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Abstract

Processes which directly remove CO, 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 CO, from air by the PEI-MCF sorbent. It was observed that while the large PEI loading
resulted in a large uptake of CO,, it came at the expense of significant resistance to the diffusion of
CO; which caused slower adsorption kinetics. The highest uptake of CO,was observed at 46 °C under
both dry and humid conditions. The presence of moisture was observed to enhance the CO; uptake
by up to 53%. Of the moisture levels studied, the highest uptake was observed for adsorption at
2% mol-H,0 for all temperatures evaluated. At 46°C, this corresponded to a CO; uptake of
2.52 mmol/g. It was also noted that the CO, uptake was negatively affected at a higher moisture level
of 3% mol-H,0, which suggested that the large amounts of co-adsorbed water may be interfering with
the adsorption of CO,. The results demonstrated that while the sorbent displayed a high CO, 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 CO, 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 CO, 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




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 CO; from Air
The increased anthropogenic CO, emissions have been identified to be a main reason for global
climate change. The annual anthropogenic CO, 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 CO, could either be sequestered, or utilised in various
industries [2]. Technologies for removing CO, 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
CO, emitted from diffuse sources such as the transportation sector, houses and offices, which account
for close to half of the total anthropogenic CO, 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 CO; from large emitters.
For example, when CO; 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 CO,.
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
CO; emissions and reduce the CO; 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 CO; 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].




Absorption with aqueous hydroxide solutions such as NaOH[6-9], Ca(OH);[10,11] and KOH[12-14] was
one of the earliest processes evaluated for DAC. The high binding energy of the CO; to the hydroxides
made these processes effective at selectively capturing CO, 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),[19] reported that
they too needed very high temperatures for the regeneration of the sorbent. Additionally, the kinetics
of the adsorption of CO, was observed to be very slow and required high adsorption temperatures to
achieve a reasonable uptake of CO,[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 CO, uptake.

Lackner[30] proposed the use of a strong-base ion exchange resin for capturing CO, 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 CO,[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 CO; 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.




Table 1. Amines and supports of various SSA evaluated for DAC applications

Amines Supports

polyethyleneimine[36-52] silica[25,36-38,41-43,45-47,50-56,61-

polyallylamine[37,46] 63,67,71]

diamine[53] carbon[44,49]
3-aminopropylsilane[54] cellulose[47,48,57-59,63]

poly(l-lysine)[55], MOF[29,40,64]

triaminesilane[56] polymeric resin[39]
3-aminopropylmethyldiethoxysilane[57-60] porous polymer networks[65]
3-aminopropyltrimethoxysilane[61] zeolites[66]
(N-methylaminopropyl)trimethoxysilane[61] polystyrene[68,70,72]
(N,N-dimethylaminopropyl)trimethoxysilane[61] alumina[36,73]

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]

tetracthylenepentamine[66)]
pentaethylenehexamine[67]

benzylamine[68-70]

1.3. Adsorption of CO; from Air with Polyethyleneimine Impregnated Solid

Sorbents
The CO;, capture performance of PEl 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 PEls 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 PEls with higher molecular weights showed better stability against leaching, although at the




compromise of a poorer CO; uptake [42,74]. This reduced uptake was identified to be due to the
higher viscosity of heavier PEls, which hindered the diffusion of CO,. Additionally, branched PEls have
been reported to possess higher CO; capacities than linear PEls, owing to the larger proportion of

primary amines present[37].
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Figure 1: The influence of the PEI loading on the adsorption of CO;, from air by PEl 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 PEl loading on the CO; adsorption showed that higher loadings often
resulted in an increased uptake of CO; (refer Figure 1) [36,37,40,42,51,73]. However, some of these
studies[40,42] reported that it also resulted in slower CO; 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 CO, 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 CO,.

The PEl loading has also been reported to have an effect on how the adsorption of CO; is influenced
by the air temperature (refer Figure 2). Sorbents with low PEI loadings have displayed a reduction in
the CO; 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 CO,.
However, in sorbents with high PEl loadings, increasing the adsorption temperature has been reported
to increase the CO, uptake up until a certain critical temperature is reached[42,44,52]. Following this,
further increases in temperature yielded reductions in the CO, uptake. This could be explained using

the findings of Wang and Song[75] who identified that sorbents with higher PEI loadings had higher




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 CO, 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 CO; and the

amines outweighs the positive effect on the diffusion, resulting in a reduced CO; uptake.
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Figure 2: The influence of the temperature on the adsorption of CO; from air by PEl impregnated
solid sorbents reported in the literature. The PEl 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
PEl impregnated sorbents displayed enhanced CO, uptake under humid conditions. Depending on the
adsorption conditions and the sorbent used, CO; 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 CO; reacts with the amine sites, under dry and humid conditions. The
studies suggested that under dry conditions, two amine sites react with one CO,; molecule, forming
carbamates (Reaction 1), while in the presence of moisture, one CO, molecule reacts with one amine

site to form bicarbonates (Reaction 2).
Under dry conditions: CO, + 2R{R,NH < R{R,NH* + R,R,NHCOO~  (Reaction 1)
Under wet conditions: CO, + R;R,NH + H,0 < R{R,NH; 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




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

presence of moisture[76].
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Figure 3: The influence of the moisture on the adsorption of CO, from air by PElI impregnated solid
sorbents reported in the literature. The adsorption temperature and the PEl loading are given in
parentheses in the legend.

Other studies[46,78] on solid supported amines have attributed the enhancement in CO; capacity to
improved diffusion of CO; 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 CO; 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 CO..

The promoting effect of water on CO; 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 CO,, which was attributed to
competitive adsorption between H,O and CO, 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 PEl loading of the sorbent. It was reported that while a 33% wt PEl sorbent

showed an increase in the CO, uptake when the RH was increased from 0 to 67%, a 50% wt PEl sorbent




displayed a decrease in the uptake under the same conditions. This reduced uptake was attributed to

the co-adsorbed water hindering the diffusion of CO, within the sorbent

1.4.  Desorption of CO2 from Solid Supported Amines
Desorption of CO, 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 CO; 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 CO; 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 CO; surrounding the sorbent. While fast desorption can be achieved, the
desorbed CO; is produced in a dilute form due to the purge gas [42-44]. Alternatively, TCSD with a CO,
purge can be used to desorb CO; as a high purity product, at the expense of a slower average
desorption rate [64,80]. This poor desorption rate exhibited with the CO, purge has been attributed
to the significantly higher partial pressure of CO; 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 CO, 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 CO; 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 CO; 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 CO; and




H,0), and the desorbed CO; could be obtained at higher concentration. However, while desorption of
high purity CO; 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 CO, was adsorbed from humid air (20-80 % RH), and observed that
while the presence of moisture enhanced the uptake of CO,, it also resulted in a disproportionately
higher uptake of H,O. 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 CO, 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 CO, around the sorbent and promote the

desorption of CO..

As another approach for desorbing high purity CO,, 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, CO; 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 CO, 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]. Itis possible that this heat generation helped to accelerate the process by increasing the

amount of energy available to be utilised for CO, 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 CO, 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 N, 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 PEl 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.




Table 2. A summary of the desorption technologies evaluated for CO, capture with SSA. The data presented here are the desorption conditions with
highest average desorption rates reported in the respective studies.

Average

desorption

rated Purity
(mmol/g/h) (% mol)

Sorbent? Adsorption from Desorption conditions

P (kPa abs)®  Purge gas®

[42] TCSD amine/silica (3 g) air (400-420 ppm CO,) 100 - 335 (N3) 5.01 10

[43] TCSD amine/HP2MGL resin (1 g) 5000 ppm CO; in N, 100 - 50 (N,) 3.99 19

[44] TCSD amine/carbon (0.5 g) 5000 ppm CO; in N, 110 - 50 (N,) 5.89 22

[47] TVSD amine/cellulose-silica (unspecified) 380 ppm CO,/397 ppm He in N» 90 0.06-0.7 - 1.86 98

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

[63] TCSD amine/silica (23 g) air (400-440 ppm CO,) 90 - 800 (Ar) 0.20 unspecified
TVSD amine/silica (23 g) air (400-440 ppm CO,) 90 1 - 0.15 96

[64] TCSD amine/MOF (0.09 g) 15% CO in N, 120 - 25 (Ny) 10.08 unspecified
TCSD- CO; purge amine/MOF (0.09 g) 15% COz in N3 150 - 25 (COy) 4.32 unspecified

[70] S-TVSD amine/polystyrene (30.4) 5000 ppm CO; in N, 116 50 2000(steam) 2.88 unspecified

[71] TCSD amine/silica (1000 g) air (394 ppm CO,) 130 - 8000 (9% H,O/N,) 0.83 6

[81] TCSD amine/polystyrene (19 g) 45% CO, in N, 100 - 226 (N3) 5.00 unspecified
TVSD amine/polystyrene (19 g) 45% CO, in N3 100 10 - 4.20 unspecified

[82] TCSD amine/silica (1 g) 5% CO, in N3 150 - 50 (N,) 0.97 unspecified
TVSD amine/silica (1 g) 5% CO, in N3 150 10 - 0.96 unspecified
TVSD- inert gas purge amine/silica (1 g) 5% CO, in N3 150 10 50 (N,) 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

unspecified (90%
[90] Steam Stripping amine/silica (1 g) 10% CO5 in N> 110 - H,0/N,) 13.86 75
CO; in N; (unspecified
[91] Steam Stripping amine/silica (2 g) concentration) 103 - 72 (steam) 12.47 unspecified
unspecified (90%
[92] Steam Stripping amine/silica (1 g) 10% CO; in He 105 - H,>0/He) 17.45 75

3sample mass studied is indicated within parentheses. ® desorption pressure for cases where a vacuum was used. ¢purge gas flow rate in g/h for steam and
in ml/min for the rest. The gas used is indicated within parentheses. °average desorption rate calculated as the total desorbed amount divided by the total
desorption time.




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
CO; from the atmosphere surrounding the sorbent. The sweeping effect lowers the partial pressure
of CO, 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 N, 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 vyielded faster desorption of CO,, 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 CO, 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 CO, 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 CO, 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
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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.
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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 CO, 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 CO, can be removed. In comparison, CO, 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 CO, 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 CO; 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 CO,. 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 CO; in air, large
amounts of air need to be processed to capture the CO,. 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. Atthe time of carrying out this research, only a few studies[42,44] had evaluated the effect of
the adsorption temperature on the CO; 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 CO; 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 CO; 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 CO; 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 CO,from
atmospheric air using a pelletised PEl 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 CO, 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. CO; 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 PEl impregnated solid sorbents. The development of
a PEl supported MCF silica sorbent with a high PEl 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 CO; 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 CO, and amine sites, the uptake of CO; was
limited by diffusional resistances in the sorbent. In contrast, higher temperatures allowed for better
diffusion of CO,, but the thermodynamics were less favoured. The amount of CO; 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-H,0 in feed gas) yielded up to 53%
enhancement in capacity, higher moisture levels (3% mol-H,0) appeared to be detrimental to the CO,
uptake. This suggested that at high moisture levels, the large amounts of co-adsorbed water may be

interfering with the adsorption of CO,.

