollini et al., 2011; Jones, 2011). It is important 

to highlight that distributed emission sources account for approximately one half of 

anthropogenic CO2 emissions (Goeppert et al., 2012; Wurzbacher et al., 2016). It is key to note 

that the concentration of CO2 in the atmosphere is very low (~400 ppm) (Sanz-Pérez et al., 

2016); therefore, the cost associated with CO2 capture from air is estimated to be in the range 

of £400-£800/t CO2 (House et al., 2011; Keith et al., 2006). However, it has been suggested by 
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some authors that DAC could be competitive with point-source CCS, as the actual cost of the 

transportation can be minimised (Fasihi et al., 2019). 

Solid oxides such as MgO and CaO undergo carbonation in the presence of CO2 and form 

stable carbonates. This chemical reaction is considered as a carbon storage technology since 

the CO2 is permanently fixed under ambient conditions (Lackner, 2002; IPCC, 2005; Stephens 

and Keith, 2008). Carbonation of CaO and the effect of moisture on this reaction have been 

studied thoroughly in concrete applications (Alexander et al., 2008), with some studies taking 

into account the effect of climate change on the carbonation of concrete (Talukdar and Banthia, 

2013; Yoon et al., 2007). The carbonation of CaO and Ca(OH)2 has also been investigated for 

other applications, such as for extravehicular activities during space missions (Colombo, 1973). 

CaO-based materials are also typically used for CO2 capture as solid sorbents in high-

temperature looping cycles. This technology was first proposed by Shimizu et al. (1999) and 

has been researched thoroughly by investigating fundamental phenomena (Manovic and 

Anthony, 2010), conceptual solutions (Abanades et al., 2005) and demonstrated at varies scales 

such as 10 kWth (Charitos et al. 2010) and 1.7 MWth (Arias et al., 2013). It has been reported 

that hydrating lime is beneficial for CO2 capture due to enhanced sorbent morphology. The 

reason for this reactivity increase is attributed to the formation of cracks during hydration of 

the material, which result in higher pore volume (Wu et al., 2007). Hydration can also be used 

as a reactivation technique for spent sorbent. Two main methods have been investigated for 

hydration: water (Coppola et al., 2014; Yin et al., 2012) and steam (Arias et al., 2010; Han et 

al., 2009). Also, Fennell et al. (2007) proposed exposing spent limestone to humid air as a 

reactivation approach, demonstrating that the carrying capacity could be restored. The most 

effective method for hydrating spent sorbent is hydration by water; however, the conditions are 

less than ideal due to the energy requirements for drying the wet hydrated material (Erans et 

al., 2016). Therefore, steam hydration has been proposed as the best method for reactivation 
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(Arias et al., 2010; Han et al., 2009). A key property of hydrated materials is that their 

carbonation occurs faster than that of non-hydrated CaO-based materials (Jia and Anthony, 

2000; Manovic et al., 2008).  

The use of CaO-based materials for DAC has also been proposed as an effective way of 

removing CO2 from air. Lackner et al. (1999) investigated the feasibility of using calcium 

hydroxide as a DAC sorbent. However, this concept was considered inefficient due to the 

required high energy demand in order to regenerate the saturated sorbent. Alternatively, a 

solution of sodium hydroxide was proposed while calcium hydroxide was utilised for its 

regeneration in order to causticise the sodium carbonate solution and precipitate the calcite 

(Zeman and Lackner, 2004). Nikulshina et al. (2009) proposed using lime in a fluidised bed for 

DAC, where the heat of regeneration was provided by solar energy. They reported that this 

system would achieve higher CO2 capture than those using Na-based sorbents, as long as the 

air entered the reactor at higher temperature (~375° C). Stolaroff et al. (2005) investigated the 

