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Abstract 

Processes which directly remove CO2 from atmospheric air, also known as Direct Air Capture (DAC) 

processes, are an important tool for mitigating the effects of global climate change. The work in this 

thesis focussed on developing and evaluating such a process utilising a polyethyleneimine loaded 

mesocellular foam (MCF) silica sorbent with a high amine loading. The research was carried out 

systematically in three stages. 

The first stage aimed to identify how the adsorption temperature and the moisture level affected the 

adsorption of CO2 from air by the PEI-MCF sorbent. It was observed that while the large PEI loading 

resulted in a large uptake of CO2, it came at the expense of significant resistance to the diffusion of 

CO2 which caused slower adsorption kinetics. The highest uptake of CO2 was observed at 46 °C under 

both dry and humid conditions. The presence of moisture was observed to enhance the CO2 uptake 

by up to 53%.  Of the moisture levels studied, the highest uptake was observed for adsorption at 

2% mol-H2O for all temperatures evaluated. At 46°C, this corresponded to a CO2 uptake of 

2.52 mmol/g. It was also noted that the CO2 uptake was negatively affected at a higher moisture level 

of 3% mol-H2O, which suggested that the large amounts of co-adsorbed water may be interfering with 

the adsorption of CO2. The results demonstrated that while the sorbent displayed a high CO2 uptake 

(>1.2 mmol/g) under a broad range of temperature and moisture levels, it would be better suited for 

warm climates with a moderate humidity. 

The second stage of the research evaluated the performance of the sorbent under steam-assisted 

temperature vacuum swing adsorption cycle (S-TVSA), where the desorption was carried out by 

applying a vacuum and heating up the sorbent, while simultaneously purging with steam. It was 

demonstrated that essentially all the CO2 can be desorbed under mild vacuum levels (12-56 kPa abs) 

and temperatures (70-100 °C). It was observed that S-TVSD produced up to 16-fold faster kinetics than 

TVSD under the same desorption temperature and pressure, demonstrating the superiority of the 

process. The study also discovered that while moisture improved the CO2 uptake, the co-adsorbed 

water caused the desorption performance to deteriorate. It was also demonstrated that PEI-MCF 

showed minimal degradation (8% loss in capacity after 1500h of processing time) under the process 

conditions studied. 

The final stage of the research focussed on evaluation of the technoeconomic feasibility of a scaled-up 

DAC process. The minimum cost of capture was identified to be 612 USD/tonne for a process with air 

entering at 25°C under dry conditions, and 657 USD/tonne for air entering at 22 °C and 39% RH. The 

higher cost for the humid process was identified to be an effect of the additional energy requirement 

for desorbing the co-adsorbed water. The largest contributors to the cost of capture were identified 
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to be the cost of the air-sorbent contactors, and the cost of providing the thermal energy required for 

the desorption. The study also identified that significant cost reductions could be achieved by utilising 

waste heat, improving the kinetics of the sorbent and limiting its water uptake. 
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1. Introduction 

1.1. Motivation for Capturing CO2 from Air 

The increased anthropogenic CO2 emissions have been identified to be a main reason for global 

climate change. The annual anthropogenic CO2 emissions were reported to be approximately 

40 gigatonnes in 2017 [1] and can be expected to increase with the growth of the global population 

and the expansion of industry. Carbon capture technologies present themselves to be a solution for 

reducing these emissions. The captured CO2 could either be sequestered, or utilised in various 

industries [2]. Technologies for removing CO2 directly from the atmosphere, also known as “Direct Air 

Capture” (DAC), are of particular importance. This is because they can compensate for the effect of 

CO2 emitted from diffuse sources such as the transportation sector, houses and offices, which account 

for close to half of the total anthropogenic CO2 emissions [3]. Alternatively, attempting to capture all 

these emissions at the source would require fitting of capture systems to each emitter, which would 

neither be economical, nor practical.  

DAC also has several advantages in comparison to processes which capture CO2 from large emitters. 

For example, when CO2 is captured from large emitters, which may not be located close to suitable 

storage/utilisation sites, significant and costly infrastructure is needed for the transportation of CO2. 

In comparison, DAC processes could be constructed close to the intended storage/utilisation site, thus 

minimising these costs. Capturing from large sources also requires that the sizes of the capture 

systems be tailored to match the size of the emitters. For DAC process, there are less restrictions, and 

the size could be optimised to take advantage of economies of scale and to better suit the availability 

of resources. Finally, at large enough scales, DAC processes could theoretically compensate for historic 

CO2 emissions and reduce the CO2 in the atmosphere back to pre-industrial levels, whereas capturing 

for large sources only offer potential for reducing/eliminating our future emissions. It should be noted 

that while these advantages are presented here for the sake of comparison, these processes are not 

considered to be competitors, but rather complementary tools in an arsenal aimed at mitigating the 

effects of global climate change. 

1.2. Processes for Capturing CO2 from Air 

Various processes have been evaluated for DAC applications, including absorption with aqueous 

hydroxide solutions, and adsorption with alkali solids, zeolites, metal organic frameworks, anionic 

exchange resin and solid supported amines. Detailed reviews of these are presented in Sanz-Pérez et 

al. [4] and Goeppert et al. [5]. 
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Absorption with aqueous hydroxide solutions such as NaOH[6-9], Ca(OH)2[10,11] and KOH[12-14] was 

one of the earliest processes evaluated for DAC. The high binding energy of the CO2 to the hydroxides 

made these processes effective at selectively capturing CO2 from dilute gases. However, this also 

demanded a significant amount of thermal energy and very high temperatures (900-1000 °C) for the 

regeneration of the sorbent[8,9,13]. Other challenges of this process include the large evaporative 

losses of water[6,7,13], particularly when operating in relatively dry environments, and the potential 

health hazard of the solvents escaping into the atmosphere with the exhaust air from the system.  

Evaluations of adsorption with basic solid sorbents such as CaO[15-18] and Ca(OH)2[19] reported that 

they too needed very high temperatures for the regeneration of the sorbent. Additionally, the kinetics 

of the adsorption of CO2 was observed to be very slow and required high adsorption temperatures to 

achieve a reasonable uptake of CO2[15-17,19]. Hybrid materials where the alkali sorbents are 

dispersed in porous materials were reported to improve the adsorption performance under low 

temperatures, although high temperatures (170-850°C) were still required for regeneration[20-24]. 

Studies on using physisorbents such as zeolites[25-27] and metal organic frameworks (MOFs) 

[26,28,29] for DAC reported that while they exhibited a reasonable performance under dry conditions, 

the presence of moisture caused considerable deterioration of the CO2 uptake.  

Lackner[30] proposed the use of a strong-base ion exchange resin for capturing CO2 from air, due to 

attributes such as low regeneration energy, and fast kinetics. For these sorbents, it has been reported 

that the presence of moisture has a negative effect on the uptake of the CO2[31-35]. An advantage of 

this is that the sorbent could be regenerated through moisture swing which has been reported to have 

a lower energy demand[32,33]. However, this would limit the use of such processes to regions with 

relatively dry climates or necessitate that the inlet air be pre-dried which would carry additional and 

likely significant costs. 