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
CO, 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 PEl into the MCF
silica. This was hypothesised to improve the CO; 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 CO, uptake
than PEl_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 CO,
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 N; 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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ABSTRACT: Two polyethylenimine impregnated mesocellular foam
silica sorbents (PEI_80a and PEI_80b) were evaluated for capturing
CO, from 420 ppm of CO, in N, under both dry and humid conditions. A
fixed bed adsorption setup was used to evaluate the CO, uptake under
isothermal conditions between 33 and 81 °C with a gas flow of 200 mL/
min. Under dry conditions, the highest capacity was observed at 46 and 52
°C for PEI_80a (1.29 mmol/g) and at 46 °C for PEI_80b (1.94 mmol/g).
There was negligible uptake of CO, at 81 °C, indicating possible
regeneration at relatively low temperatures. For PEI_80b, the introduction
of moisture (0.5 and 2% mol-H,O in feed gas) yielded up to 53%
enhancement in capacity. Higher moisture levels (3% mol-H,0) appeared
to be detrimental to the CO, uptake. The highest capacity of 2.52 mmol/g
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was achieved at a temperature of 46 °C and a moisture level of 2% mol-H,O.

1. INTRODUCTION

Capturing CO, directly from the atmosphere and its
subsequent sequestration or utilization are recognized as an
important solution for combatting global climate change. This
is because capturing CO, from air, also referred to as direct air
capture (DAC), can compensate for diffuse CO, emissions
which amount to close to half of all anthropogenic CO,
released." It offers some advantages in comparison to capturing
CO, from large point sources, such as being less restricted with
the choice of location and the size of the facility.” Moreover,
the conversion of the captured CO, to synthetic fuels®* with
the use of renewable energy to power the process would offer
the possibility of setting up an artificial carbon cycle. The
captured CO, could alternatively be used for the production of
chemical intermediates® or for use in greenhouses.’

The initial studies on air capture were often focused on the
absorption of CO, into aqueous hydroxide solutions such as
NaOH,”* Ca(OH)z,g and KOH.' Material and energy
balances done by Baciocchi et al.'' and Zeman'* determined
that while the high binding energy of CO, to metal hydroxide
made them favorable in the absorption step, this also resulted
in a significant energy requirement for regeneration. A few
studies >~ '® were also conducted on the use of zeolites for the
capture of CO, from air. Although they exhibited a reasonable
performance under dry conditions, the introduction of
moisture was reported to cause considerable deterioration to
the uptake of CO, "> Lackner'® proposed the use of a strong
base ion-exchange resin for capturing CO, 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 CO,,

~ ACS Publications  © 2019 American Chemical Society

3293

allowing for desorption to be carried out through moisture
sw-ing.”'18 However, much like in the case of the zeolites, this
necessitates that the air be dried prior to coming into contact
with the sorbent.

Most recent efforts on capturing CO, from air are focused
on the use of solid supported amines. These encompass a
group of sorbents which consist of various amines physically
loaded onto or chemically bonded to porous solid supports
such as silica,"*~>* alumina,”>® metal organic frameworks,””>*
and cellulose.””*’ Such sorbents had previously been evaluated
for CO, capture from closed cabin breathing environments
such as submarines.” Linear and branched polyethylenimines
(PEI) of various molecular weights are among the most
studied amines for the preparation of solid supported amine
type sorbents due to their low cost, easy availability, and high
adsorption capacity.20723’25727’32734Apart from this, other
amines such as polyallylamine,19’24 diethanolamine,*® tetrae-
thylenepentamine,™ and ethylenediamine™ have also been
evaluated for air capture applications. A detailed review of
direct air capture technologies is presented in Sanz-Pérez et
al®”

The CO, capture performance of solid supported amine
sorbents has been reported to be highly dependent on factors
such as the type of amine used, the nature of the amine sites,
and the loading of amine in the sorbent. Goeppert et al®
evaluated a series of different amines loaded onto silica, and

Received: October 9, 2018
Revised:  December 22, 2018
Accepted: February §, 2019

Published: February S, 2019

DOI: 10.1021/acs.iecr.8b04973
Ind. Eng. Chem. Res. 2019, 58, 3293-3303

17


https://doi.org/10.1021/acs.iecr.8b04973
https://doi.org/10.1021/acs.iecr.8b04973

Industrial & Engineering Chemistry Research

determined that low molecular weight amines such as
monoethanolamine (MEA) and diethanolamine (DEA)
presented significant leaching problems during regeneration
under vacuum (0.1-0.5 mmHg) at 80—100 °C. The leaching
was attributed to the low boiling point and thus the high
volatility of the low molecular weight amines. This resulted in
the loss of adsorption capacity with time and the potential
contaminations of downstream units. In contrast, PEIs
displayed improved stabilities and higher uptake capacities.
Additionally, linear PEIs were seen to possess higher capacities
than branched PEIs, although at the compromise of greater
leaching. The higher capacities were attributed to the larger
proportion of primary amines in comparison to secondary/
tertiary amines present in the linear PEL

Similar leaching problems were reported by Darunte et al”’
for a tris(2-aminoethyl)amine (TREN) impregnated MIL-
101(Cr) adsorbent. Despite having an initial capacity of 2.8
mmol/g at 25 °C, the capacity was reported to drop down to
2.5 mmol/g after three 6 h cycles of adsorption. A series of PEI
impregnated MIL-101(Cr) at different PEI loadings was also
evaluated by Darunte et al.*’ who reported increased uptake
capacities as PEI loading was increased from 13 to 58 wt %
PEI However, the time taken to reach adsorption equilibrium
was seen to significantly increase as the PEI loading was
increased. The 58 wt % PEI loaded sorbent took 340 min to
reach saturation in comparison to the 240 min taken by the 44
wt % PEI loaded sorbent. The authors attributed this to the
increased diffusional resistance present in highly loaded
sorbents. Similar trends of increasing capacity were reported
by Goeppert et al.”' when the PEI loading was increased from
20 to S0 wt % for PEI impregnated fumed silica and Pang et
al.** when the PEI loading was increased from 10 to 45 wt %
PEI for a PEI impregnated SBA-15.

In contrast, Sayari et al.”> and Wang et al.’® reported that
increases in PEI loading yield improved capacities only up to a
certain PEI loading, after which the CO, capacity was
negatively affected. For the PEI impregnated mesoporous
carbon studied by Wang et al,*® the maximum loading was at
60 wt % PEI while it occurred at 40 wt % PEI for the MCM-41
supported PEI sorbent studied by Sayari et al.” In both cases,
the increase in diffusional resistance at higher loadings was
believed to have become strong enough to have reduced the
CO, uptake.

A unique advantage of solid supported amines is their
resilience to the moisture typically present in air. In fact, some
studies”***%* have reported enhancements of the capture
performance under humid conditions. Goeppert et al.*’
reported a 50% increase in capacity when the relative humidity
was increased from 0% to 67% for a 33 wt % PEI loaded fumed
silica sorbent at 25 °C. In other studies, a 40 wt % PEI loaded
MCM-41 silica sorbent showed a 34% increase in capacity
when relative humidity was increased from 0% to 86% at 25
°C,** and a §5 wt % PEI loaded mesoporous carbon sorbent
showed a 14% increase in uptake capacity when relative
humidity was increased from 0% to 80% at 25 °C.** The
highest enhancement in capacity was reported for a 44 wt %
PEI loaded nanofibrillated cellulose (NFC) sorbent™ which
showed nearly a fivefold increase in capacity when the RH was
increased from 20% to 80% at 25 °C.

Most of the aforementioned studies attributed the
enhancements to the difference in reaction pathways, via which
CO, reacts with the amine sites, under dry and humid
conditions. The studies suggested that in the presence of

1.38

23,29,38
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moisture, one CO, molecule reacts with one amine site to form
bicarbonates (Reaction 2), while under dry conditions, two
amine sites are required to react with one CO, molecule,
forming carbamates (Reaction 1).

Under dry conditions: CO, + 2R,R,NH

< RR,NH" + RR,NHCOO™ (1)
Under wet conditions: CO, + R,R,NH + H,0
© RRNHFHEOT RiR,NHHHCO )

However, it should be noted that the formation of bicarbonates
alone could only provide a maximum enhancement of twofold
and cannot fully explain the 4.9-fold increase in capacity
observed by Sehaqui et al® It is also worthwhile mentioning
that while carbamates and bicarbonates are the two most
predominantly discussed reaction products, there have been
reports of CO, uptake via the formation of carbamic acid
under dry conditions**!
in the presence of moisture.*’

Other studies**** on solid supported amines have attributed
the enhancement in CO, capacity to improved diffusion of
CO, in the PEI phase of the sorbent. Mebane et al.** proposed
that water enhanced the formation of diffusive intermediates
which in turn aided the transport of CO, in the amine phase.
Zerze et al.” proposed that amine polymers may be existing as
thick films on the surface of the sorbents and that water vapor
may loosen the polymer network thereby enhancing the
transport of CO,.

The promoting effect of water on CO, adsorption has not
been universally observed for solid supported amines. Wang et
al** observed that for a 50 wt % PEI loaded HP2MGL resin
sorbent, increasing the moisture content to a RH of 10%
delivered a 58% improvement in capacity in comparison to dry
conditions, yet further increases in humidity were detrimental
to the uptake of CO,. Goeppert et al.*’ observed a 17%
decrease in capacity of a S0 wt % PEI loaded fumed silica when
the relative humidity was increased from 0% to 67% at 25 °C.
It has been suggested that this deterioration of capacity at high
moisture contents may be due to competitive adsorption
between H,O and CO,.***? Alternatively Liu et al** 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.

These reports suggest that the PEI content of the sorbents
determines how the performance of the sorbent is affected by
the presence of moisture and that high levels of moisture may
be detrimental to highly loaded sorbents. It is also evident that
there is a scarcity, in the studies available, on the effect of
moisture on direct air capture applications. Furthermore, most
available literatures only evaluate the effect of moisture at a set
temperature of 25 °C, while in practical air capture
applications, the operating temperature may vary from subzero
temperatures to ~55 °C depending on the location and
preferred process condition. A similar argument can be made
for investigations into the performance of sorbents under dry
conditions. While more data are available for dry conditions
than for humid conditions, there are only a limited number of
studies*"*»** that have studied the capture performance of
these sorbents over a range of temperatures. As such, the
assessment of the suitability of these sorbents for direct air

and via the formation of carbonates
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Figure 1. Experimental setup for breakthrough analysis of CO,.

capture applications calls for further investigations into how
their performance varies over a broader range of adsorption
conditions.

Given the interest in sorbents with a high loading of PEI, the
present study considers the potential of shaped mesocellular
foam silica loaded with an 80% pore volume equivalent of 1200
MW branched PEI for CO, capture from air. This sorbent was
previously found to be highly prospective for postcombustion
capmre,46 and preliminary thermogravimetry studies indicated
its suitability for direct air capture applications.””** MCF silica
was chosen as the support for the sorbent due to the large pore
volumes inherent in this material. This makes it ideal for
loading of large proportions of amines within the spherical cells
which are interconnected to form a three-dimensional pore
system.*”*" It was previously demonstrated that sonication of
the bulk solution of PEI and mesoporous silica during the
impregnation step promoted good infiltration and dispersion
of the amine polymers into the pores of this support.’’ To
evaluate the effect of the sonication on the CO, capture
performance of the sorbent, two different sorbents were
synthesized, with and without the sonication step. This paper
details the results of the investigation into how the adsorption
temperature and the moisture content of the feed gas affect the
CO, capture performance of the sorbent.

2. EXPERIMENTAL SECTION

2.1. Material Synthesis. Two samples of PEI loaded MCF
silica pellets were prepared. In both samples, branched PEL
(average molecular weight 1200 MW) acquired from Sigma-
Aldrich was used to impregnate 80% of the pore volume in
mesocellular foam (MCF) silica. PEI 80a was ?repared
according to the method described in Knowles et al.*® Fourier
transform infrared studies previously done by our group™
confirmed that PEI can effectively be incorporated into the
MCEF via this method. PEI_80b was prepared using the same
method, except the bulk solution of MCF and PEI was
sonicated using a Soniclean 250HT on “Degas” setting for 3 h
upon mixing and prior to the mechanical stirring. The samples
in powder form were degassed at 110 °C under vacuum for 24
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h and thereafter purged with pure CO, at 60 °C for 24 h. The
carbonated powder was then made into 4 mm diameter
cylindrical pellets using a TDP-6T single punch tablet press.
Finally, each pellet was cut into quadrants with an approximate
Sauter mean diameter of 1.8 mm.