DAC capability of a saturated solution using a Ca-rich industrial waste stream. The concept 

presented in their work consisted of an aqueous Ca-rich solution being recirculated 

continuously and reacting with CO2 when CaCO3 is precipitated. Hanak et al. (2017) proposed 

a system for simultaneous power generation and CO2 capture from air using carbonate 

materials. The sorbent regeneration temperature was achieved through utilisation of the high-

grade heat from a solid oxide fuel cell (SOFC). The advantages of this process are simultaneous 

generation of electricity by the fuel cell, CO2 capture from ambient air using calcined sorbent, 

and production of a concentrated CO2 stream that can be stored or used. Also, Hanak and 

Manovic (2018) performed a techno-economic analysis on the SOFC-DAC system, 

demonstrating its feasibility even under uncertainties in the market conditions, considering this 

process as carbon-negative-ready since produced lime can be sold in the market if there is no 

economic incentive for DAC. Also, the economic evaluation showed that the proposed concept 
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is competitive with other low-carbon power generation and DAC technologies (Hanak et al., 

2017; Hanak and Manovic, 2018). However, the suitability of the materials for the proposed 

DAC process needs to be further assessed as the application of the proposed concept depends 

highly on the ability of the sorbent to remove CO2 from air under realistic ambient conditions 

and in a practical time-scale. Namely, in the previous studies, the DAC performance of CaO-

based sorbents was typically tested under controlled laboratory conditions, e.g., in packed beds 

with a humidifier to maintain humidity of air circulated through the reaction system by 

compressor (Samari et al., 2019).  

In this work, the capability of lime and hydrated lime for DAC were investigated as a proof of 

the concept under realistic conditions by exposing CaO-based material to ambient air, without 

conditioning it and then circulating it through an adsorption/absorption reactor. This is so-

called ‘passive DAC by lime’ with the aim to avoid the operating costs (energy requirement 

for conditioning and compressing air) as well as to minimise capital costs (reactors and 

equipment such as compressors). Therefore, the samples were exposed to ambient conditions 

under a series of scenarios, namely, inside the building (low humidity), outside the building 

(high humidity) and water hydration after calcination using a mechanical pelletiser to assess 

their DAC performance. The carbonation and hydration conversions were measured over a 

prolonged time, and morphological variations were assessed using a scanning electron 

microscope (SEM). Finally, cycling calcination/ambient-carbonation experiments were also 

performed for months under different ambient conditions in order to assess the reactivity 

performance of the sorbents when used in a closed-loop process for DAC in a practical time-

scale.  
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2. Experimental Section 

The DAC tests in this study are performed using natural limestone which was calcined and 

exposed to ambient air for prolonged time in order to capture CO2.  

2.1. Materials 

The lime samples used were obtained by calcination of Longcal limestone (Longcliffe Ltd., 

UK) containing a minimum of 98.25% calcium carbonate with a particle size range from 100-

500 µm. A thin layer (~ 5 mm) of the limestone was placed on a stainless steel rectangular tray 

(45 cm x 35 cm). In order to achieve complete calcination, the material was first heated for 2 h 

at 850 °C in a muffle furnace (Carbolite GPC 12/81) in an air atmosphere containing CO2 

released due to calcination. The calcined material was cooled to 300 °C inside the furnace, and 

then exposed to air under the testing conditions.  

2.2. Experimental Procedure 

A preliminary test and three series of experiments were performed to explore the time-scale 

required for CO2 capture from ambient air by lime, the level of carbonation and hydration 

conversions over time, as well as the cyclic calcination/re-carbonation under realistic 

weathering conditions. The experiments were performed under variable ambient air 

temperature and humidity conditions, typical for Northern Europe, in order to simulate their 

weathering performance during prolonged exposure to air. During each set of experiments, the 

ambient temperature and relative humidity were recorded every hour using a data logger (EL-

USB-2-LC, Lascar). The hydration and carbonation conversions were determined by 

thermogravimetric analysis (TGA), which allows one to distinguish the individual amounts of 

CaO, Ca(OH)2 and CaCO3 in a given sample, and the morphology of the samples was analysed 

by scanning electron microscopy (SEM). A schematic of the experimental procedure is 

provided in Figure 1.  
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Figure 1. Schematic of the experimental procedure. 