Most of the recent efforts on capturing CO2 from air have been focussed on adsorption with solid 

supported amines, due to their high uptake capacity and selectivity, resilience to moisture which is 

present in air, and the possibility of regeneration under relatively mild conditions[4,5]. Solid supported 

amines (SSA) encompass a group of sorbents which consist of various amines physically loaded onto 

or chemically bonded to porous solid supports. Some of the amines and supports of sorbents 

evaluated for DAC are listed in Table 1. Of these, linear and branched polyethyleneimines (PEI) 

impregnated sorbents have been the most studied due to their low cost, easy availability, good 

stability and high adsorption capacity. 
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Table 1. Amines and supports of various SSA evaluated for DAC applications 

Amines Supports 

polyethyleneimine[36-52] 

polyallylamine[37,46]  

diamine[53] 

3-aminopropylsilane[54]  

poly(l-lysine)[55], 

triaminesilane[56] 

3-aminopropylmethyldiethoxysilane[57-60] 

 3-aminopropyltrimethoxysilane[61] 

(N-methylaminopropyl)trimethoxysilane[61] 

(N,N-dimethylaminopropyl)trimethoxysilane[61] 

N-(3-(trimethoxysilyl)propyl)ethane-1,2-diamine[53] 

ethylenediamine[29]  

3-(aminopropyl)-trimethoxysilane[62] 

2-(2-(3-trimethoxy-silyl-propyl-amino)ethylamino)ethylamine)[62] 

diamine[63]  

N,N-dimethylethylenediamine[64] 

diethylenetriamine[65] 

ethylenediamine[65] 

tris(2-aminoethyl)amine[40] 

polypropyleneimine[51] 

tetraethylenepentamine[66] 

pentaethylenehexamine[67] 

benzylamine[68-70] 

silica[25,36-38,41-43,45-47,50-56,61-

63,67,71] 

carbon[44,49] 

cellulose[47,48,57-59,63] 

MOF[29,40,64] 

polymeric resin[39] 

porous polymer networks[65] 

zeolites[66] 

polystyrene[68,70,72] 

alumina[36,73] 

 

1.3. Adsorption of CO2 from Air with Polyethyleneimine Impregnated Solid 

Sorbents 

The CO2 capture performance of PEI impregnated sorbents has been reported to be highly dependent 

on factors such as the molecular weight of the amine used, the nature of the amine sites and the 

loading of amine in the sorbent[36,37,40,42,44,49,51,52,73,74]. Goeppert et al.[74] and Darunte et 

al.[40] attributed to the high stability of PEIs to their higher molecular weights, thus lower volatility. 

In comparison, sorbents impregnated with low molecular weight amines were observed to suffer from 

leaching of the amine phase from the solid support [40,74]. This resulted in the loss of adsorption 

capacity with time and the potential contaminations of downstream units. It has also been reported 

that PEIs with higher molecular weights showed better stability against leaching, although at the 
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compromise of a poorer CO2 uptake [42,74]. This reduced uptake was identified to be due to the 

higher viscosity of heavier PEIs, which hindered the diffusion of CO2. Additionally, branched PEIs have 

been reported to possess higher CO2 capacities than linear PEIs, owing to the larger proportion of 

primary amines present[37].  

 

 

 

 

 

 

 

 

 

Figure 1: The influence of the PEI loading on the adsorption of CO2 from air by PEI impregnated solid 
sorbents reported in the literature. Adsorption under dry conditions for all data except for Sehaqui et 
al. [48], which was at 80% RH. The adsorption temperature is given in parentheses in the legend.  
 
Investigations into the effect of PEI loading on the CO2 adsorption showed that higher loadings often 

resulted in an increased uptake of CO2 (refer Figure 1) [36,37,40,42,51,73]. However, some of these 

studies[40,42] reported that it also resulted in slower CO2 adsorption kinetics. The authors attributed 

this to the increased diffusional resistance present in highly loaded sorbents. Other studies[44,49,52] 

reported that increasing the PEI loading yielded improved capacities only up to a certain PEI loading, 

after which further increases deteriorated the CO2 uptake. In these cases, the increase in diffusional 

resistance at higher loadings was believed to have become strong enough to have made a portion of 

the amine sites inaccessible to the CO2. 

The PEI loading has also been reported to have an effect on how the adsorption of CO2 is influenced 

by the air temperature (refer Figure 2). Sorbents with low PEI loadings have displayed a reduction in 

the CO2 uptake as the adsorption temperature is increased[42,47]. This is consistent with the 

thermodynamics of the exothermic nature of the reaction between the amine sites and the CO2. 

However, in sorbents with high PEI loadings, increasing the adsorption temperature has been reported 

to increase the CO2 uptake up until a certain critical temperature is reached[42,44,52]. Following this, 

further increases in temperature yielded reductions in the CO2 uptake. This could be explained using 

the findings of Wang and Song[75] who identified that sorbents with higher PEI loadings had higher 
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proportions of the total amine sites in inner layers which have reduced accessibility due to diffusional 

limitations. As a result, higher temperatures are required for the CO2 to overcome diffusional 

limitations and access these amine sites. However, at temperatures higher than a certain critical 

temperature, the negative effect on the thermodynamics of the reaction between the CO2 and the 

amines outweighs the positive effect on the diffusion, resulting in a reduced CO2 uptake. 

 

 

 

 

 

 

 

 

Figure 2: The influence of the temperature on the adsorption of CO2 from air by PEI impregnated 
solid sorbents reported in the literature. The PEI loading is given in parentheses in the legend. 

A unique advantage of these sorbents for use for DAC applications is their resilience to the moisture 

that is typically present in air. As seen in Figure 3, some studies[41,44,47-49,52] have reported that 

PEI impregnated sorbents displayed enhanced CO2 uptake under humid conditions. Depending on the 

adsorption conditions and the sorbent used, CO2 uptake has been reported to increase by as much as 

five-fold [48]. 

Most of the aforementioned studies[44,48,49,52] attributed the enhancements to the difference in 

reaction pathways, via which CO2 reacts with the amine sites, under dry and humid conditions. The 

studies suggested that under dry conditions, two amine sites react with one CO2 molecule, forming 

carbamates (Reaction 1), while in the presence of moisture, one CO2 molecule reacts with one amine 

site to form bicarbonates (Reaction 2). 

Under dry conditions: 𝐶𝑂2 + 2𝑅1𝑅2𝑁𝐻 ↔ 𝑅1𝑅2𝑁𝐻+ + 𝑅1𝑅2𝑁𝐻𝐶𝑂𝑂−       (Reaction 1) 

Under wet conditions: 𝐶𝑂2 + 𝑅1𝑅2𝑁𝐻 + 𝐻2𝑂 ↔ 𝑅1𝑅2𝑁𝐻2
+𝐻𝐶𝑂3

−                (Reaction 2) 

However, it should be noted that the formation of bicarbonates alone could only provide a maximum 

enhancement of 2-fold and cannot fully explain the larger increase in capacity observed by 
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Sehaqui et al.[48]. It is also worthwhile mentioning that while carbamates and bicarbonates are the 

two most predominantly discussed reaction products, there have been reports of CO2 uptake via the 

formation of carbamic acid under dry conditions[76,77], and via the formation of carbonates in the 

presence of moisture[76]. 

 

 

 

 

 

 

 

 

Figure 3: The influence of the moisture on the adsorption of CO2 from air by PEI impregnated solid 
sorbents reported in the literature. The adsorption temperature and the PEI loading are given in 
parentheses in the legend. 

Other studies[46,78] on solid supported amines have attributed the enhancement in CO2 capacity to 

improved diffusion of CO2 in the PEI phase of the sorbent. Mebane et al.[78] proposed that water 

enhanced the formation of diffusive intermediates which in turn aided the transport of CO2 in the 

amine phase. Zerze et al.[46] proposed that amine polymers may be existing as thick films on the 

surface of the sorbents, and that water vapour may loosen the polymer network thereby enhancing 

the transport of CO2.   

The promoting effect of water on CO2 adsorption has not been universally observed for DAC with SSA. 

Wang et al.[43] observed that at 10% RH, a higher uptake than under dry conditions was achieved. 