2.2. Material Characterization. N, adsorption at 77 K
data of the two samples in pellet form and the MCF silica was
collected using a Micromeritics TriStar 3020 equipment or a
Micromeritics ASAP 2020. These data were used to estimate
the specific surface area and the mesopore volume using the
BET method*” and the BJH method,”” respectively. The true
densities of the materials were determined via helium
pycnometry using a Micromeritics Accupyc 1340. Elemental
analysis was carried out, using a PerkinElmer 2400 Series II
CHNS/O Elemental Analyzer, to determine the C, H, and N
content of the PEI-silica samples. The results were used to
verify the amine loading of the sorbent. The samples being
analyzed were degassed at 105 °C under vacuum for 12 h
prior to each characterization experiment.

2.3. Fixed Bed CO, Adsorption Experimental Setup.
The experimental setup used for the analysis of the CO,
adsorption performance of the MCF-PEI pellets is represented
in Figure 1. The adsorbent (4 g of PEI 80a or 3.4 g of
PEI_80b) was packed in a glass column (120 mm length X10
mm ID) and contained by 1 cm glass wool plugs at each end
and terminated with Swagelok fittings. The void fraction of the
bed was calculated to be 0.54 using the densities measured via
He pycnometry. To simulate the CO, concentration in air, a
gas mixture of 420 ppm of CO, in N, at a flow rate of 200 mL/
min was prepared using a series of Bronkhorst mass flow
controllers which blend N, and a custom gas mix of 1000 ppm
of CO, in N, acquired from Air Liquide. The humidification of
the feed gas was achieved by passing a portion of the feed gas
through a bubbler filled with deionized water contained in a
heated water bath. The gas lines carrying humid gas were spiral
wrapped with HTS/Amptek heat tape and heated to 5 °C
below the adsorption bed temperature to prevent condensation
in the lines. As an additional precaution to prevent the
adsorbent from coming into contact with liquid water, a
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condensate trap was placed immediately upstream of the
column. The feed gas was passed through the adsorption
column contained in an oven which was used to maintain the
temperature of the adsorbent bed. The exhaust gas was then
passed through a second condensate trap, which was placed in
an ice bath, to knock out any residual moisture and prevent the
condensation in the downstream gas lines. The dry gas was
then passed through a Gascard NG nondispersive infrared CO,
analyzer to measure the CO, concentration in the exhaust gas.
The humidities of the feed gas and the exhaust gas were
measured using two Vaisala HMP110 relative humidity probes
which record the relative humidity and the temperature of the
gas passing through. The temperatures inside the oven and
inside the column were measured using type T thermocouples.

2.4. Experimental Procedure. Prior to each experiment,
the MCF-PEI pellets in the bed were regenerated by purging
with N, at 100 °C until no CO, or water was detected in the
exhaust gas. Thereafter, the oven temperature was set to the
adsorption temperature to be evaluated. The temperatures of
the humidifier and the heat tape were set to 10 and 5 °C lower
than the adsorption temperature, respectively. The bypass
system was used at start-up to validate the CO, concentration
and moisture content of the feed gas. Once the desired analysis
conditions had been achieved, the gas was directed through the
adsorption column, and the moisture content and the CO,
concentration of the exhaust gas were recorded using the
exhaust gas humidity sensor (Figure 1) and the CO, sensor.
The periodic data of the CO, concentration recorded from the
CO, sensor were then used to plot the breakthrough curves for
the adsorption of CO,. The CO, uptake capacity curves for the
sorbent were calculated by integrating the breakthrough curves
according to eq 3 where g, is adsorption capacity (mmol/g) at
time t, 71 is the flow rate of the feed gas (mmol/h), m is the
mass of sorbent (g) in the bed, and t is the adsorption time
(h). Cy and C, are the CO, concentrations (mol/mol) in the
feed gas and the exhaust gas at time t, respectively.

_ ! ’.'(CO - Cf)
g = [ o 3

3. RESULTS AND DISCUSSION

3.1. Material Characterization. Table 1 shows the results
of the characterization experiments done on the PEI_80a,
PEI_80b, and the respective MCF silica supports. In
comparison to the expected % wt PEI loadings, the loadings
calculated according to the results of the CHN analysis were
~5 wt % PEI lower for both samples. This indicates that the

Table 1. Results of the Characterisation of MCF Powder
and PEI_80a Pellets

mesopore
volume
(pore PEL
true BET diameter content
densil surface area  2—50 nm) (% wt  PEL content
(g/em®) (m*/g) (em®/g) PED)* (% wt PEI)”
MCFa 2.11 594 + 6 321 - -
PEI_80a 125 3.1 +£01 0.020 71 66.0 + 0.7
MCFb 2.15 453 +3 2.49 - -
PEI_80b 1.26 39 +0.1 0.021 68 63.1 + 1.5

“Calculated according to the initial mass of PEI added during sorbent
synthesis. “Calculated according to the results of CHN analysis.
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impregnation ‘was Iargely S‘JCCeSSf‘Jl except for minor IOSSES Of
PEL The pore volume data suggests that virtually all the pores
of the MCF support have been filled by the PEI phase, despite
only being impregnated with an 80% pore volume equivalent
of PEL To explain this, it is hypothesized that the PEI phase
may simply be blocking the pore openings rather than filling
the pores completely. This is supported by the investigations of
Holewinski et al** which suggested that the pore filling of
SBA-15 silica occurs differently in the case of sorbents with low
and high PEI loadings. When low amounts of PEI are loaded
onto the silica support, the PEI forms a coating on the pore
walls. When the PEI content is increased beyond a certain
critical value, the polymers agglomerate to form plugs which
are the same diameter as the pore but do not extend through
the length of the pore.

3.2. Effect of Temperature. The breakthrough curves and
the capacity curves plotted for the adsorption of CO, from 420
ppm of CO, in N, by PEI 80a at different isothermal
conditions (36, 40, 46, 52, 58, 66, 71, and 81 °C) are presented
in Figure 2a and Figure 2b, respectively. The curves
demonstrate that apart from the experiments at and above
66 °C, PEL_80a does not reach saturation within 40 h. At
adsorption temperatures below 66 °C, the breakthrough curves
can be seen to form a drawn-out tail, while still adsorbing
approximately 20% of the CO, in the feed gas stream. This can
also be observed in the capacity curves (Figure 2b) which
appear to plateau after about 20 h from the start of adsorption.
This suggests that the CO, faces increasing mass transfer
resistances as the sorbent is progressively saturated with CO,.
The slow kinetics of adsorption observed here are consistent
with those reported in Goeppert et al,*'for PEI impregnated
silica sorbents, measured under similar experimental con-
ditions. A 50 wt % PEI loaded silica was reported to take over
40 h to reach saturation at 25 °C, and like in the cases
presented here, a long drawn out tail in the breakthrough curve
was observed after ~15 h of adsorption.

Experiments carried out for over 70 h demonstrated that the
majority of the CO, uptake takes place in the first 40 h of
adsorption. As such, the experiments described in the current
paper were limited to 40 h for obtaining the relevant capacity
data. It should be noted that in practical DAC systems, it is
highly unlikely that the adsorption would be carried out for
such extended time frames, owing to the energy consumption
of pumping air through the contactor. This study does not aim
to address the optimization of cycle times but rather aims to
compare the performance of the sorbent under different
adsorption conditions.

The capacities for PEI impregnated sorbents reported in
literature are plotted in Figure 3, alongside the capacities
obtained for PEI_80a and PEI_80b in this study. The capacity
data in the literature have been measured either using fixed bed
systems,”">>*%*? similar to this study, or using thermogravi-
metric analysis.19’22’22‘2{"27‘3'] As mentioned earlier, most
sorbents have been evaluated only at 25 °C making it difficult
for direct comparisons to be made with PEI_80a and PEI_80b.
The few studies”** which evaluated the sorbent performance
at different temperatures have shown that temperature has a
significant effect on the CO, uptake, allowing preliminary
inferences to be made on what adsorption temperatures may
be favorable for air capture processes using amine loaded
sorbents.

From the comparison of the capacity curves for PEI_80a at
different temperatures (see Figure 2b), it is observed that
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Figure 3. Comparison of capacities of the sorbents presented in the
current study with PEI impregnated solid sorbents reported in
the literature for CO, capture from ultradilute gas mixtures (400—420
ppm of CO,).

increasing the adsorption temperatures from 36 to 40 °C and
from 40 to 46 °C led to progressively higher adsorption of
CO,, reaching 1.29 mmol/g at 46 °C. When the adsorption
temperature was further increased from 46 to 52 °C, no further
improvements in uptake were seen. Increasing the adsorption
temperature from 52 up to 81 °C resulted in a steep decrease
in CO, capacity reaching 0.07 mmol/g at 81 °C.

The initial increases in adsorption capacity as the adsorption
temperature is raised can be attributed to the improvement of
the diffusion of CO, in the PEI polymer phase of the sorbent.
This view is supported by the mechanism put forward by the
Song group.” " They proposed that the CO, uptake by solid
supported amines occurred in two stages: rapid sorption by the
amine sites in the exposed outer layers of PEI, followed by the
slow diffusion of CO, through the PEI polymer phase to the
interior amine sites. While the reaction between the CO, and
the amine sites is favorable at lower temperatures due to its
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exothermic nature, the majority of the amine sites within the
inner PEI layers may not be accessible at these temperatures
due to diffusional limitations. As the adsorption temperature is
increased, however, the proportion of the inner sites that are
accessible to the CO, is increased, resulting in improved
uptake.

However, as the adsorption temperature is increased beyond
a certain critical temperature, the negative effect on the
thermodynamics of the (exothermic) reaction becomes more
dominant. As a result, the CO, uptake by the sorbent is
reduced even though the diffusional resistances are lowered
and more amine sites are made accessible. In the case of the
PEI_80a, the decreases in adsorption capacity as the
temperature is increased beyond 52 °C indicate that the
critical temperature for this sorbent lies between 46 and 52 °C.

The variation of CO, capacity with temperature for PEI_80a
is depicted in Figure 4, alongside data available for other amine
impregnated sorbents which have been evaluated for air
capture. The results of the TGA studies™ done in tandem by
our group on PEI_80a are also plotted on the same figure and
show a consistent trend. This comparison makes it evident that
different sorbents display different temperatures at which
uptake is at its I:lig‘hesl’,.ll’38 This appears to be dependent on
factors such as the nature of the support and the amine loading
upon it. For example, between two otherwise identical
sorbents, the 50 wt % PEI loaded fumed silica had a higher
critical temperature (35 °C) in comparison to a 33 wt % PEI
loaded sorbent (SZS °C).21 This could be explained using the
findings of Wang and Song55 who identified that sorbents with
higher PEI loadings had higher proportions of the total amine
sites in the inner layers. As a result, higher temperatures are
required for the CO, to overcome the diffusional limitations
and access the amine sites. This also explains why the capacity
of PEI_80a (66 wt % PEI) peaked at a higher temperature
than the sorbents studied by Goeppert et al”' However, it
should be noted that the SO wt % PEI loaded mesoporous
carbon®* displayed a higher critical temperature despite having
a lower loading than PEI_80a, which suggests that the nature
of the support may also influence the behavior of the sorbent.
When considering the 30 wt % polyallylamine (PAA) loaded

DOI: 10.1021/acs.iecr.8b04973
Ind. Eng. Chem. Res. 2019, 58, 32933303

21



Industrial & Engineering Chemistry Research

25
= 2.0 -
g NP
£ [Che - \
£ 15 o] g\ S
g \
£ 4“ \ \\\ 8
@ Ll ) \ \
g 10 . N N\
Q ‘\ ﬁ] \\ \\
oy N \‘ \‘ \
S 05 . \\\\‘ ‘\ %
'~ oy AY
\R.L‘ﬁ
0.0
0 30 60 90 120
Temperature (°C)

--@--PEI_80a ~-@--PEI_80a [47]

~-m--33_PEI_FS[21] ====-50_PEIL_FS [21]

————— 30_PAA_FS[24] ==@=--55_PEI_MC [38]

Figure 4. Temperature dependency of the capacity of PEI_80a in
comparison to amine impregnated solid sorbents reported in
literature,

silica”® and the 33 wt % PEI loaded silica,” no clear peak in
the capacity vs temperature curve was identified. For these
cases, it is possible that, due to the relatively low amine
loadings in these sorbents, the temperature at which capacity is
maximized occurred below the range of temperatures studied.