Preliminary DAC time-scale. A preliminary experiment was performed to anticipate the time-

scale required for the DAC process using lime. After the calcination, a tray with 1.5 kg lime 

was exposed to the ambient air inside the building (closed laboratory room), where the 

humidity is relatively low, i.e., average relative humidity was ~45% during the test. The weight 

of the tray with lime was recorded throughout the experiment until a plateau was reached. 

1. Ambient hydration-carbonation. In the first series of experiments, the extent of ambient 

carbonation-hydration of the CaO-based materials over time was studied by exposing 1.0 kg 

calcined material in a thin layer (~5 mm) to different ambient conditions. Although the 

thickness of the material can affect the results in the initial stages of weathering, considering 

the time-scale of a month, the diffusion effects on the conversions due to this layer thickness 

are considered negligible. In the first test, a tray with lime was exposed to the ambient air inside 

the building (DAC-IN) where humidity variations were relatively small. It should be noted that 

the CO2 concentration in buildings varies in the range of 350-2,500 ppm, and the main source 

of CO2 is its occupants, with ventilation also being a key factor (Seppänen et al., 1999). In this 

study, the experiments were performed in an empty laboratory building, which was ventilated 
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by extraction hoods. Therefore, it can be assumed that CO2 concentration (400 ppm) did not 

significantly vary during the experiments. In the second test, a tray with lime was exposed to 

the ambient air outside the building (DAC-OUT), where the material experienced considerable 

variations in temperature and humidity. For the DAC-OUT test, the tray was placed under a 

roof structure to avoid any direct contact of the material with rain. In both cases, small amounts 

of sample were collected periodically for over a month for further characterisation to determine 

hydration/carbonation conversions and morphology. In order to ensure that the samples 

collected were representative of the entire material in the tray, they were taken from top to 

bottom and mixed thoroughly before the analysis. 

2. Ambient carbonation of pre-hydrated lime. In this experiment the extent of carbonation 

conversion was measured when hydrated samples were used (DAC-HYD). The limestone 

samples were calcined and left to cool overnight in sealed containers. Then, they were hydrated 

using a mechanical granulator (TMG 1/6, Glatt GmbH) and a spray of deionised water. Further 

information on the experimental procedure for the hydration and pelletisation of lime using the 

mechanical granulator is provided by Manovic et al. (2012). The hydrated samples were then 

exposed to ambient air inside the laboratory building, and the samples for characterisation were 

collected in the same manner as those of the DAC-IN test.  

3. Cyclic calcination/ambient re-carbonation. In these sets of experiments the effect of cyclic 

calcination/ambient re-carbonation on the performance of CaO-based material for ambient CO2 

capture was assessed. Cyclic tests were performed for samples exposed to air inside (DAC-

CIN) and outside the building (DAC-COUT) for 14 days. Subsequently, the weathered samples 

were calcined in a muffle furnace for 2 h at 850 °C, and again exposed to the same ambient 

conditions. The cycles were repeated five times for each test, and samples for further 

characterisation were collected periodically. The number of cycles was selected as a 

compromise between reasonable duration of the tests, which is, in this case, more than 2 
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months, and previous findings on reactivity decay. Namely, the reactivity decay, if any, can 

obviously be observed during the first five cycles (Manovic et al. 2009; Fennell et al., 2007). 

A summary of the experimental conditions reported in Figures S1-S5 of the Supplementary 

Information (SI) is shown in Table 1, where the minimum, maximum, and average 

temperatures, and relative humidity profiles are presented for each set of experiments. 

Table 1. Experimental conditions for the direct air capture (DAC) tests by lime. 