Yet, further increases in humidity were detrimental to the uptake of CO2, which was attributed to 

competitive adsorption between H2O and CO2 at high humidity levels. Alternatively Liu et al.[79] 

suggested that this may be explained by increased mass transfer resistances due to the formation of 

a water film on the adsorbent, or due to capillary condensation of water leading to blockages in the 

micropores. Goeppert et al.[41] observed that much like the effect of temperature, that of moisture 

too was dependent on the PEI loading of the sorbent. It was reported that while a 33% wt PEI sorbent 

showed an increase in the CO2 uptake when the RH was increased from 0 to 67%, a 50% wt PEI sorbent 
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displayed a decrease in the uptake under the same conditions. This reduced uptake was attributed to 

the co-adsorbed water hindering the diffusion of CO2 within the sorbent 

1.4. Desorption of CO2 from Solid Supported Amines 

Desorption of CO2 from SSA can be achieved via applying a partial pressure driving force in the form 

of a vacuum or a purge gas, applying a temperature driving force by heating up the sorbent, or a 

combination of these. Various desorption technologies have been evaluated for CO2 capture 

applications with SSA, although most of these have not been done in the context of DAC applications. 

These studies have been undertaken with a variety of sorbents and different desorption conditions. 

To facilitate comparison, the process conditions of several studies have been summarised in Table 2, 

where the CO2 purity and the average desorption rate achieved are noted. 

Temperature concentration swing desorption (TCSD) [42-44,63,64,71,80-82] has been the most widely 

studied desorption technology. For TCSD, the sorbent is heated while purging with an inert gas to 

lower the partial pressure of CO2 surrounding the sorbent. While fast desorption can be achieved, the 

desorbed CO2 is produced in a dilute form due to the purge gas [42-44]. Alternatively, TCSD with a CO2 

purge can be used to desorb CO2 as a high purity product, at the expense of a slower average 

desorption rate [64,80]. This poor desorption rate exhibited with the CO2 purge has been attributed 

to the significantly higher partial pressure of CO2 around the sorbent, and hence the smaller driving 

force for desorption [80]. In addition to the slower kinetics of this approach, SSAs reportedly undergo 

degradation when exposed to high CO2 concentration atmospheres at elevated temperatures. This 

has been attributed to the formation of urea linkages [69,83-87]. However, it has been reported that 

this type of degradation can be inhibited[58,85,87,88] or even reversed[84] in the presence of 

moisture. 

Another technology that can be used to desorb CO2 is vacuum swing desorption (VSD). In this process, 

the desorption is achieved by applying a vacuum on the sorbent, after the adsorption stage and at the 

same temperature. This would likely be unsuitable for DAC, as the CO2 is adsorbed from air, at a partial 

pressure of about 0.04 kPa abs. To achieve desorption, the sorbent would need to be evacuated to 

below this pressure, requiring very large vacuum pumps, and, hence, relatively large capital costs for 

equipment and high energy requirements.  

Alternatively, temperature vacuum swing desorption (TVSD) can be used to avoid the need for high 

vacuum levels (<0.04 kPa abs) for DAC application. In this type of process, desorption is achieved by 

applying milder vacuum levels and simultaneously heating the sorbent [47,60,63,70,81,82,89]. As no 

inert gas purge is used, the product gas mainly consists of the adsorbed species (typically CO2 and 
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H2O), and the desorbed CO2 could be obtained at higher concentration. However, while desorption of 

high purity CO2 is made possible with TVSD, it has been reported to produce slower desorption than 

TCSD with an inert purge gas [63,81,82]. Wurzbacher et al.[60,63] compared the desorption 

performance under TVSD when the CO2 was adsorbed from humid air (20-80 % RH), and observed that 

while the presence of moisture enhanced the uptake of CO2, it also resulted in a disproportionately 

higher uptake of H2O.  The study suggested that this additional uptake of water would in turn result 

in a higher thermal energy requirement during the regeneration of the sorbent. In contrast, Bos et al. 

[70] reported that the presence of moisture reduced the energy requirement of the process. The study 

reported that the increase in the CO2 uptake by the sorbent, in the presence of moisture, compensated 

for the added thermal energy demand for desorption of water. It was further suggested that the 

desorption of water may lower the partial pressure of CO2 around the sorbent and promote the 

desorption of CO2. 

As another approach for desorbing high purity CO2, TCSD with steam as a purge gas, also known as 

steam stripping, has been evaluated [90-92]. As the water in the desorbed product can easily be 

condensed, CO2 could be obtained at high purity. In comparison to TCSD with inert gas, steam stripping 

showed faster desorption kinetics [90,92]. The authors suggested that this accelerated desorption was 

a result of the water molecules interacting with the amine sites and displacing the CO2 adsorbed on 

these sites. Sandhu et al. [90] reported that the adsorption of water by the sorbent, during steam 

stripping, released a significant amount of heat, which increased the sorbent temperature by as much 

as 12 °C [90]. It is possible that this heat generation helped to accelerate the process by increasing the 

amount of energy available to be utilised for CO2 desorption, which is endothermic in nature. 

As an added advantage of steam stripping, the presence of moisture could be expected to stabilise 

the sorbent from CO2 induced degradation [58,84,88]. Indeed, Sandhu et al. [90] reported that steam 

stripping resulted in a 2% loss in the cyclic capacity for a PEI impregnated silica, in comparison to the 

6% loss observed with a N2 purge. Hammache et al. [92] reported no degradation of the amines, 

negligible leaching and minimal changes to the structure of the silica sorbent, for desorption with 

steam stripping at 105 °C, for a PEI functionalised silica sorbent. In contrast, Chaikittisilp et al. [36] 

reported an 81% reduction in capacity for a PEI loaded SBA-15 sorbent, after steam exposure at 105 °C. 

It was suggested that this was likely caused by the collapse of the mesostructure. An alumina support, 

evaluated in the same study showed better stability, losing only 25% of its capacity.  
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Table 2.  A summary of the desorption technologies evaluated for CO2 capture with SSA. The data presented here are the desorption conditions with 

highest average desorption rates reported in the respective studies. 

asample mass studied is indicated within parentheses. b desorption pressure for cases where a vacuum was used.  c purge gas flow rate in g/h for steam and 

in ml/min for the rest. The gas used is indicated within parentheses.   d average desorption rate calculated as the total desorbed amount divided by the total 

desorption time. 

Ref Type Sorbenta Adsorption from Desorption conditions 

Average 
desorption 
rate d  
(mmol/g/h) 

Purity 
(% mol) 

    T (°C) P (kPa abs)b Purge gasc 
  

[42] TCSD amine/silica (3 g) air (400-420 ppm CO2) 100 - 335 (N2) 5.01 10 

[43] TCSD amine/HP2MGL resin (1 g) 5000 ppm CO2 in N2 100 - 50 (N2) 3.99 19 

[44] TCSD amine/carbon (0.5 g) 5000 ppm CO2 in N2 110 - 50 (N2) 5.89 22 

[47] TVSD amine/cellulose-silica (unspecified) 380 ppm CO2/397 ppm He in N2 90 0.06-0.7 - 1.86 98 

[60] TVSD amine/cellulose (10 g) air (400-510 ppm CO2 at 80% RH)  95 5 - 0.65 94-97 

[63] TCSD amine/silica (23 g) air (400-440 ppm CO2) 90 - 800 (Ar) 0.20 unspecified 

 TVSD amine/silica (23 g) air (400-440 ppm CO2) 90 1 - 0.15 96 

[64] TCSD amine/MOF (0.09 g) 15% CO2 in N2 120 - 25 (N2) 10.08 unspecified 

 TCSD- CO2 purge amine/MOF (0.09 g) 15% CO2 in N2 150 - 25 (CO2) 4.32 unspecified 

[70] S-TVSD amine/polystyrene (30.4) 5000 ppm CO2 in N2 116 50 2000(steam) 2.88 unspecified 

[71] TCSD amine/silica (1000 g) air (394 ppm CO2) 130 - 8000 (9% H2O/N2) 0.83 6 

[81] TCSD amine/polystyrene (19 g) 45% CO2 in N2 100 - 226 (N2) 5.00 unspecified 

 TVSD amine/polystyrene (19 g) 45% CO2 in N2 100 10 - 4.20 unspecified 

[82] TCSD amine/silica (1 g) 5% CO2 in N2 150 - 50 (N2) 0.97 unspecified 

 TVSD amine/silica (1 g) 5% CO2 in N2 150 10 - 0.96 unspecified 

 TVSD- inert gas purge amine/silica (1 g) 5% CO2 in N2 150 10 50 (N2) 0.98 unspecified 