The temperature capacity profiles identified for these
sorbents may play a crucial role in choosing sorbents for use
in practical air capture applications at different locations. For
example, judging from Figure 4, the PEI_80a evaluated in this
study would be more appropriate for use in regions of the
world with warmer ambient temperatures. In contrast, the 50
wt % PEI loaded fumed silica’" would be more suitable for
regions with lower ambient temperatures.

An interesting observation from the temperature capacity
profile of PEI_80a is the steep decrease in capacity (1.29 to
0.07 mmol/g) as the temperature is increased from 46 to 81
°C. The negligible capacity at 81 °C suggests that if adsorption
were to be carried out at 46 °C, the sorbent may be effectively
regenerated with only a 35 °C increase in temperature.
Similarly, for the 50 wt % PEI loaded fumed silica® increasing
the temperature from 35 to 85 °C reduces the capacity from
1.7 to 0.02 mmol/g. In contrast, although the 55 wt % PEIL
loaded mesoporous carbon®* outperformed both of the above-
mentioned sorbents in terms of uptake capacity at low
temperatures, it retained most of its capacity at temperatures
above 80 °C. This suggests that higher temperatures may be
necessary for the regeneration which might make the process
more energy intensive and thus less economical. However,
these are only preliminary inferences from the data made
available on the capacity of the sorbents, and practical
desorption processes may give different results depending on
the specific equipment and the process conditions employed.

The breakthrough curves prepared from the adsorption of
CO, from 420 ppm of CO, in N, by PEI_80b at 33, 46, and 58
°C under dry conditions and at various moisture levels are
presented in Figure 5. The corresponding capacity curves are
also presented in Figure 5. The results depict that the overall
effect of temperature on the capture performance remains
similar to that of PEI_80a, with a maxima in CO, uptake at 46
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°C. However, it was noted that the CO, uptake was enhanced
in comparison to PEI_80a at each of the temperatures studied.
While saturation of the sorbent was still not achieved in the 40
h period, both the breakthrough of CO, and the appearance of
long drawn-out tails were seen to occur later than in the case of
PEI_80a (see Figure 2a). The enhancement in performance is
also reflected in the capacity curve where the uptake at 40 h
increased by $5% at 33 °C, 50% at 46 °C, and 39% at 58 °C,
when compared to the performance of PEI_80a under similar
adsorption conditions. These results confirm the positive effect
of the sonication step on the performance of the sorbent and
may be explained by the increased accessibility of the PEI
layers due to improved dispersion within the pores of the silica
support. The 25% higher specific surface area of PEI_80b in
comparison to PEL_80a is also likely a result of the improved
dispersion of the amine polymers within the pores.

3.3. Effect of Moisture. To quantify the effect of moisture
on the CO, capture performance of PEI_80b, the uptake
capacities at three different temperatures (33, 46, and 58 °C)
for four different moisture levels (0, 0.5, 2, and 3% mol-H,0)
were compared. The breakthrough curves and the correspond-
ing capacity curves plotted for these conditions are depicted in
Figure 5. The % RH values corresponding to these conditions
are listed in Figure 6. As described in the previous section,
saturation of the sorbent was not achieved in the time scale
studied due to the slow kinetics of the adsorption. For the
purpose of this study, the capacities calculated at the time at
which C,/C, = 0.7 were used for the comparison (see Figure
6).
At 33 °C, the introduction of moisture level of 0.5% mol-
H,O yielded a 40% increase in capacity from that under dry
conditions. Increasing the moisture level further to 2% mol-
H,O resulted in a further 13% increase in capacity. However,
at 3% mol-H,0O, the uptake of CO, was 22% lower than that
under dry conditions. At 33 °C, the highest capacity of 2.36
mmol/g was achieved at a relative humidity of 41%. In the case
of the 46 °C experiments, the enhancing effect was lower than
at 33 °C and only an 18% enhancement was observed at 0.5%
mol-H,0. Similar to 33 °C, the highest capacity (2.52 mmol/
g) at 46 °C was observed at a moisture level of 2% mol-H,O.
These conditions corresponded to an RH of 20%. A moisture
level of 3% mol-H,O appeared to hinder the uptake of CO,,
and the capacity decreased from that at 2% mol-H,O. At 58
°C, 0.5% mol-H,0 yielded 19% improvement in capacity from
dry conditions. Like at the other temperatures, the highest
capacity (1.58 mmol/g) at $8 °C was observed at 2% mol-H,0
(corresponding to an RH of 11%). Further increasing the
moisture level to 3% mol-H,O resulted in the reduction of the
capacity, consistent with the other two temperatures.

For PEIL_80b, the improvements in capacity (at moisture
contents below 3% mol-H,0) were seen to be more significant
at lower temperatures. As the evaluation of the effect of
temperature on the CO, uptake by PEI_80b suggested that
temperatures below 46 °C were primarily limited by diffusional
resistances, it is likely that the water played a part in improving
the accessibility of the amine sites to the CO,. However, the
results do not rule out the possibility of enhancements to
capacity being due to the formation of bicarbonates. According
to the stoichiometry of the bicarbonate formation reaction,
presence of water can theoretically yield up to a twofold
enhancement in capacity. In contrast to the study by Sehaqui
et al,” where the introduction of moisture yielded up to a 4.9-
fold increase in capacity, the enhancements observed in this
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dry conditions and different moisture levels, at 33, 46, and 58 °C.

study for PEI_80b were within the theoretical limit. The
determination of the exact nature of the enhancing effect of
water on the CO, uptake by PEI_80b is worthy of further
investigation. While the highest enhancements in capacity from
the conditions studied were achieved at 2% mol-H,O at all
temperatures, the data suggest that the actual maxima in

capacity could occur at a different moisture level between 0.5

3299

and 3% mol-H,O, where even higher enhancements in capacity
than those reported in this paper might be observed.

The results also show that higher moisture content (~3%
mol-H,0) is detrimental to the uptake of CO, at all
temperatures studied. It is possible that, in the presence of
high moisture levels, the sorbent adsorbs large amounts of
water, which in turn presents an additional barrier to the
diffasion of CO, to the amine sites. Liu et al.”* suggested that
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this may be due to the adsorbed water forming a film on the
surface of the sorbent or due to capillary condensation which
led to blockage of the pores in the sorbent.

A similar trend to PEI_80b was observed by Wang et al
for a 50 wt % PEI loaded HP2MGL resin sorbent (see Figure
7), where a moisture level 0.31% mol-H,O (at 25 °C) was seen
to deliver a 58% improvement in capacity in comparison to dry
conditions, but further increases in moisture level were seen to
be detrimental to the uptake of CO,. In comparison, PEI_80b
appeared to be able to tolerate higher moisture levels without
losing capacity. In other studies,”™” continuous improvements
to capacity were made as the moisture level was increased.
However, the capacity profile of the 40 wt % PEI loaded pore
expanded MCM-41 sorbent™ appeared to follow a similar
trend to PEI_80b in the range of moisture contents under
which it was tested. In the case of these sorbents, it may be that
they would have experienced similar inhibitions to the CO,
uptake if they had been exposed to higher moisture levels.

The amine efficiency can be calculated as the molar ratio
between the adsorbed CO, and the N atoms in the sorbent.
The highest amine efficiency achieved by PEI_80b, under dry
conditions, was 0.12 mol-CO,/mol-N at 46 °C. For PEI_80a,
an efficiency of only 0.08 mol-CO,/mol-N was achieved at the
same temperature. The improved efficiency of PEI_80b is
likely a product of the improved dispersion of PEI within the
silica pores, facilitated by the sonication during the desorption.
This would have in turn improved the accessibility of the
amine sites to the CO,. For CO, uptake under dry conditions,
an amine efficiency of 0.5 mol-CO,/mol-N can be expected for
perfect utilization according to Reaction 1. However, even for
adsorption from pure CO,, PEI_80a only achieved an amine
efficiency of 0.25 mol-CO,/mol-N,.** The low efficiencies can
be explained by the fact that a substantial amount of the N
atoms in branched PEI exist as tertiary amines,”® which do not
take up CO, according to Reaction 1. Typical efficiencies
reported for PEI impregnated sorbents for DAC under dry
conditions are in the range of 0.11-0.26 mol-CO,/mol-
N.!920222327.3439 While an amine efficiency of 1 mol-CO,/
mol-N is theoretically possible in the presence of water,
accordin% to Reaction 2, only efficiencies up to 0.26 mol-CO,/
mol-N**** have been reported. In comparison, the highest
amine efficiency of PEI_80b was 0.17 mol-CO,/mol-N, at 46
°C and a moisture level of 2% mol-H,0.

A surface plot of the uptake capacity of PEI_80b plotted
from the acquired data is depicted in Figure 8. The plot
suggests that the CO, uptake is most favored at ~46 °C under
moderate moisture levels (1—3% mol-H,0). The plot also
suggests that the sorbent exhibits a high capacity (> 1.2 mmol/
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Figure 8. Surface plot of CO, capacity of PEI_80b as a function of
temperature and moisture level for adsorption from 420 ppm of CO,
in N,.
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g) through a broad range of moisture levels at moderately high
temperatures. These results may be taken as a preliminary
indication of the suitability of the sorbent for use in a wide
range of climates. Warm and moderately humid climates are
particularly of interest due to the high capacities (>2.15 mmol/
g) exhibited at 33 °C (10 and 40% RH) and 46 °C (20 and
31% RH). However, the enhanced CO, capacities at high
moisture levels may be accompanied by a significantly higher
uptake of H,O. This additional water uptake would in turn
result in a higher energy requirement during the regeneration
of the sorbent.”” Thus, further investigations are required to
determine at what humidity level the process can best be
operated, such that the benefit of an enhanced CO, uptake is
reaped without compromising the overall energy requirement
of the process.