Test Time (day) Temperature (°C) Relative humidity (%) 

Minimum Maximum Average Minimum  Maximum Average 

DAC-IN 40 4 24 13 25 62 45 

DAC-OUT 31 4 23 14 32 95 70 

DAC-HYD 20 12 27 18 37 62 51 

DAC-CIN 68 9 29 17 31 62 48 

DAC-COUT 68 0 23 10 32 100 78 

Notation: DAC – direct air capture, IN – inside the building, OUT – outside the building, HYD 

– hydrated sample, CIN – cyclic test inside the building, and COUT – cyclic test outside the 

building. 

2.3. Material Characterisation 

Thermogravimetric Analysis (TGA). The carbonation/hydration conversions of the collected 

samples were measured by calcination of the reacted material using a Pyris 1 Perkin Elmer 

thermogravimetric analyser (TGA). In each test, 20-30 mg of the material was heated from 

ambient temperature to 900 C with a heating rate of 30 C/min under a nitrogen flow rate of 

20 mL/min, and maintained at 900 C for a further 5 min. The accuracy of the TGA is ±0.001 

mg, which negligibly contributes to the experimental error of measuring the sample 



11 

 

conversions. All measurements were performed twice and the discrepancy in the results was 

typically less than 5%. 

Scanning Electron Microscopy (SEM). An FEI XL30 Philips environmental scanning 

electron microscope (ESEM) was used to assess the morphology of the samples. The SEM 

images were taken at an accelerated voltage of 20 keV. Prior to scanning, the samples were 

coated with gold to prevent electrostatic charges on the particles. 

3. Results and Discussion 

The preliminary test showed an increase in weight of the tray with lime when exposed to 

ambient air inside the building, where the humidity is relatively low. Initially, there was a sharp 

weight gain, and the weight reached a maximum after ~30 days, with no noticeable increase 

afterwards. Therefore, it was concluded that the reactions were finished in this period 

considering practical application for DAC, and this time-scale was considered for the further 

experiments. 

Figure 2 presents the hydration, carbonation and total conversions of lime exposed to the 

ambient air inside the building (DAC-IN) over time. It can be seen that there is an initial regime 

with relatively fast hydration, when the hydration conversion reached 72% in the first 140 h, 

and then decreased due to carbonation of Ca(OH)2 (Ca(OH)2 + CO2 → CaCO3 + H2O). On the 

other hand, carbonation was relatively slow during this period, and reached only 6% 

conversion. This is expected as the reaction is limited by the disparity in moisture and CO2 

concentrations in ambient air, which causes the difference in time needed for the hydration and 

carbonation reactions. The carbonation conversion increased steadily and reached a maximum 

of ~78% after 740 h. No noticeable changes in the conversion of carbonation and hydration 

reactions were seen after 740 h. These results are consistent with previous findings, and it 

implies that carbonation of already hydrated samples is controlled by two steps: (i) the diffusion 
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of the atmospheric CO2 into the reactive material, followed by (ii) chemical reaction of diffused 

CO2 with Ca(OH)2 (Van Balen, 2005). The process progresses through the formation of a 

H2O/OH− interface controlled by intrinsic chemical reaction. This reaction takes place over the 

surface not covered by CaCO3 (Mess et al., 1999; Shih et al., 1999). Subsequently, the build-

up of a CaCO3 layer shifts the reaction mechanism towards a step controlled by diffusion in 

the product layer (Mess et al., 1999; Nikulshina et al., 2007). 

 

Figure 2. Carbonation (Xcarb), hydration (Xhyd) and total (Xtotal) conversions of DAC-IN 

sample over time. 