[89] S-TVSD unspecified SSA (40 g) air (40% RH) 100 20 2.5 (steam) 1.35 unspecified 

 TVSD unspecified SSA (40 g) air (40% RH) 100 20 - 0.41 unspecified 

[90] Steam Stripping amine/silica (1 g) 10% CO2 in N2 110 - 
unspecified (90% 
H2O/N2) 13.86 75 

[91] Steam Stripping amine/silica (2 g) 
CO2 in N2 (unspecified 
concentration) 103 - 72 (steam) 12.47 unspecified 

[92] Steam Stripping amine/silica (1 g) 10% CO2 in He 105 - 
unspecified (90% 
H2O/He) 17.45 75 
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Steam-assisted temperature vacuum swing desorption (S-TVSD) is a hybrid approach [70,89]. In 

addition to applying a vacuum and heating the sorbent, a steam purge is used to sweep the desorbed 

CO2 from the atmosphere surrounding the sorbent. The sweeping effect lowers the partial pressure 

of CO2 below that which could be achieved with pure TVSD, providing a larger driving force for 

desorption. Additionally, as the process operates under a vacuum, the steam could be produced at 

lower temperatures (<100 °C). We note that since the steam can be produced at low temperatures, 

solar thermal energy or waste heat might be used to supply this. The benefit of having a purge gas 

during TVSD has been demonstrated by Serna-Guerrero et al. [82], where using a N2 purge improved 

the average desorption rate at 70 °C by about a  factor of 3. Similarly, Fujiki et al. [93] demonstrated 

that the use of a steam purge resulted in about a 2-fold faster desorption rates for a VSD process.  

Similarly, Gebald et al. [89] demonstrated that S-TVSD produced approximately 3 times faster kinetics 

than TVSD under DAC conditions. They observed that lower pressures combined with higher 

temperatures yielded higher desorption rates. Gebald et al. [89] also pointed out that while higher 

steam flow rates led to faster desorption times, it would also negatively affect the economics of the 

process. The preferred steam rate was suggested to be less than 0.1-0.2 kg/h per kg of sorbent. The 

patent [89] also presented the results of cyclic testing which showed a 13% loss in capacity after 200 

cycles of adsorption/desorption. It was further reported that S-TVSD had a lower energy requirement 

than both TVSD and steam stripping type processes. In contrast, Bos et al. [70] reported that while 

S-TVSD yielded faster desorption of CO2, it may have a larger energy demand than TVSD, due to the 

thermal energy needed for steam generation. It was also observed[70] that the enhancing effect on 

the desorption kinetics by the steam purge was less significant when adsorption was carried out in the 

presence of moisture, in comparison to that under dry conditions. 

1.5. Technoeconomic Feasibility of Capturing CO2 from Air with Supported Amine 

Sorbents 

There are a few reports [60,71,89,94-96,98] on the energy requirement and the cost of capture of DAC 

processes with SSA (refer Figure 4). In two of the early studies, Kulkarni and Sholl [96] and Zhang et 

al. [71] carried out an economic analysis based on only the operating cost of the processes. They 

reported costs of 43-494 [96] and 91-227 [71] USD/tonne of CO2 captured. Krekel et al. [95] expanded 

on the work carried out by Zhang et al. [71], and reported that once the capital expenses are included, 

the cost of capture would be increased significantly to 792-1200 USD/tonne. Moreover, these costs of 

capture for Zhang et al. [71] and Krekel et al. [95] did not include the CO2 emissions from energy 

generation. Once these emissions were considered, the cost was reported to increase to 152-425[71] 

and 824-1333[95] USD/tonne, respectively. These results highlighted the importance of using low 



 

 

 

11 
 

0

200

400

600

800

1000

1200

1400

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

C
o

st
 o

f 
C

a
p

tu
re

 (
U

SD
/t

o
n

n
e)

En
er

gy
 R

eq
u

ir
em

en
t 

(G
J/

to
n

n
e)

Thermal Electrical Cost (Lowest) Cost (Highest)

carbon energy sources for supplying energy to DAC processes. Sinha et al. [94] estimated a cost of 

capture of 60-190 USD/tonne, without including the emissions from energy generation. Subsequently. 

Sinha and Realff [98] carried out a parametric study which estimated the cost to be 14 USD/tonne for 

a ‘best-case scenario’ and 1065 USD/tonne for a ‘worst-case scenario’. The study[98] proposed the 

‘mid-range’ cost estimate to be 86-221 USD/tonne. While the emissions from energy generation were 

not included in these calculated costs, the study suggested that the use of solar or wind power would 

produce the least amount of emissions. 

 

 

  

 

 

 

 

 

Figure 4: The energy requirement and cost of capture for DAC processes with SSA reported in the 
literature. The energy requirement in the figure corresponds to that of the lowest cost scenario in the 
respective studies. 

DAC has been the focus of several commercial projects including Climeworks [99], Global 

Thermostat [100], Carbon Engineering [101] and Infinitree [102]. Of these, Climeworks [99] and Global 

Thermostat [100] utilise SSA based processes. The cost of capture reported for the operations of first-

generation DAC system by Climeworks was estimated to be 600 USD/tonne[103]. This is an important 

benchmark, as it is based on a commercially operating system, as opposed to results of studies which 

are sensitive to the scope and assumptions used. Climeworks has further expressed their confidence 

in reducing this cost down to 200 USD/tonne by 2021, and down to 100 USD/tonne by 2030 [103]. 

Similarly, Global Thermostat expects a cost of capture of 100 USD/tonne for their first commercial DAC 

process [103]. 

In comparison, removing CO2 from air via afforestation and forest management has a cost of capture 

of 15-50 USD/tonne[104]. However, this approach carries a large land requirement, which would 

compete with the land available for food production. Moreover, the land available also enforces an 

upper limit on the scale at which CO2 can be removed. In comparison, CO2 removal by DAC faces less 
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stringent limitations on the degree of possible scaling. However, it is important to stress that DAC is 

not envisioned to be an alternative for good forest management practices, but rather as a technology 

to supplement the rate of CO2 removal by the natural carbon cycle. 

The minimum energy requirements of the DAC processes with SSA, reported in the literature, are in 

the range of 3.6 [94] to 12.5 [70] GJ/tonne of CO2 captured. This is largely accounted for by the thermal 

energy required for the desorption process. This mainly consists of the sensible heat required to heat 

up the sorbent to the desorption temperature, and the large heat of desorption for CO2. When 

adsorption is considered under humid conditions, the heat of desorption of water, which gets co-

adsorbed on SSA, adds to the thermal energy demand [60,70].  It was reported [60,70] that the energy 

for desorbing the water could account for >30% of the total thermal energy demand of the process. 

However, the economic evaluations to date [71,94-96] do not appear to have considered the 

desorption of this co-adsorbed water in their analysis. While Sinha and Realff [98] considered the co-

adsorption of water by the sorbent, it was assumed that the adsorbed water would not be released 

during the desorption stage. Another big contributor to the energy consumption is that needed for 

pushing air through the air-sorbent contactors. Due to the low concentration of CO2 in air, large 

amounts of air need to be processed to capture the CO2. This results in large energy requirements, 

even for low pressure drop contactor configurations as are described in some studies [94,96]. 