4. CONCLUSION
The two PEI loaded MCF silica sorbents showed a similar

trend in capacity when tested under different adsorption
temperatures. PEI_80b yielded up to 55% higher uptake
capacities relative to PEI_80a when compared at similar
adsorption temperatures. This was attributed to the better
infiltration and dispersion of the PEI polymers in the MCF
pores, facilitated by the sonication of the bulk solution during
the synthesis process. At temperatures above 52 °C, the uptake
of CO, was observed to decrease as higher adsorption
temperatures were used, consistent with the thermodynamics
of the exothermic reaction. However, at temperatures between
33 and 46 °C, higher adsorption temperatures yielded
improved uptake capacities. This was attributed to the
reduction in the diffusional resistances in the sorbent, allowing
better accessibility of amine sites to the CO,. PEI_80a was
observed to show negligible CO, uptake at 81 °C suggesting
that, if adsorption were to be carried out at 46 °C, the sorbent
may be effectively regenerated with only a 35 °C increase in
temperature. For PEI_80b, the highest capacities were
observed at a moisture level of 2% mol-H,O at all temperatures
studied. At a moisture content of 3% mol-H,O, the CO,
uptake appeared to be negatively affected, suggesting that the
adsorbed water may be interfering with the uptake of CO,.
PEI_80b displayed a high CO, capacity (>1.2 mmol/g) over a
broad range of temperatures and moisture levels and yielded its
highest capacity of 2.52 mmol/g at 46 °C and 2% mol-H,0.
The current study did not quantify the water adsorption by the
sorbent, but this will be important to determine in future work.
Furthermore, given the promising adsorption performance
observed for PEI_80b, future research will need to include the
evaluation of suitable desorption methods and the optimiza-
tion of the cycle times of the process.
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3. Desorption Process for Capturing CO; from Air with Supported

Amine Sorbent

This chapter focusses on the second research objective of the thesis: identification of a suitable
method of desorbing CO, from solid supported amine sorbents. From the two sorbents evaluated in
Chapter 2, the one which displayed a larger uptake of CO, (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 CO, 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 CO; desorption
kinetics. The superiority of the steam assisted process was confirmed by the fact that S-TVSD vyielded
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 CO, 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(l). 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.

28



Reproduced with permission from

Ind. Eng. Chem. Res.

2019,

doi:10.1021/acs.iecr.9b03140 Copyright 2019 American Chemical Society.

Downloaded via MONASH UNIV on August 21, 2019 at 06:30:18 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IREC

research

Industrial & Engineering Chemistry Research

& Cite This: Ind. Eng. Chem. Res. XXXX, XXX, XXX=XXX

pubs.acs.org/IECR

Desorption Process for Capturing CO, from Air with Supported

Amine Sorbent

Romesh P. Wijesiri,T’:tv Gregory P. Knowles,:t Hasina Yeasmin,+ Andrew F. A. Hoadley,""+

and Alan L. Chaffee®*

"'Department of Chemical Engineering, Monash University, Wellington Road, Clayton, Victoria 3800, Australia
*School of Chemistry, Monash University, Wellington Road, Clayton, Victoria 3800, Australia

© Supporting Information

ABSTRACT: A polyethylenimine impregnated silica sorbent was
evaluated for steam-assisted temperature vacuum swing desorption
(TVSD) of CO,, adsorbed from 420 ppm of CO, in N,. Results
indicate that essentially all the CO, could be desorbed under mild -
vacuum levels (12—56 kPa abs) and temperatures (70—100 °C).
The fastest average desorption rate (3.75S mmol/g/h) was observed
at 12 kPa abs/100 °C at a steam flow rate of 6.2 g/h. In comparison,
conventional TVSD under the same conditions only produced an
average desorption rate of 0.23 mmol/g/h, confirming the superior
kinetics of the steam-assisted process. When adsorption was carried
out under humid conditions (1 and 2% mol-H,0), the co-adsorbed

Condenser

@T» Hi0

@ Vacuum Pump
\b co,

420 ppm
COin N,

“Heat

uondiospy
uondiosag

Steam

water on the sorbent was observed to slow down the desorption of
CO,, due to the additional energy consumed for the desorption of water. The sorbent displayed excellent stability under the
conditions studied, losing only 8% of its capacity after S0 cycles (>1500 h).

1. INTRODUCTION

Capturing CO, directly from air, also known as direct air
capture (DAC), is a potential method of compensating for
diffuse emissions, which account for close to 50%' of the
anthropogenic CO, released. The captured CO, can either be
sequestered or utilized as a feed gas to greenhouses” or for
production of synthetic fuels** and chemical intermediates.’
Technologies assessed for DAC include absorption with
aqueous hydroxide solutions”™ and adsorption with zeo-
lites,"°~'* ion-exchange resin,"® and solid supported amines
(SSA)."*** There has been a growing interest in SSAs due to
their high uptake capacity and the possibility of regeneration
under relatively mild conditions. Additionally, these sorbents
have been reported to display enhanced CO, uptake capacities
when adsorbing in thexpresence of moisture, which is typically
present in air."**>**"** §SAs are a group of sorbents made of
various amines, physically or chemically sup})orted on solid
materials. Amines such as polyethylenimine,"*~""*°7*" poly-
propylenimine,m and polyaﬂylaminem’w have been loaded
onto porous materials such as silica, 7101819252628 o
bon,””?! alumina,'”** metal organic frameworks,”**! and
cellulose.”””* The studies on SSA for DAC have largely
focused on the development of high-capacity adsorbents, but
there has been limited attention given to the development of
effective desorption technologies, which are also critical for
successful DAC applications. Various desorption technologies
have been evaluated for CO, capture applications with SSAs.
These studies have been undertaken with a variety of sorbents
and different desorption conditions, making it difficult to make

< ACS Publications — © XXxx American Chemical Society

direct comparisons. To facilitate this, the process conditions of
several studies have been summarized in Table 1, where the
CO, purity and the average desorption rate achieved are noted.

Temperature concentration swing desorption
(TCSD)'**"*7?%3737 has been the most widely studied
desorption technology. For TCSD, the sorbent is heated and
purged with an inert gas to desorb the CO,. While fast
desorption can be achieved, the desorbed CO, is produced in a
dilute form due to the purge gas. It has been reported that
higher desorption temperatures increased both the rate of
desorption'#*”*>**37 and the concentration of CO, in the
desorbed product.'**” Increasing the flow rate of the purge gas
was also reported to increase the rate of desorption, although
no effect on the CO, concentration was observed.'*
Alternatively, TCSD with a CO, purge has been evaluated to
desorb CO, as a high-purity product, at the expense of a slower
desorption rate.”"”" This poor desorption rate exhibited with
the CO, purge has been attributed to the significantly higher
partial pressure of CO, around the sorbent and hence the
smaller driving force for desorption.”® In addition to the slower
kinetics of this approach, SSAs reportedly undergo degradation
when exposed to high CO, concentration atmospheres at
elevated temperatures. This has been attributed to the
formation of urea linkages.“*“ However, this type of
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Table 1. Summary of the Desorption Technologies Evaluated for CO, Capture with SSA”

ref type sorbent” adsorption from
14 TCSD amine/silica (3 g) air (400—420 ppm of CO,)
21  TCSD amine/MOF (0.09 g) 15% CO, in N,
TCSD—-CO,  amine/MOF (0.09 g) 15% CO, in N,
purge
27 TCSD amine/carbon (0.5 g) 5000 ppm of CO, in N,
32 TCSD amine/HP2MGL resin 5000 ppm of CO, in N,
(1g
33  TCSD amine/silica (1000 g) air (394 ppm of CO,)
35 TCSD amine/polystyrene 48% CO, in N,
(19g
TVSD amine/polystyrene 45% CO, in N,
(19g
36 TCSD amine/silica (23 g) air (400—440 ppm of CO,)
TVSD amine/silica (23 g) air (400—440 ppm of CO,)
37 TCSD amine/silica (1 g) 5% CO, in N,
TVSD amine/silica (1 g) 5% CO, in N,
TVSD—inert  amine/silica (1 g) 5% CO, in N,
gas purge
46 TVSD amine/cellulose (10 g)  air (400—$10 ppm of CO, at
80% RH)
47 S-TVSD unspecified SSA (40 g)  air (40% RH)
TVSD unspecified SSA (40 g)  air (40% RH)
48 TVSD amine/cellulose-silica 380 ppm of CO,/397 ppm of
(unspecified) He in N,
49 steam amine/silica (1 g) 10% CO, in N,
stripping
SO steam amine/silica (2 g) CO, in N,
stripping (unspecified concentration)
51 steam amine/silica (1 g) 10% CO, in He
stripping

desorption conditions

T P average desorption purity
(°C)  (kPa abs)® purge gasd rate® (mmol/g/h) (% mol)
100 335 (N) 501 10
120 25 (N,) 10.08 unspecified
150 25 (CO,) 4.32 unspecified
110 50 (N,) 5.89 22
100 50 (N,) 3.99 19
130 8000 0.83 6

(9% H,0/N,)
100 226 (N,) 5.00 unspecified
100 10 420 unspecified

90 800 (Ar) 0.20 unspecified

90 1 0.15 96
150 50 (N,) 0.97 unspecified
150 10 0.96 unspecified
150 10 50 (N,) 098 unspecified

95 N 0.65 94—-97
100 20 2.5 (steam) 135 unspecified
100 20 0.41 unspecified

90 0.06—0.7 1.86 98
110 unspecified 13.86 75

(90% H,0/N,)

103 72 (steam) 1247 unspecified

105 unspecified 1745 75

(90% H,0/He)

“The data presented here are the desorption conditions with highest average desorption rates reported in the respective studies. “Sample mass
studied is indicated within parentheses. “Desorption pressure for cases where a vacuum was used. dPurge gas flow rate in g/h for steam and in mL/
min for the rest. The gas used is indicated within parentheses. “Average desorption rate calculated as the total desorbed amount divided by the total

desorption time.

degradation can be inhibited*"**~*° or even reversed’ in the
presence of moisture.

Another technology that can be used to desorb CO, 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 CO, is adsorbed
from air, at a partial pressure of ~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.*?5737407% A¢
no inert gas purge is used, the product gas mainly consists of
the adsorbed species (typically CO, and H,0), and the
desorbed CO, could be obtained at higher concentration.
However, while desorption of high-purity CO, is made
possible with TVSD, it has been reported to produce slower
desorption than TCSD with an inert purge gas. 5737 1t has
further been identified that for these processes, higher
temperatures’”>*™ and lower pressures’® led to improved

desorption kinetics. Wurzbacher et al®®*® evaluated the

desorption performance under TVSD when the CO, was
adsorbed from humid air (20—80% RH). It was observed that
while the presence of moisture enhanced the uptake of CO,, it
also resulted in a disproportionately higher uptake of H,O.
This additional uptake of water would in turn result in a higher
thermal energy requirement during the regeneration of the
sorbent. It was reported that the thermal energy requirement
was 30% higher, when CO, was adsorbed from air at 80% RH,
in comparison to that at 20% RH.*

As an alternative approach for desorbing high-purity CO,,
TCSD with steam as a purge gas, also known as steam
stripping, has been evaluated. ™' As the water in the
desorbed product can easily be condensed, CO, could be
obtained at high purity. In comparison to TCSD with an inert
gas, steam stripping showed faster desorption kinetics.””*" The
authors suggested that this accelerated desorption was a result
of the water molecules interacting with the amine sites and
displacing the CO, adsorbed on these sites. Sandhu et al®
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.* It is
possible that this heat generation helped to accelerate the
process by increasing the amount of energy available to be
utilized for CO, desorption, which is endothermic in nature.
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As an added advantage of steam stripping, the presence of
moisture could be expected to stabilize the sorbent from CO,
induced degradation. Indeed, Sandhu et al® 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 N, purge. Hammache et al.*' 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 functionalized silica sorbent. In
contrast, Chaikittisilp et al** 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.

Steam-assisted temperature vacuum swing desorption (s-
TVSD) is a hybrid approach.”” In addition to applying a
vacuum and heating the sorbent, a steam purge is used to
sweep the desorbed CO, from the atmosphere surrounding the
sorbent. The sweeping effect lowers the partial pressure of CO,
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,”’ where using a N, purge improved the
average desorption rate at 70 °C by a factor of ~3.1. Similarly,
Fujiki et al.>* demonstrated that the use of a steam purge
resulted in ~2-fold faster desorption rates for a VSD process.