The time-conversions profiles for the sample DAC-OUT can be seen in Figure 3. It is important 

to note that the only difference between DAC-IN and DAC-OUT tests was the average relative 

humidity of air, 45% and 70%, respectively, but the average air temperature was similar, 13°C 

and 14°C, respectively, which can be seen in Figures S1 and S2 of the SI. The trends are similar 

to those of DAC-IN. The initial carbonation conversion rates are lower for DAC-IN with the 

carbonation of the Ca(OH)2 starting to increase at ~330 h, while at ~100 h for DAC-OUT. The 

hydration conversion at the beginning was higher for DAC-OUT, reaching a maximum after 

0

20

40

60

80

100

0 200 400 600 800 1000

C
o
n

v
er

si
o
n

 (
%

)

Time (h)

Xcarb Xhyd Xtotal



13 

 

100 h, while the DAC-IN reached the maximum hydration conversion after 140 h. This 

indicates that moisture in the air under the low-humidity conditions is a limiting factor for the 

reaction.  

It has been reported that moisture in air promotes CO2 capture from these sorbents under 

ambient conditions (Beruto and Botter, 2000; Shih et al., 1999). The mechanism of this capture 

process comprises dissolution of CO2 in the water that is in contact with the surface of the 

material, forming carbonic acid (Pontiga et al., 2013). This phase aids carbonation via the 

formation of movable spherules. It is important to note that, due to the hydration process, DAC-

HYD sample contained more non-bound water than DAC-IN and DAC-OUT, which promoted 

the carbonation reaction. Also, it has been previously claimed that water acts as a catalyst, 

promoting the carbonation reaction due to presence of Ca2+ and OH- ions (Beruto and Botter, 

2000). This phenomenon has been observed by varying relative humidity and CO2 

concentration at ambient temperature (Van Balen, 20015), under controlled humidity and 

temperature conditions (Morales-Flórez et al., 2015), and using wollatonite as CaO-based 

sorbent (Daval et al., 2009).   
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Figure 3. Carbonation (Xcarb), hydration (Xhyd) and total (Xtotal) conversions of DAC-OUT 

over time. 

The conversions of the DAC-HYD sample over time are shown in Figure 4, while the 

temperature and relative humidity data are provided in Figure S3 of the SI. It can be seen that 

the hydrated sample carbonates faster, reaching around 50% carbonation conversion in 168 h, 

compared to DAC-OUT (50% conversion in 264 h, Figure 3) and DAC-IN (50% conversion 

in 453 h, Figure 2). It is suggested that this faster carbonation is caused by two separate 

phenomena. Namely, the increase in moisture in the material helps with the CO2 dissolution at 

the gas/solid interface. The instant hydration in the mechanical granulator also contributed 

greatly to an earlier onset of the carbonation reaction due to the larger molar volume of 

Ca(OH)2, which induces cracks in the material, creating and exposing fresh unreacted lime for 

further carbonation (Manovic and Anthony, 2008; Nikulshina et al., 2009). 

 

Figure 4. Carbonation (Xcarb), hydration (Xhyd) and total (Xtotal) conversions of DAC-HYD 

over time. 
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The DAC experiments were performed for five cycles of calcination/ambient-carbonation in 

two sets of tests designated as DAC-CIN and DAC-COUT. The conversions for the cyclic 

experiments over time for DAC-CIN and DAC-COUT are shown in Figure 5 and Figure 6, 

respectively, where higher carbonation conversions are achieved during the cycles. The data 

for the temperature and relative humidity of DAC-COUT are presented in Figure S4 and S5 of 

the SI. The results on conversions are consistent with those of DAC-OUT (Figure 3) 

highlighting again the importance of moisture in air for ambient carbonation of CaO-based 

sorbents. DAC performance seems unaffected by the number of cycles as stable carbonation 

conversion profiles are obtained over the course of five cycles. Therefore, it can be concluded 

that the cycling has a negligible effect on CaO-based materials under the DAC conditions. The 

reason behind this superior performance is the simultaneous reactivation of the cycled material 

when in contact with humid air. Namely, it has been suggested that humid ambient air 

reactivates CaO-based materials exposed to calcination/carbonation cycles and enables the 

carrying capacity to be restored (Fennell et al., 2007). This finding is important since the 

technology can be deployed at large scale if CaO-based sorbent is used in a cyclic mode. Also, 

sorbent reactivation and using it in longer series of capture cycles aids the economics of the 

proposed DAC system since the economic performance of the process is strongly affected by 

the sorbent cost and activity (Hanak and Manovic, 2018).  
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Figure 5. Carbonation (Xcarb), hydration (Xhyd) and total (Xtotal) conversions of DAC-CIN 

sample over five repetitive cycles. 