1.6. Knowledge Gaps 

The knowledge gaps identified from the review of the literature, which this thesis aims to address are 

as follows 

1. At the time of carrying out this research, only a few studies[42,44] had evaluated the effect of 

the adsorption temperature on the CO2 adsorption performance by PEI impregnated solid 

sorbents, under DAC conditions. While more studies[41,43,44,48,49] had evaluated the effect 

of different moisture levels, no study had evaluated the effect of moisture at a series of 

different temperatures. This information would be critical for identifying the suitability of the 

sorbents for DAC applications, depending on the climate of the intended location for the 

process. Moreover, at the time of carrying out this research, there was no information 

available on how highly loaded (>55% wt PEI) sorbents behave under different temperatures 

and moisture levels, under DAC conditions.  

2. The majority of the research on SSA for DAC applications have focussed on the development 

of sorbents with a large CO2 uptake. Limited focus has been placed on identifying suitable 

desorption methods[47,60,63,70,89], which are also critical for the successful deployment of 

DAC systems. While some more studies [42,44,64,71] evaluated desorption under TCSD 
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processes, these would be unsuitable for practical DAC applications, as the CO2 is desorbed in 

dilute form as a mixture with other inert gases.  

Furthermore, the literature review identified S-TVSD to be a promising technology for 

desorption, due to the fast desorption kinetics produced under mild vacuum levels, the 

possibility of desorbing the CO2 at high purity, and the improved stability of the sorbent in wet 

atmospheres. However, at the time of carrying out the research, S-TVSD for DAC applications 

had been described only in a single patent [89], which disclosed minimal information of the 

desorption kinetics. 

3. DAC processes with SSA need to be economically feasible if their deployment is to be 

successful. However, at the time of carrying out the research there were only a few 

reports[71,94-96,98] which had addressed this, and there was a significant discrepancy in 

their results. Furthermore, these studies[71,94-96] did not attempt to optimise the process 

conditions to minimise the cost of capture, and no evaluation had been done on the effect of 

co-adsorbed water on the economics of the process. 

1.7. Research Objectives and Thesis Outline 

The research in this thesis was carried out with the aim of developing a process for capturing CO2 from 

atmospheric air using a pelletised PEI loaded mesocellular foam (MCF) silica sorbent with a high amine 

loading. This sorbent was chosen as it was previously found to be highly promising for post combustion 

capture[85] and preliminary thermogravimetry studies had indicated its suitability for direct air 

capture applications[105,106].  The specific research aims, as tailored to address the knowledge gaps 

identified in Section 1.6., are as follows: 

1. Identification of the effect of adsorption temperature and moisture on the CO2 uptake by 

PEI impregnated silica sorbent: The research uses a laboratory-scale breakthrough analysis 

set-up to characterise the adsorption performance of the sorbent, under a series of different 

temperatures and moisture levels, under DAC conditions.  

 

2. Identification of a suitable desorption technology for a DAC process with SSA: The research 

uses a custom-built laboratory-scale experimental set-up to carry out a rigorous investigation 

on how the process conditions (temperature, pressure, steam flow rate, co-adsorbed 

moisture) affect the desorption performance of the sorbent, and determine its potential for 

DAC applications. 
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3. Evaluating the technoeconomic feasibility of a DAC process: The results of laboratory scale 

experimental data are used to develop a process model to evaluate the economics of a scaled-

up DAC process. This model is then subjected to a multi-objective optimisation to determine 

the process conditions which yield the minimum cost of capture of the process. 

This thesis addresses these aims in three chapters presented in the form of publications. Chapter 2 

addresses the first research aim and has been published in Industrial & Engineering Chemistry 

Research. Chapter 3 addresses the second research aim and has been published in Industrial & 

Engineering Chemistry Research. Chapter 4 addresses the third research aim and has been published 

in Processes. Finally, Chapter 5 presents the overall conclusions of the work and recommendations for 

future work. 
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2.  CO2 Capture from Air Using Pelletized Polyethyleneimine 

Impregnated MCF Silica 

This chapter focusses on the first research objective of the thesis: identifying the effect of temperature 

and moisture on the adsorption performance of PEI impregnated solid sorbents. The development of 

a PEI supported MCF silica sorbent with a high PEI loading, and the characterisation of its adsorption 

performance under a series of different temperatures and moisture levels is described here. 

It was observed that although the high amine loading allowed for a large CO2 uptake capacity, it also 

resulted in slower adsorption kinetics. The study identified that while low temperatures were better 

for the thermodynamics of the reaction between the CO2 and amine sites, the uptake of CO2 was 

limited by diffusional resistances in the sorbent. In contrast, higher temperatures allowed for better 

diffusion of CO2, but the thermodynamics were less favoured. The amount of CO2 adsorbed by the 

sorbent was determined by the combined effect of these two factors. Due to the large diffusional 

resistances of the sorbent studied, the highest uptake was achieved under relatively warm conditions 

(46 °C). While, the presence of moisture (0.5 and 2% mol-H2O in feed gas) yielded up to 53% 

enhancement in capacity, higher moisture levels (3% mol-H2O) appeared to be detrimental to the CO2 

uptake. This suggested that at high moisture levels, the large amounts of co-adsorbed water may be 

interfering with the adsorption of CO2.  

The study also compared the performance of two PEI-MCF silica sorbents, PEI_80a and PEI_80b, 

prepared under slightly different synthesis methods. PEI_80a had previously demonstrated promising 

CO2 adsorption performance under preliminary thermogravimetry studies [105,106]. In the synthesis 

of PEI_80b, an additional sonication step was used during the impregnation step of PEI into the MCF 

silica. This was hypothesised to improve the CO2 adsorption by the sorbent, owing to better infiltration 

and dispersion of the amine polymers into the pores of the silica support. Elemental analysis of the 

two sorbents confirmed that the two methods resulted in a similar loading of PEI (66% and 63% wt, 

for PEI_80a and PEI_80b, respectively). Despite this, PEI_80b displayed up to 55% higher CO2 uptake 

than PEI_80a, under the same adsorption conditions, which confirmed the positive effect of the 

sonication step on the adsorption performance of the sorbent. 

Finally, the study also highlighted that at an adsorption temperature of 81 °C there was negligible CO2 

uptake, which gave a preliminary indication that desorption could be carried out under mild 

temperatures.  

The content of this chapter has been published in Ind. Eng. Chem. Res.  
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The N2 sorption isotherm data and the pore size distributions for the materials discussed in this 

chapter are presented in Appendix C.  The calibration plots for the instruments used for the 

experimental work in Chapter 2 are presented in Appendix E. The LabVIEW program used for data 

acquisition is presented in Appendix F. 
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Reproduced with permission from Ind. Eng. Chem. Res. 2019, 58, 8, 3293-3303, 

doi:10.1021/acs.iecr.8b04973 Copyright 2019 American Chemical Society. 
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3.  Desorption Process for Capturing CO2 from Air with Supported 

Amine Sorbent 

This chapter focusses on the second research objective of the thesis: identification of a suitable 

method of desorbing CO2 from solid supported amine sorbents. From the two sorbents evaluated in 

Chapter 2, the one which displayed a larger uptake of CO2 (PEI_80b) was evaluated under steam 

assisted temperature vacuum swing desorption (S-TVSD). The chapter describes the desorption 

performance of the sorbent under a wide range of process conditions. 

It was demonstrated that substantial CO2 desorption could be achieved with S-TVSD under moderate 

vacuum levels (12 to 56 kPa abs), and relatively low temperatures (70 to 100 °C). It was observed that 

the lower pressures and higher temperatures made significant enhancements to the CO2 desorption 

kinetics. The superiority of the steam assisted process was confirmed by the fact that S-TVSD yielded 

desorption kinetics which were around 16-fold faster than TVSD at the same desorption temperature 

and pressure. It was further identified that higher steam flow rates yielded faster desorption at the 

compromise of a disproportionately higher increase in the thermal energy requirement. An interesting 

discovery of this study was that while moisture improved the CO2 uptake as reported in Chapter 2, it 

was observed to negatively affect the desorption performance. This was an effect of the thermal 

energy consumed for the desorption of the water that gets co-adsorbed on the sorbent. Finally, the 

desorption conditions studied were observed to cause minimal degradation to the sorbent. It was 

reported that after 50 cycles of adsorption/desorption which corresponded to over 1500 h of 

processing time, the sorbent retained 92% of its initial capacity.  