In their patent, Gebald et al.*” described the use of S-TVSD
with an amine functionalized sorbent for DAC. They observed
that lower pressures combined with higher temperatures
yielded higher desorption rates. Gebald et al.*’ also pointed
out that while higher steam flow rates led to faster desorption,
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 described a two-stage
desorption process, which uses TVSD to desorb about half of
the CO,, followed by S-TVSD to desorb the remaining CO,.
At 20 kPa abs/100 °C, the S-TVSD stage (2.5 g/h of steam)
was observed to be ~2.7 times faster, in comparison to the
pure TSVD stage. The patent’” also presented the results of
cyclic testing which showed a 13% loss in capacity after 200
cycles of adsorption/desorption.

Our group had previously demonstrated**>>® that
branched PEI loaded mesocellular foam (MCF) silica is highly
prospective for postcombustion capture applications. Sub-
sequently, two MCF-PEI sorbents, PEI 80a and PEI 80b,
were evaluated for adsorption behavior under DAC con-
ditions.”® The evaluation of the capture performance of the
sorbents concluded that both sorbents achieved the highest
CO, uptake (1.29 mmol/g for PEI_80a and 1.94 mmol/g for
PEI_80b) at moderate temperatures (46—52 °C). PEI_80a
showed negligible CO, uptake at 81 °C suggesting that the
sorbent may be effectively regenerated at relatively low
temperatures. The presence of low moisture levels (0.5 and
2% mol-H,O) was seen to enhance the uptake of CO, by
PEI_80b, when compared to dry conditions. The highest CO,
capacity of 2.53 mmol/g, was observed at 46 °C with 2% mol-

H,0 in the feed gas stream. However, a higher moisture level

(3% mol-H,0) was seen to be detrimental to the uptake of
CO,, by PEI_80b.

Considering the promising adsorption performance by
PEI_80b, the current study endeavors to evaluate the sorbent
under suitable desorption conditions. S-TVSD was chosen as
the technology of interest due to the faster kinetics offered
under mild vacuum levels, the possibility of desorbing the CO,
at high purity, and the improved stability of the sorbent in wet
atmospheres. As discussed above, process conditions such as
desorption temperature, desorption pressure, and the flow rate
of the purge gas (steam for S-TVSD) have been reported to
have a significant effect on the desorption performance of CO,
by SSAs. Furthermore, while moisture was reported to be
beneficial for the uptake of CO, by PEI_80b during the
adsorption stage,”® studies’®*® have indicated that the co-
adsorbed water may be detrimental to the desorption stage of
the process. This study aimed to delineate the relative
importance of these various factors in influencing the CO,
desorption behavior from the MCF-PEI sorbent when used for
DAC. Furthermore, it compares the desorption performance
for S-TVSD to that of TVSD and TVSD with a N, purge.

2. EXPERIMENTAL SECTION

2.1. Material Synthesis and Characterization. Pellets of
mesocellular foam (MCF), silica impregnated with an 80%
pore volume equivalent of branched PEI (average molecular
weight 1200 MW), were produced according to the synthesis
method detailed in Wijesiri et al.*® The results of the material
characterization experiments (true density, BET surface area,
mesopore volume, and elemental analysis) are also presented
in the same publication.

2.2. Experimental Procedure. The experimental setup
used to study the adsorption/desorption of CO, by the
sorbent is depicted in Figure 1. PEI_80b pellets (3.45 g), of an
approximate Sauter mean diameter of 1.8 mm, were packed in
a glass column (120 mm length X 10 mm i.d.). The bed was
contained by 1 cm thick glass wool plugs at each end and
terminated with Swagelok fittings. The void fraction of the bed
was previously calculated to be 0.54.%° The experiments were
carried out in three stages: adsorption, desorption, and
regeneration as depicted in Figure 2.

2.2.1. Adsorption. The oven was set to the desired
adsorption temperature. A set of Bronkhorst mass flow
controllers was used to blend together N, and a custom gas
mix of 1000 ppm of CO, in N, (from Air Liquide) to produce
a gas mixture of 420 ppm of CO, in N, at a flow rate of 200
mL/min. The gas mixture was humidified, when necessary, by
passing a portion of it through a gas bubbler filled with
deionized water and placed in a temperature-controlled water
bath (at 25 °C). The wet gas lines were heated to 30 °C to
prevent condensation using HT'S/Amptek heat tape. The feed
gas prepared was directed through the adsorbent bed. The
exhaust gas from the bed was passed through a condenser to
knock out any residual water and finally through a 0—1000
ppm Edinburgh Sensors Gascard NG nondispersive infrared
CO, sensor (+20 ppm accuracy) to measure the CO,
concentration. Two Vaisala HMP110 RH probes (+1.5%
RH accuracy) were used to measure the temperature and
relative humidity of the feed gas and the exhaust gas. Type T
thermocouples (+1 °C accuracy) placed at the midpoint of the
bed and immediately outside the bed were used to measure the
bed and oven temperature, respectively.
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a) Experimental setup
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Figure 1. (a) Experimental setup used for studying the adsorption/desorption of CO, by PEI_80b, (b) steam generator configuration A, and (c)

steam generator configuration B, For TVSD, this step was ignored.

The adsorption of CO, and water at a particular time were
calculated according to eqs 1 and 2, respectively, where g4 is
the amount of CO, or H,O adsorbed (mmol/g), m is the mass
of sorbent (g) in the bed, and t, is the adsorption time (h). C;
and C, are the concentrations (mmol/mmol) in the feed gas to
and the exhaust gas from the bed, respectively. 7 is the flow
rate of the feed gas (mmol/h), which was assumed to be the
same as that of the exhaust gas, as the adsorbates, CO, and
H,0, were present in low concentrations (0.042% and 1—2%,
respectively). Moreover, the adsorption of H,O was very fast,
and the H,O content in the exhaust gas increased back to its
feed concentration within ~10% of the total adsorption time.
Thus, while there was a slight difference in the molar flow rate
for the initial period of the adsorption, this results in a
negligible difference to the calculated integral and has been

ignored.

- e,COZ)

_h f‘f(cgcol C
Lagsco, T ”

o ig(Ceio = Ceono) d
Taasi,0 = 1

a
m

dt, )

(2)
The feed and exhaust concentrations of H,0 (Ciyyo and
C,m,0) were calculated according to eq 3, where RH is the
relative humidity (%) as measured by the RH probes, p.cy,0 is

the saturation vapor pressure of water (kPa abs) at the
respective temperature, and P is the total pressure of the gas

(kPa abs).

psat,HlO
Cyo=RHx 2 )

The saturation vapor pressure (pgu,0) was calculated

according to the Antoine correlation (eq 4) for water, where
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Figure 2. Flow diagram of the experimental procedure used.
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For each experiment, adsorption was carried out at 46 °C until
1.66 + 0.0S mmol/g of CO, was adsorbed by the PEI_80b
pellets.

2.2.2. Desorption. Upon completion of the adsorption
stage, the bed was switched from the adsorption system to the
desorption system (refer to Figure 1a), using an arrangement
of valves in the gas lines inside the oven. The system was
evacuated with the vacuum pump, and the pressure was
monitored using the vacuum pressure gauge. Depending on
the desorption pressure chosen, one of the following three
vacuum pumps were selected: KNF N86 (12 kPa abs), KNF
NMP830 (26 kPa abs), or KNF NMPOS (56 kPa abs). The
CO, concentration in the exhaust gas from the vacuum pump
was measured using a Gas Sensing Solutions Sprint IR6S 0—
100% CO, sensor (accuracy, +5% reading). The gas flow rate
of the exhaust gas was measured using a Bioprocess Control
pFlow 0—-800 N mL/h flow meter (accuracy, 5% reading).
The oven was set to the desorption temperature, and the gas
lines during desorption runs were heated to above the dew
point temperature of steam to prevent the condensation of
steam. The temperatures of the adsorbent bed and the oven
were monitored using type T thermocouples. Once the bed
reached the dew point temperature of water (at the respective
desorption pressure), steam was introduced through the bed
by opening the valve in the steam generator system. The
corresponding dew (or boiling) point temperatures were
calculated as 50 °C (12 kPa abs), 66 °C (26 kPa abs), and 85
°C (56 kPa abs). The exhaust gas from the bed was passed
through a condenser, to condense and collect the water, after
which the exhaust gas was recompressed via the vacuum pump.
Condensate traps were connected upstream and downstream
of the adsorbent bed, as a precaution, to prevent the sorbent
from coming into contact with liquid water.

Two configurations of steam generators were used depend-
ing on the desired rate of steam generation. Configuration A
(Figure 1b) was used for a steam generation rate of 6.4 + 1.2
g/h, where a conical flask filled with deionized water was
placed in a temperature-controlled water bath heated to the
boiling point temperature of water. The steam boiling off the
liquid was sucked into the desorption system through the
vacuum lines. The steam flow rate was calculated by measuring
the difference in the weight of the conical flask, before and
after the experiment. It was assumed that the evaporation rate
was constant throughout the experiment.

Configuration B (Figure lc) was used for steam generation
rates of <1.5 g/h. In this case, water was delivered using a S
mL glass syringe, driven by a New Era NE-300 syringe pump,

Patn,o =

to a small glass vessel. The glass vessel was heated to 15 °C
higher than the boiling point temperature, using the heated
water bath, to ensure rapid evaporation of water. Similar to
configuration A, the steam generated was sucked into the
desorption system using the vacuum lines. The flow rate of
steam was controlled by adjusting the rate of delivery of water
by the syringe pump.

For the pure TVSD experiment, the same procedure was
used, with the exception that the steam generator was turned
off. For the N, assisted TVSD experiment, instead of the steam
generator, the desorption system was connected to a N, gas
supply, via a Bronkhorst mass flow controller.

The CO, desorption capacity of PEI_80b was calculated
according to eq 5, where gy, is the amount of CO,
desorbed(mmol/g), . is the flow rate of the exhaust gas
(mmol/h), m is the mass of sorbent (g) in the bed, and t, is
desorption time (h). C,co, is the concentration of CO,

mmol/mmol) in the exhaust gas from the bed.
1/ 1 he exh gas fr he bed

[ ﬂecg,coz &t
qdcs,COZ_ o m d

(s)

The average desorption rate was calculated according to eq 6.

average desorption rate (mmol/g/h)

total amount of desorbed CO, (%01)

total time for desorption (h) (6)

2.2.3. Regeneration. After the end of the desorption
experiment, the vacuum pump was turned off and the system
was repressurized with N,. The bed was switched back to the
adsorption system (see Figure la). The sorbent bed was
regenerated by heating to 100 °C and purging with 190 mL/
min of N, to remove any residual H,O and CO,. The amount
of CO, and H,O left on the sorbent, after the desorption stage
was quantified by measuring the CO, concentration and the
relative humidity of the exhaust gas, during the regeneration
step, using the 0—1000 ppm of CO, sensor and the exhaust
RH probe, respectively. Thereafter, the residual amounts of
CO, and H,0 were calculated according to eqs 1—4. The
residual amount of CO, was indicative of the extent of
desorption, while the residual amount of H,O was taken as the
equilibrium amount of water adsorbed by the sorbent under
the desorption conditions employed.

2.3. Measurement of the Leak Rate in the Exper-
imental Setup under Vacuum. The experimental setup,
with a clean bed (no adsorbed CO,/H,0) and with the steam
inlet closed off, was evacuated to 12 kPa abs using the KNF
N86 vacuum pump. The setup was left under vacuum for 90
min, and the gas flow rate out of the vacuum pump was
measured using the flow meter (FM-1). A gas leak of 35 + 4 N

mL/h was recorded, indicating that there were one or more
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small leaks in the system. However, the readings from the
vacuum pressure gauge (P-1) confirmed that the final pressure
of 12 kPa abs was achieved and that the leaks were not
significant enough to prevent the evacuation of the system to
the desired pressure.