 

Figure 6. Carbonation (Xcarb), hydration (Xhyd) and total (Xtotal) conversions of DAC-

COUT sample over five repetitive cycles. 
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(Figure 7b) at the end of their exposure to air. Their morphology appears to be similar and most 

of the pores are closed due to CaCO3 formation. This is consistent with the results on 

conversion as both of these samples had almost the same carbonation conversions at the end of 

the exposure to air (744 h for DAC-OUT and 957 h for DAC-IN). Figure 7 also presents the 

images of DAC-HYD after hydration (Figure 7c) and after exposure to air (Figure 7d). These 

two morphologies differ greatly with the first one being very compact and dense after lime 

reacted with water. The sample presented in Figure 7d appears to have a similar morphology 

to those of DAC-IN and DAC-OUT (Figures 7a and 7b, respectively). This can be expected 

since carbonation conversions of these samples are very similar at the end of their exposure to 

air. 
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Figure 7: SEM images of tested lime samples (a) DAC-IN and (b) DAC-OUT after exposure 

to air, (c) DAC-HYD after hydration, and (d) DAC-HYD after exposure to air. All scale bars 

are 10 µm.  

In Figure 8, the SEM images of DAC-CIN (8a and b) and DAC-COUT (8c and d) before and 

after the third cycles are presented. In this case, subtle differences can be found in the 

morphology with DAC-COUT having lower porosity, due to CaCO3 formation, than that of 

DAC-CIN. Namely, carbonation conversion after the cycles was substantially lower for DAC-

CIN than for DAC-COUT, i.e., 29% compared to 53%, respectively, at the end of the third 

cycle. 

 

Figure 8. SEM images of cycled lime samples: (a) calcined DAC-CIN prior to exposure to the 

ambient air; (b) DAC-CIN sample after third carbonation; (c) calcined DAC-COUT prior to 

exposure to the ambient air; and (d) DAC-COUT after third carbonation. All scale bars are 10 

µm. 
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4. Conclusions 

DAC technologies are expected to be essential in the future in order to capture CO2 that cannot 

be removed via large point-source CCS. One of the main challenges of DAC processes is the 

associated costs, which are often regarded as the main obstacle for scaling-up DAC processes. 

This work presents a novel DAC process utilising a cheap and environmentally friendly sorbent 

without the need of costly equipment or reactors. CaO-based materials are a viable solution for 

DAC by means of exposing them to ambient air in a thin layer. High levels of carbonation by 

ambient air (~ 75%) can be achieved in a time-scale of weeks to months, which is acceptable 

from an engineering point of view if these materials are used in the proposed DAC process. 

Importantly, there has been no loss of activity during the cycles, which implies that the DAC 

process requires neither additional reactivation nor disposal of cycled material, which is 

explained by simultaneous reactivation by humid air, which can significantly enhance the 

economics of the process and its technical feasibility. Also, it should be highlighted that 

limestone is cheap, environmentally friendly and widely available, making it a suitable 

candidate for DAC technologies considered in our recent studies. However, the availability of 

land should be further investigated as it could be one of the constraints of the DAC process 

explored in this study. In order to aid the scale-up of this technology, DAC processes should 

be developed looking at the future practical applications of the technology. Investigations on 

the suitability of these sorbents under variable realistic atmospheric conditions and geographic 

locations are scarce and thus necessary, as are techno-economic analysis and the investigation 

of other suitable sorbents. 
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