In summary, the results indicated the potential of S-TVSD for use in direct air capture processes and 

highlighted the need to carry out a technoeconomic evaluation to better identify the preferred 

process conditions. 

The content of this chapter has been published in Ind. Eng. Chem. Res.  

The supporting information for this publication is included in Appendix A(I). The calibration plots for 

the instruments used for the experimental work in Chapter 3 are presented in Appendix E. The 

LabVIEW program used for data acquisition is presented in Appendix F. 
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Reproduced with permission from Ind. Eng. Chem. Res. 2019, XXXX, XXX, XXX-XXX, , 

doi:10.1021/acs.iecr.9b03140 Copyright 2019 American Chemical Society. 
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4. Technoeconomic Evaluation of a Process Capturing CO2 Directly 

from Air 

This chapter focusses on the third research objective of the thesis: evaluating the technoeconomic 

feasibility of a DAC process. A process model which could accurately predict the 

adsorption/desorption of CO2 was developed and validated using the experimental data obtained in 

Chapters 2 and 3. In addition to the data presented in Chapters 2 and 3, adsorption experiments were 

carried out at 27 °C, to get the required data for developing the process model. The process model 

was then subjected to a multi-objective optimisation to determine the preferred process conditions. 

The optimisation identified the minimum cost of capture to be 612 USD/tonne for a process with air 

entering at 25°C under dry conditions, and 657 USD/tonne for air entering at 22 °C and 39% RH. In 

both of the cases, the incoming air to the process was heated to 27 °C, before passing through the 

air-sorbent contactors, to benefit from the reduced mass transfer limitations achieved at higher 

temperatures, as identified in Chapter 2. An adsorption temperature of 27 °C was considered for this 

study, although 46 °C was previously reported to produce a larger uptake of CO2. This was done as an 

average ambient temperature of 46 °C corresponds to unrealistically warm climates, and heating the 

air to this temperature would require a significant amount of energy. The largest contributors to the 

cost of capture were identified to be the cost of the air-sorbent contactors, and the cost of providing 

the thermal energy required for the desorption. The higher cost for adsorption under humid 

conditions was attributed to the additional energy requirement for desorbing the co-adsorbed water. 

Despite the higher cost of capture, it was noted that the humid conditions represent more practical 

values, as it would be unrealistic to expect completely dry climates in any region of the world.  

Finally, the study also evaluated different scenarios under which the cost of capture could be reduced. 

It was determined that the utilisation of waste heat from other processes would have the largest effect 

on the economics of the process, with a 42% reduction in the cost of capture. In terms of how the 

sorbent development could improve the economics, it was determined that a sorbent with two-fold 

faster kinetics would reduce the cost of capture by 27%. A combination of these two scenarios could 

cut the cost by 54%.  

The content of this chapter has been published in Processes. 

The supporting information for this publication is included in Appendix A(II). 
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5.  Conclusions and Recommendations 

In this thesis, a Direct Air Capture (DAC) process, i.e. a process capturing CO2 directly from air, was 

developed and characterised in detail. The sorbent evaluated in the current work was branched 

polyethyleneimine (PEI) functionalised mesocellular foam (MCF) silica, with a high amine loading, in 

pelletised form. The amine loading of this sorbent is among the highest for PEI impregnated solid 

sorbents evaluated for DAC. The sorbent was selected as the large PEI content allowed for substantial 

uptake of CO2, as had previously been demonstrated under post combustion capture conditions. The 

process development was carried out systematically in three stages; first studying the adsorption of 

CO2 by the sorbent, second identifying a suitable method of desorption, and finally evaluating the 

technoeconomic feasibility of a scaled-up DAC process. The results of each stage have been published 

in peer-reviewed journals. 

In the first stage, the PEI-MCF sorbent was evaluated under a series of temperatures and moisture 

levels. This stage aimed to identify the relative effect of these two process variables on the CO2 

adsorption performance by the sorbent, and the process conditions which would provide a larger 

uptake of CO2. This was critical for process development, as the operating conditions of DAC processes 

would be location specific and may vary from sub-zero temperatures to about 55 °C, under various 

moisture levels, depending on the local climate. At the time of carrying out this research, there was 

no information on the effect of moisture and temperature for highly loaded (>55% wt) PEI 

impregnated sorbents, under DAC conditions. Furthermore, up to date, this is the only study which 

evaluated the effect of moisture at a series of different temperatures for PEI sorbents under DAC 

conditions. 

The results of this study identified that while the large amine loading produced a large CO2 uptake, it 

also resulted in significant mass transfer limitations and hence slower adsorption kinetics. The highest 

CO2 uptake was observed at 46°C under both dry and humid conditions. It was observed that at 

temperatures higher than this, the CO2 adsorption was reduced, consistent with the thermodynamics 

of the exothermic reaction between the CO2 and the amine sites. A reduced uptake was also observed 

at temperatures below 46 °C. This was attributed to the large mass transfer resistances in the sorbent, 

which hindered the accessibility of the amine sites to the CO2, at lower temperatures. The presence 

of moisture was observed to enhance the CO2 uptake by up to 53%.  Of the moisture levels studied, 

the highest uptake was observed for adsorption at 2% mol-H2O for all temperatures evaluated. At 46°C 

this corresponded to a CO2 uptake of 2.52 mmol/g. It was also noted that the CO2 uptake was 

negatively affected at a higher moisture level of 3% mol-H2O, which suggested that the large amounts 

of co-adsorbed water may be interfering with the adsorption of CO2. The study concluded that while 
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the sorbent displayed a high CO2 uptake (>1.2 mmol/g) under a broad range of temperature and 

moisture levels, it would be better suited for warm climates with a moderate humidity. 

The second stage of the research evaluated the performance of the sorbent under steam-assisted 

temperature vacuum swing desorption (S-TVSD). In this process, the desorption was carried out by 

applying a vacuum and heating up the sorbent, while simultaneously purging with steam. S-TVSD was 

chosen as the technology of interest due to the fast kinetics offered under mild vacuum levels, the 

possibility of desorbing the CO2 at high purity, and the improved stability of the sorbent in wet 

atmospheres. At the time of carrying out the research, S-TVSD for DAC applications had been 

described only in a single patent which disclosed minimal information of the desorption kinetics. In 

comparison, the research described in this thesis carried out a rigorous investigation on desorption 

performance of the sorbent under a wide array of process conditions. 

The results demonstrated that substantial CO2 desorption could be achieved with S-TVSD under 

moderate vacuum levels (12 to 56 kPa abs), and relatively low temperatures (70 to 100 °C). The 

moderate vacuum levels required suggested that the process could be developed with low capital and 

operating expenses. The low temperatures needed indicated opportunities for process integration 

with low temperature solar thermal systems or waste heat from other processes. Higher temperatures 

and greater vacuum levels produced significantly faster kinetics, and the fastest desorption was 

achieved at 12 kPa abs/100 °C. Under the same temperature and pressure, the desorption kinetics of 

a TVSD process was observed to be around 16 times slower, which confirmed the superior kinetics 

offered by the steam assisted process. It was further identified that higher steam flow rates yielded 

faster desorption at the compromise of a disproportionately higher increase in the thermal energy 

requirement. An interesting discovery of this study was that while moisture improved the CO2 uptake, 

it also resulted in an additional thermal energy requirement for the desorption of the water that gets 

co-adsorbed on the sorbent. The desorption was also observed to be slightly slower in comparison to 

that when adsorption was under dry conditions. Finally, it was observed that the sorbent underwent 

minimal degradation under the process conditions studied. After 50 cycles of adsorption/desorption 

which corresponded to over 1500 h of processing time, the sorbent retained 92% of its initial capacity. 