2.4, Effect of the Void Volume in the Desorption
System. This void volume in the desorption system was
calculated to be 146.5 mL for the four condensate traps and 29
mL for the connecting tubing (see Figure 1). It was suspected
that this may cause a lag in the CO, desorption profiles. To
validate this, the experiment at 26 kPa abs/100 °C with 0.5 g/h
steam flow rate was repeated after removing the condensate
traps inside the oven (CT-2,34) and replacing CT-4 with a
12.5 mL condensate trap filled with 2 mm glass beads.

2.5. Calculation of the Thermal Energy Requirement
for Steam Production. The amount of thermal energy
required to produce steam for the desorption of CO, was
calculated according to eq 7, where E,,, is the thermal energy
requirement (J/g), e, is the steam flow rate (g/h), ¢ is the
desorption time (h), C, is the specific heat capacity (_]/g °C),
H,, is the latent heat of vaporization (J/g), and mco, is the

mass of CO, desorbed (g). Ty Ty, and Ty are the boiling
point temperature (°C), initial temperature of water (°C), and
the desorption temperature (°C). The initial temperature of
water was assumed to be 25 °C. The C, of water and steam
were assumed to be constant at 4.2 J/g °C and 2.0 J/g °C,
respectively. Hy,, was 2384 J/g at 12 kPa abs and 2188 J/g at 26
kPa abs. E,,, was converted to a GJ/t basis for presentation in
this paper.

Ejeam =

mstcanntd(cp,wa(er(]—iyoil - I:n) + I_Ilat +C

p,s.eam(Td - Ti)oil))

Mco,

(7)

3. RESULTS

The amounts of CO, adsorbed and desorbed and the residual
amount in the sorbent after the experiment for different
desorption pressures and temperatures at a steam flow rate of
6.4 + 1.2 g/h are depicted in Figure 3. In the figure, the total
height of the bar represents the adsorbed amount. The
“residual amount” refers to the CO, left over on the sorbent
after the S-TVSD step, as quantified during the regeneration
step (see section 2.2.3). For most cases, negligible amounts of
residual CO, (<0.01 mmol/g) were measured, indicating that
essentially all the adsorbed CO, was released during the
desorption at the conditions studied here. The only exception
to this were the runs at 56 kPa abs/100 °C and at 26 kPa abs/
80 °C, where 0.04 mmol/g (~2% of adsorbed amount) of CO,
was left over after the desorption, in each case. “Discrepancy”
refers to the difference between the adsorbed amount and the
sum of the desorbed and residual amounts of CO,.

The CO, desorption profiles and bed temperature profiles at
different desorption pressures and temperatures are depicted in
Figure 4. The steam was introduced after the bed temperature
reached the dew point temperature at the respective
desorption pressure (50 °C for 12 kPa abs, 66 °C for 26
kPa abs, and 85 °C for 56 kPa abs). Under all conditions, rapid
desorption was observed initially. At lower desorption
temperatures and higher pressures, the desorption rate was
seen to decay much faster, leading to longer desorption times.
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Figure 3. Amounts of CO, adsorbed and desorbed and the residual
CO, in the sorbent after the experiment for different desorption
pressures and temperatures at a steam flow rate of 6.4 + 1.2 g/h. The
adsorbed amount is represented by the total height of the bar.

During each desorption experiment, a sharp increase in the
bed temperature was observed immediately after the
introduction of steam. Except for the 90 and 100 °C runs at
12 kPa abs, the bed temperature was momentarily seen to
overshoot the temperature of the oven containing the bed.
Following the initial increase in temperature, the bed
temperature was then observed to fall back toward the oven
temperature.

The CO, desorption profiles and bed temperature profiles
for different steam flow rates at 12 kPa abs/100 °C and 26 kPa
abs/100 °C are depicted in Figure 5. It was observed that
lower steam flow rates resulted in longer desorption times.
Moreover, when using lower steam flow rates, there appeared
to be a lag between tfre when steam is introduced and when
desorption starts. When comparing the temperature profiles,
the dips in the bed temperatures were seen to be shallower and
longer lasting for the experiments with lower steam flow rates.

This lag in CO, desorption observed for lower flow rates was
suspected to be due to the residence time for the desorbed gas
to reach the CO, sensor, due to the void volume present in the
desorption system. To validate this, the experiment at 26 kPa
abs/100 °C with 0.5 g/h steam flow rate was repeated with
after reducing the void volume, as described in section 2.4. As
shown in Figure S1 in the Supporting Information, this
significantly reduced the lag before desorption started.

The equilibrium amount of water adsorbed on the sorbent
under different temperatures and pressures were calculated as
outlined in section 2.2.3 and are plotted in Figure 6. Higher
pressures and lower temperatures were observed to result in
larger amounts of water adsorption.

It is critical that DAC systems are resilient to the moisture
that is to some extent always present in air. We previously
demonstrated that during the adsorption stage, moisture
contents of 0.5 to 2% mol-H,O in the feed gas yielded up to
53% enhancements to the CO, uptake by PEI 80b.*° To
evaluate the effect of adsorption under wet conditions on the
desorption performance, the adsorption experiment (at 46 °C)
was also carried out from 420 ppm of CO, in N, at moisture
contents of 1 and 2% mol-H,0. The corresponding amounts of
H,0 adsorbed on the sorbent before desorption (referred to
from here onward as preadsorbed water) were calculated as 2.1
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Figure 4. CO, desorption (left-hand side) and bed temperature (right-hand side) for S-TVSD at pressures of 12 kPa abs, 26 kPa abs, and 56 kPa
abs at a steam flow rate of 6.4 + 1.2 g/h. The average desorption rate (mmol/g/h) for each run is denoted in text next to the data sets. Error bars
included for the 12 kPa abs/90 °C data are based on duplicate runs. The error is assumed to be similar for the other data sets.

mmol/g and 5.4 mmol/g, respectively. The desorption was
carried out at 26 kPa abs/100 °C and a steam flow rate of 1.5
g/h.
The bed temperature profiles (see Figure 7) for the
experiments with preadsorbed water on the sorbent were
seen to lag behind that of the experiment with the dry sorbent.
This deviation in temperature was more prominent as the
amount of preadsorbed water was increased from 2.1 mmol/g
to 5.4 mmol/g. It was also observed that the CO, desorption
rate was initially slower when there was preadsorbed water.
The CO, adsorption capacity of the sorbent over 50 cycles is
plotted in Figure 8. The data presented represents the
adsorption at 46 °C from dry 420 ppm of CO, in N,. The
desorption for these cycles was carried out at varying pressures
(12—-56 kPa abs), temperatures (70—100 °C), and steam flow

rates (0.3—9 g/h). The capacities after 29.5 h of adsorption at
the same condition was used for this comparison. The missing
bars in the plot are experiments where adsorption was carried
out under different adsorption conditions or where the data
acquisition system failed. In comparison to the 1.69 mmol/g of
CO, that was adsorbed in the first experiment, the SOth
experiment only yielded a capacity of 1.56 mmol/g. This
translates to an 8% loss in capacity over the S0 cycles (>1500
h). It can be noted that the capacity appeared to be relatively
stable up until about 30 cycles. Following this, the loss of
capacity appeared to accelerate.

Desorption of CO, under two other desorption technologies
was also carried out to make comparisons with S-TVSD. First,
a pure TVSD experiment at 12 kPa abs/100 °C was done to
evaluate the effect of using a steam-aided process. Next, TVSD
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with a 162 mL/min N, purge at 26 kPa abs/90 °C was done to
determine if the promoting effect on the desorption was due to
the interaction of water with the amine sites, as suggested by
other studies, " or simply due to the sweeping effect of the

purge gas.

When compared to pure TVSD at 12 kPa abs/100 °C, S-
TVSD with a steam flow rate of 6.4 g/h showed significantly
faster desorption of CO, (see Figure 9). Furthermore, it can be
noted that even the S-TVSD case with the weakest vacuum (56
kPa abs) outperformed TVSD (12 kPa abs) at 100 °C. This
confirms the superiority of the desorption kinetics offered by
the S-TVSD, in comparison to conventional TVSD. In
comparison to TVSD assisted by a N, purge, it was observed
that while the initial desorption rate of CO, was similar in S-
TVSD, the rate decayed much faster leading to a longer
desorption time.

4. DISCUSSION

4.1. Effect of Desorption Pressure, Temperature, and
Steam Flow Rate. As depicted in Figure 3, negligible
amounts of residual CO, (<0.01 mmol/g) were measured for
most desorption pressures and temperatures, indicating that
essentially complete desorption of CO, had taken place. It is
likely that the residual 0.04 mmol/g of CO, measured for 56
kPa abs/100 °C and 26 kPa abs/80 °C would also have been
removed if the desorption had been continued for longer. The
discrepancy between the adsorbed amount of CO, and the
desorbed amount of CO, was attributed to two factors. First,
there was a brief period (1—4 min) at the start of the
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flow rates (0.3—9 g/h).

desorption experiment where the flow rate exceeded the upper
limit of range of the flow meter. As a result, the amount of CO,
desorbed would have been underestimated. It was observed
that at the higher pressures, the flow rate exceeded the range of
the flow meter for a longer period than at the lower pressures.
The larger discrepancies at higher pressures are consistent with
this. This is perhaps attributed to the fact that the vacuum
pumps used for achieving higher pressures were not as
powerful and could only displace gases at a lower flow rate. As
such, they would have taken longer to fully displace the
noncondensable gases in the desorption lines, upon the
introduction of steam at the start of the desorption. The
slow evacuation of these noncondensable gases is likely the
cause of the extended period of high flow rate. Second, the
discrepancy may have also been due to the measurement errors
in the CO, sensor and flow meter (+5% of reading for both)
used for the desorption stage.

When comparing the effect of temperature and pressure on
the CO, desorption kinetics (refer to Figure 4), rapid
desorption was observed initially under all conditions.
However, at lower desorption temperatures and higher
pressures, the desorption rate was seen to decrease much
faster, leading to longer desorption times and lower average
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Figure 9. Comparison of CO, desorption under S-TVSD with TVSD
and with TVSD with N, purge. The S-TVSD runs were at a steam

flow rate of 6.4 & 1.2 g/h. The average desorption rate (mmol/g/h)
for each run is denoted in text next to the data sets.

desorption rates. The fastest average desorption rate of 3.75
mmol/g/h was observed at 12 kPa abs/100 °C. When
compared with the data reported in the literature (see Table
1), this is the fastest desorption rate reported for TVSD type
processes for DAC. While a desorption rate of 4.2 mmol/g/h
was reported by Bos et al,* it was for a process capturing CO,
from a much higher concentration gas (45% mol).

For 56 kPa abs, desorption was only carried out at 100 °C,
as higher temperatures were expected to potentially lead to
degradation of the sorbent and lower temperatures posed the
risk of water condensation in the sorbent bed, which might
cause the leaching of PEL In any case, 56 kPa abs yielded
significantly slower desorption than at the lower pressures at
100 °C, as expected for TVSD type processes. As such, lower
desorption temperatures at 56 kPa abs would likely result in
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even longer desorption times, which would likely be
undesirable for practical applications.

The shorter desorption times achieved at lower pressures
would mean lower thermal energy requirements owing to the
reduced steam requirement. However, lower pressures would
increase the electrical energy requirement for the vacuum
generation, which may offset the savings in thermal energy.
The larger vacuum pumps needed to reach lower pressures
may also represent significantly higher capital costs.