The study concluded that S-TVSD presented itself to be a promising technology for DAC and 

highlighted the need to identify the preferred process conditions, after taking into consideration their 

impact on the economics of the DAC process. 

The final stage of the research focussed on evaluation of the technoeconomic feasibility of a scaled-up 

DAC process. At the time of carrying out this work, only limited studies had evaluated the economics 

of DAC processes using solid supported amines, and there was considerable discrepancy between 
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their results. Furthermore, it was noted that these studies evaluated fixed process conditions rather 

than considering a range of values, in a measure to optimise the process. Additionally, these studies 

had not evaluated the effect of the co-adsorbed water on the economics of the process.  

In this study, a process model was proposed for a DAC process, and validated with the laboratory 

experimental results. Following this, the model was subjected to a multi-objective optimisation (MOO) 

with the process conditions as the variables, and minimising the cost of capture and maximising the 

amount of CO2 captured as the objectives. The optimisation compared a ‘dry case’ and a ‘humid case’ 

to determine the effect of moisture inherent in air. The MOO identified the minimum cost of capture 

to be 612 USD/tonne for a process with air entering at 25°C under dry conditions, and 657 USD/tonne 

for air entering at 22 °C and 39% RH. In both of the cases, the incoming air to the process was heated 

to 27 °C, before passing through the air-sorbent contactors, to benefit from the reduced mass transfer 

limitations achieved at higher temperatures, as described earlier. While 46 °C had previously been 

identified to yield the highest uptake of CO2, a milder adsorption temperature of 27 °C was considered 

for this study. This was done as an average ambient temperature of 46 °C corresponds to 

unrealistically warm climates and heating the air to this temperature would require a significant 

amount of energy. The largest contributors to the cost of capture were identified to be the cost of the 

air-sorbent contactors, and the cost of providing the thermal energy required for the desorption.  

The costs calculated here were higher than that reported in most of the previous studies in the 

literature. This was identified to be partially due to differences in assumptions and scopes used in the 

respective studies. Another reason was the slow CO2 mass transfer kinetics of the sorbent in the 

current work, which resulted in longer cycle times, and hence higher costs of capture. As mentioned 

earlier, this can be attributed to the large PEI loading in the sorbent. The study quantified that the cost 

could be cut down by as much as 27% if the kinetics of the sorbent were enhanced by a factor of two. 

Furthermore, as mentioned earlier, the adsorption temperature considered for this study was not that 

which yielded the highest CO2 uptake. It may be that further improvements in the process economics 

could be achieved by tailoring the design of sorbent material so that its highest CO2 uptake occurs at 

the intended adsorption temperature.  

The higher cost for adsorption under humid conditions was identified to be an effect of the additional 

energy requirement for desorbing the co-adsorbed water. Although the humid case yielded a higher 

cost of capture, it was noted that it would be unrealistic to expect perfectly dry climates anywhere in 

the world. In contrast, the inlet air conditions for the humid case can be expected from locations such 

as Las Vegas, Phoenix, Sonora, Rajasthan, Namibia and Botswana. However, this highlighted that 

development of sorbents with a reduced affinity for water could improve the economics of the 
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process. The study quantified an 8% reduction in the cost of capture for a hypothetical sorbent with 

half the water uptake of the current sorbent. 

In conclusion, the process evaluated in this thesis does not appear to be economically feasible in the 

current state. However, the research identified several avenues which could lead to improvements. 

Of these, the improvements in sorbents design suggested here could realistically be achieved even 

with the current state of the technology. However, further research is needed for areas such as the 

development of low-cost contactors. If a combination of these improvements is achieved, this DAC 

process has the potential to be economically feasible and a valuable tool for combatting climate 

change in the future.  

Recommendations and opportunities for future work identified from the work in this thesis are as 

follows 

1. Sorbent development: One of the main reasons for the higher cost of capture in this DAC 

process was identified to be the slow mass transfer kinetics of the sorbent. Therefore, for the 

development of economically feasible DAC processes, it is essential that future research on 

sorbent design had a focus on producing materials with reduced mass transfer limitations. It 

would also be critical to carry out research on how sorbent design can be tailored to best suit 

the ambient conditions of the location of their intended use. Furthermore, the work in this 

thesis also suggested that sorbents with a reduced affinity to water could be beneficial for the 

economics of the process. 

 

2. Sorbent stability: The research identified that the sorbent displayed a small but noticeable 

(8%) loss in CO2 uptake capacity after 1500 h of adsorption/desorption cycles. It was suspected 

that this was caused by the leaching of the PEI phase from the internal pores. It would be of 

interest to carry out a detailed investigation to determine the exact nature of this degradation 

and how the sorbent can be safeguarded against it. 

 

3. Cyclic Testing: The cyclic testing done in Chapter 3 demonstrated that the sorbent stability is 

largely preserved after 50 cycles of adsorption/desorption under varying process conditions. 

However, it would also be of interest to test the cyclic stability of the sorbent under the 

preferred process conditions identified in the technoeconomic evaluation in Chapter 4. This 

would give a more realistic representation of how the sorbent will behave in practical DAC 

processes. 
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4. Air-sorbent contactor design: The air-sorbent contactor was reported to be the largest 

contributor to the cost of the DAC process. This is mainly owing to the special qualities desired 

for good air-sorbent contactors. These include large heat transfer areas to rapidly heat and 

cool the sorbent during the cycles, low pressure-drop structures to minimise the energy 

required for pushing air/steam through them, and minimised void volumes to reduce the 

energy needed for evacuation during desorption. It would be of interest to research how the 

configuration of the contactor could be designed such that these qualities can be incorporated 

while minimising the cost of construction. Monolithic contactors as have been evaluated in 

some studies [73,94,96], may be a promising option for this.  

 

5. Detailed transport model: The process model described in this thesis uses a simplified mass 

transfer model which was demonstrated to be sufficient for predicting the 

adsorption/desorption of CO2 by the sorbent in the laboratory process. It is recommended to 

develop a more rigorous transport model, which could provide a more detailed understanding 

of the behaviour of this sorbent. A more rigorous model would also be highly beneficial for 

designing alternative contactors. 

 

6. Effect of oxygen on the performance of the sorbent: The experiments described in this thesis 

evaluated the adsorption/desorption performance of the sorbent from a feed gas of 420 ppm 

CO2 in N2 which was used to simulate the concentration of CO2 in air. It would be important to 

determine how the presence of oxygen affects the performance of the sorbent under the 

process conditions of interest. Some preliminary work on this has been carried out and is 

included in Appendix D of this thesis. The early results (10 cycles) indicate that oxygen in the 

bottled air is not affecting the adsorbent; however further testing over many more cycles is 

required. 
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Appendix A(I): Supporting Information for “Desorption Process for 

Capturing CO2 from Air with Supported Amine Sorbent” 
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Appendix A(II): Supporting Information for “Technoeconomic 

Evaluation of a Process Capturing CO2 Directly from Air” 
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Appendix B(I): Addendum to “CO2 Capture from Air Using Pelletized 

Polyethyleneimine Impregnated MCF Silica “ 

• Discussion of the breakthrough curves depicted in Figure 2 

At adsorption temperatures below 66 °C, the breakthrough curves can be seen to form drawn-out 

tails, while still adsorbing approximately 20% of the CO2 in the feed gas stream. This can also be 

observed in the CO2 uptake curves (Figure 2 (b)) which appear to plateau after about 20 h from the 

start of adsorption.  This suggests that the CO2 faces increasing mass transfer resistances as the 

sorbent is progressively saturated with CO2.  This may be explained by the results of Knowles et al. [1], 

which demonstrated that as the amine sites react with the CO2 forming bicarbonates, the viscosity of 

the PEI polymer phase increases, effectively solidifying it. This increased viscosity in turn may increase 

the diffusional resistances that the CO2 has to overcome to reach the vacant amine sites.  

The waves observed in the breakthrough curves (Figure 2(a)) were due to fluctuations in the room 

temperature in the lab which housed the equipment, due to a faulty air conditioning unit. The oven 

which the sorbent was contained in was unable to quickly react and compensate for the change in 

ambient temperature caused by the air conditioning. This resulted in slight changes in adsorption 

temperatures and caused fluctuations in the rate of adsorption of CO2 which manifested itself as 

waves in the breakthrough curves. 

• Error Bars in Figures 2 & 6 

The error bars shown in Figures 2 & 6 were calculated as the standard deviation of the results of 

replicated experiments. The error bars demonstrate that there is good repeatability in the 

experiments.  
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Appendix B(II): Addendum to “Desorption Process for Capturing CO2 

from Air with Supported Amine Sorbent” 

• Error Bars in Figures 4 to 7 

The error bars shown in Figures to 4 to 7 were calculated as the standard deviation of the results of 

replicated experiments. The error bars demonstrate that there is good repeatability in the 

experiments.  
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Appendix B(III): Addendum to “Technoeconomic Evaluation of a 

Process Capturing CO2 Directly from Air” 

• Land area requirement for the process 

A preliminary calculation on the minimum land area required for the process under the lowest cost 

scenarios (refer Table 3), was calculated by assuming the that the air-sorbent contactors would be the 

only significant contributor. The total area (m2) ,Atotal, required by the process was calculated according 

to Equation B(III)1, where Ncontactors is the number of contactors in the process and Aplot area, contactor is 

the plot area required for a single contactor (m2). 

𝐴𝑡𝑜𝑡𝑎𝑙 = 𝑁𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑜𝑟𝑠 × 𝐴𝑝𝑙𝑜𝑡 𝑎𝑟𝑒𝑎 ,𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑜𝑟  (Equation B(III)1) 

Each contactor was assumed to be placed in a square plot with sides equal to twice the diameter of 

the contactor (2.26 m). The additional area was allowed for use during maintenance, etc-.  

The land area required for capturing 1 Gigatonne of CO2 per year, Ā (km2 Gtonne-1 yr), was calculated 

according to Equation B(III)2, where CR is the annual capture rate of the process (tonne yr-1) 

𝐴̅ =
𝐴𝑡𝑜𝑡𝑎𝑙

𝐶𝑅
×

109 𝑡𝑜𝑛𝑛𝑒

1 𝐺𝑡𝑜𝑛𝑛𝑒
× 

1 𝑘𝑚2

106 𝑚2       (Equation B(III)2) 

The results of the calculations are presented in Table B(III)1 

Table B(III)1. Results of the preliminary calculations on the minimum land area required for the 

process under the lowest cost scenarios 

 Ncontactors Aplot area,contactor 

(m2) 

Atotal (m2) CR 

(tonne yr-1) 

Ā 

(km2 Gtonne-CO2
-1 yr) 

Dry Case 14 20.4 286 1521 188 

Wet Case 15 20.4 306 1682 182 
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Appendix C: N2 sorption isotherms and pore size distribution data for 

MCFa, MCFb, PEI_80a and PEI_80b 

 

 

 

 

 

 

 

 

 

Figure C1. N2 sorption isotherms for MCFa, MCFb, PEI_80a and PEI_80b 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C2. Pore size distribution of MCFa  
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Figure C3. Pore size distribution of PEI_80a  

 

 

 

 

 

 

 

 

 

 

 

Figure C2. Pore size distribution of PEI_80b  
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Appendix D: Preliminary Study into the Effect of Oxygen on the 

Performance of PEI Impregnated MCF Silica for Adsorption of CO2 from 

Air. 

The work described in this appendix was done with the objective of doing a preliminary evaluation of 

how the oxygen in air affects the performance of PEI_80b for DAC applications. To achieve this, a new 

(3.48 g) sample of PEI_80b was exposed to 10 S-TVSA following the method described in Chapter 3. 

The only exception being that compressed air acquired from Air Liquide was used as the adsorption 

feed gas, instead of 420 ppm CO2 in N2. The CO2 concentration of this gas was measured to be 350 ppm 

CO2. 

The CO2 uptake profile when adsorbing from air at a flow rate of 200ml/min at 46 °C is depicted in 

Figure B1, along with that when adsorbing from 420 ppm CO2 in N2 and 350 ppm CO2 in N2. It is evident 

that the uptake from the compressed air is slower than that from 420 ppm CO2 in N2. This can be 

attributed to the lower partial pressure of CO2, which would provide a smaller driving force for 

adsorption. It can also be seen that the CO2 uptake profile for adsorption from air is almost identical 

to that of adsorption from 350 ppm CO2 in N2. This suggests that the presence of oxygen has negligible 

effect on the adsorption kinetics of CO2 by PEI_80b. 

 

 

 

 

 

 

 

 

 

 

Figure D1. Adsorption of CO2 by PEI_80b from different feed gases  

The CO2 uptake by the sorbent over 10 S-TVSA cycles is plotted in Figure B2. The data presented 

represents the adsorption at 46 °C, from dry air. The desorption for these cycles was carried out at 

varying pressures (12-26 kPa abs), temperatures (90-100 °C) and steam flow rates (3.4-9.9 g/h). The 
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uptake after 29.5 hours of adsorption at the same condition was used for this comparison. As visible 

in the Figure B2, after 10 cycles of adsorption/desorption, which corresponded to a processing time 

of >300 hours, negligible loss in CO2 uptake capacity was seen for PEI_80b. This suggests that the 

stability of the sorbent does not deteriorate significantly in the presence of oxygen. 

 

 

 

 

 

 

 

 

Figure D2. The CO2 uptake by the sorbent over 10 S-TVSA cycles when adsorbing from air at 46°C. Error 

bars included are based on the accuracy of the CO2 sensor. 

In summary, these preliminary results indicate that the presence of oxygen air does not have a 

significant effect on the performance of PEI_80b. This encourages further research in to the 

application of PEI based sorbent for DAC or other applications where CO2 is captured from oxygen rich 

atmospheres.  

  



 

 

 

103 
 

Appendix E: Calibration of the Instruments in the Experimental Set-up 

Bronkhorst F-201C-FAC-11-V Mass Flow Controllers 

FC-1 

Serial Number: M4205478D 

Gas: 1000 ppm CO2 in N2 

 

 

 

 

 

 

 

 

Figure E1. Sample calibration plot for FC-1 

FC-2 

Serial Number: M4205478B 

Gas: N2 

 

 

 

 

 

 

 

 

 

Figure E2. Sample calibration plot for FC-2 
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Figure E3. Sample calibration plot for FC-3 

FC-4 

Serial Number: M4205478C 

Gas: N2 

 

 

 

 

 

 

 

 

 

Figure E4. Sample calibration plot for FC-4 

  



 

 

 

105 
 

Edinburgh Sensors Gascard NG 0-1000 ppm CO2 sensor 

 

 

 

 

 

 

 

 

Figure E5. Sample calibration plot for the 0-1000 ppm CO2 sensor 

Gas Sensing Solutions Sprint IR6s 0-100% CO2 sensor 

 

 

 

 

 

 

 

 

Figure E6. Sample calibration plot for the 0-100% CO2 sensor 
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Figure E7. Sample calibration plot for 0-800 Nml/h gas flow meter 

New Era-300 syringe pump (water) 

 

 

 

 

 

 

 

 

Figure E8. Sample calibration plot for syringe pump used in the steam generator 
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Appendix F: Labview Program Used for Data Acquisition 

Adsorption/Regeneration Stage 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure F1. LabVIEW program used for data acquisition in the adsorption/regeneration stage  
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Figure F2. LabVIEW program used for data acquisition in the adsorption/regeneration stage contd.                                                     
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Desorption Stage 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure F3. LabVIEW program used for data acquisition in the desorption stage 