The sharp increases and decreases in the bed temperature
observed (refer to Figure 4) were presumed to be an effect of
the energy released by adsorption of water and the energy
consumed by the desorption of CO,. The initial increase in
temperature observed at the introduction of steam could be
attributed to the fast water adsorption at the beginning of
desorption stage. Similar observations were reported by
Sandhu et al.*’ for steam stripping. The increase was more
prominent in the experiments with lower temperatures and
higher desorption pressures, where the desorption of CO, was
slower and the sorption of water was more preferred (as
depicted in Figure 6). Conversely, the most significant dips in
temperature were observed for the experiments with higher
temperatures and lower pressures, where desorption of CO,
was faster and the sorption of water was less preferred. Similar
results have been reported for desorption under TVSD,*
where lower pressures led to more prominent dips in the bed
temperature.

From Figure S, it was evident that lower steam flow rates
resulted in longer desorption times. As the steam flow rate is
lowered, the rate at which the desorbed CO, is swept away by
the steam is also reduced, resulting in a higher partial pressure
of CO, in the atmosphere around the sorbent. The higher
partial pressure would produce a lower driving force for
desorption, resulting in slower overall mass transfer. When
comparing the temperature profiles, shallower and longer dips
can be observed for lower steam flow rates, consistent with the
slower desorption rate of CO,. The lag in CO, desorption seen
for lower steam flow rates was attributed to the residence time
for the desorbed gas to reach the CO, sensor due to the void
volume present in the desorption system. Minimizing the void
volume in the system was seen to significantly reduce the lag
(see Figure S1). It is likely that minimizing the volume in the
connecting tubes by using shorter, smaller i.d. tubing would
further reduce this apparent lag.

4.2, Effect of Preadsorbed Water, The differences in the
temperature profiles when there was preadsorbed water on the
sorbent (see Figure 7) was attributed to the energy consumed
for the desorption of water. As the preadsorbed amounts of
water (2.1 and 5.4 mmol/g) were more than the equilibrium
adsorbed amount of water (1.61 mmol/g) at the desorption
conditions, some of this water would be expected to desorb
consuming thermal energy. This is reaffirmed by the
observation that the deviation in the temperature profiles
increased as the amount of preadsorbed water was increased.
Similar observations have been made for TVSD™® where the
presence of preadsorbed water resulted in a dip in the
temperature profile. Both cases with preadsorbed water
displayed a similar average desorption rate of 0.90 mmol/g/
h, while this was slightly higher for the dry case (0.95 mmol/g/
h). This slower average desorption rate was likely a result of
the lower temperature of the bed during the start of the
desorption, which would have resulted in slower kinetics.

This indicates that carrying out the adsorption step under
humid conditions may not be preferred due to the additional
energy requirement for desorption. However, CO, adsorption
would be faster under wet conditions,*® allowing for shorter
adsorption times. For example, under dry adsorption 29.7 h
were needed to capture 1.66 mmol/g of CO,, while both wet
adsorption conditions studied here captured the same amount
in 27.9 h. This means that less air needs to be pushed through
the sorbent, resulting in a reduced electrical energy require-
ment., These inferences place emphasis on the need to carry
out a techno-economic analysis on the process, to determine
the preferred operating conditions.

4.3. Concentration of the Desorbed CO,. The
concentration measurements (see Figures S2—S4) during the
experiments depicted that at the start of the desorption, the
CO, concentration of the exhaust gas rapidly rises, reaching
>99% mol in some cases. Following this, the concentration was
seen to undergo a gradual decrease until finally approaching
0% mol. This reduction in concentration was likely caused by
the diluting effect of the small vacuum leaks identified in the
section 2.3. Therefore, the current paper makes no further
discussion on the concentration of the CO, desorbed.
However, it should be noted that with a well-sealed system,
the initial concentration can be expected to be retained
throughout the duration of the desorption.

4.4, Stability of the Sorbent. The small loss in capacity of
the sorbent, as seen in Figure 8, after exposure to multiple
cycles indicates that the sorbent displays good stability under
the process conditions that have been studied here. This may
be attributed to the stabilizing effect of moisture against CO,
induced degradation as observed in other studies.’”*"**™*° In
comparison, a prior smdy/lz by our group, evaluating an MCF-
PEI sorbent for postcombustion capture with VSD under dry
conditions, reported an 8% loss in capacity over 60 cycles. In
" we presented that the presence of moisture
better preserved the CO, capacity of similar sorbents.

It was also noted that the gas lines, downstream of the
adsorbent bed in the desorption system, were coated with a
film of a yellow substance. This was likely PEI which had
leached off from the sorbent during the desorption experi-
ments. Our group had previously reported that PEI
impregnated MCF sorbents incurred small losses in mass
when exposed to a vacuum (0.02 kPa abs) at 110 °C*"** and
under a wet Ar purge at 105 °C,** which were attributed to the
loss of low-molecular weight (volatile) PEI in the sorbent. In
the current study, this apparent leaching effect was noticed
even after the first few cycles, despite seeing no significant loss
in capacity. This may be explained by the fact that typically not
all amine sites are accessible to the CO, due to the diffusional
limitation.”® The initial losses may have been comprised of
these unutilized amine sites. Alternatively, it is possible that as
the outer layers of PEI were leached off; the inner layers which
were previously inaccessible would have become exposed and
thus compensated for the losses. The accelerated reduction in
capacity which was observed after ~30 cycles may indicate that
the leaching of PEI had finally become significant enough to
cause a loss in capacity, which could not be compensated for
by the previously inaccessible PEL. While no detailed
investigations have been done in the current study to confirm
this postulation, it would be of interest to quantify the loss of
sorbent in this manner. This is important for practical DAC
systems as in addition to the loss of the productivity of the
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system, leaching of PEI, which is basic in nature, could lead to
the degradation of downstream equipment.

4.5. Comparison to Other Desorption Technologies.
When compared to pure TVSD at 12 kPa abs/100 °C, S-
TVSD with a steam flow rate of 6.2 g/h showed significantly
faster desorption of CO, (see Figure 9), confirming the
superior desorption kinetics offered by the steam-aided
process. Furthermore, it can be noted that even the S-TVSD
case with the weakest vacuum (56 kPa abs) outperformed
TVSD at 12 kPa abs, indicating that the use of a steam purge
allows the process to use lower vacuums to achieve similar if
not better results. In the TVSD experiment, the initial lag
before the desorption of CO, starts is likely an effect of the
large volume in the condensers and connecting tubes, as
described earlier.

In comparison to TVSD assisted by a N, purge, it was
observed that while the initial desorption rate of CO, was
similar in S-TVSD, the rate decayed much faster. This slowing
down of the kinetics is likely attributed to the increased
diffusional limitations imposed by the water adsorbed on the
sorbent. A similar phenomena of water hindering the
transportation of CO, inside the sorbent was previously
discussed by our group26 for the adsorption stage of the
process, where adsorption under high moisture levels led to
reduced CO, uptake. It was suggested that this was likely due
to the water presenting an additional barrier for the diffusion of
CO, to/from the sorbent. This is in contradiction to the
reports of Sandhu et al.*” and Hammache et al,’' where
TCSD with a steam purge yielded superior kinetics to purging
with N,. In both studies, it was suggested that the steam had a
displacing effect on the CO,, thus enhancing the desorption.
Despite the faster kinetics offered by the N, assisted case, the
product CO, was largely diluted with N, (4% mol CO,
concentration at its highest). Depending on the preferred
method of utilization/storage of the desorbed CO,, the
product gas may need to be purified further. However, CO,
at this concentration may be sufficient for use as a feed for
greenhouses or algae cultivations.

4.6. Thermal Energy Requirement. The thermal energy
requirement for steam generation for desorption at 100 °C at
12 and 26 kPa abs at various steam flow rates is depicted in
Figure 10. The calculations were only done for this
temperature, as it produced the fastest desorption of CO,. It
can be seen that significant reductions to the energy
requirement can be made by reducing the steam flow rate as
suggested by Gebald et al.”’ For desorption of 99% of the
adsorbed CO,, the lowest energy requirement was 12.1 GJ/t at
26 kPa abs/100 °C at a steam rate of 0.3 g/h and 4.0 GJ/t at
12 kPa abs/100 °C at a steam rate of 0.5 g/h.

As evident from the CO, desorption profiles (Figures 4 and
S), the desorption rate toward the end of the desorption is
significantly slower than at the beginning. This suggests that
for DAC systems, it may be preferable to carry out partial
desorption of the CO, reaping the benefits of faster desorption
rates. The faster rates would in turn lead to energy savings due
to lower steam consumption. To validate this, the energy
calculations were repeated for desorption of 75% of the
adsorbed CO,. As seen in Figure 10, significantly lower energy
requirements were calculated for these cases. At 12 kPa abs/
100 °C, the lowest energy requirement reduced to 2.3 GJ/t,
and at 26 kPa abs/100 °C, it reduced to 7.6 GJ/t.

In comparison, the thermal energy requirements for TVSD
processes for DAC reported in the literature are in the range of
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Figure 10. Thermal energy requirement for steam production for
desorption at 100 °C at 12 and 26 kPa abs at various steam flow rates.

1.3% to 14.5% GJ/t. However, it should be noted that the
calculations in the current study only consider the energy for
steam production and do not include the thermal energy
provided to the sorbent from the oven. Furthermore, the
electrical energy requirement for the operation of the vacuum
pump was also not included. A more detailed techno-economic
evaluation is recommended to calculate the total energy
requirement and to identify the preferred operating conditions.

5. CONCLUSIONS

It was demonstrated that CO, could be desorbed from
PEI_80b with steam-assisted temperature vacuum swing under
moderate vacuum levels (12—56 kPa abs), and relatively low
temperatures (70—100 °C). The fastest desorption was
achieved at 12 kPa abs/100 °C, with an average desorption
rate of 3.75 mmol/g/h. In comparison, TVSD under the same
temperature and pressure only had an average desorption rate
of 0.23 mmol/g/h, confirming the superior kinetics offered by
S-TVSD. When adsorption was carried under humid
conditions (1 and 2% mol-H,0), the co-adsorbed water on
the sorbent was observed to slow down the desorption of CO,,
due to the additional energy required for the desorption of
water. Evaluation of the adsorption capacity of CO, over 50
cycles (>1500 h) revealed an 8% loss in capacity, indicating the
stability of the sorbent under the conditions studied. Of the
desorption conditions studied, the lowest thermal energy
requirement for steam production was calculated to be 2 GJ/t
for desorption at 12 kPa abs/100 °C at a steam flow rate of 0.5
g/h. To better evaluate the energy consumption of the process
and determine the preferred conditions for practical DAC
systems, a techno-economic evaluation is recommended to be
carried out. It should also be noted that while these
investigations were in the context of DAC, the observations
here could be extended to other CO, capture applications with
solid supported amines.
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4. Technoeconomic Evaluation of a Process Capturing CO, 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 CO, 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 CO,. 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(ll).
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Abstract: Capturing CO, directly from air is one of the options for mitigating the effects global
climate change, and therefore determining its cost is of great interest. A process model was
proposed and validated using laboratory results for adsorption/desorption of CO,, with a branched
polyethyleneimine (PEI) loaded mesocellular foam (MCF) silica sorbent. The model was subjected to
a Multi-Objective Optimization (MOO) to evaluate the technoeconomic feasibility of the process and
to identify the operating conditions which yielded the lowest cost. The objectives of the MOO were
to minimize the cost of CO; capture based on a discounted cash flow analysis, while simultaneously
maximizing the quantity of CO, captured. This optimization identified the minimum cost of capture
as 612 USD tonne™! for dry air entering the process at 25 °C, and 657 USD tonne™! for air at 22 °C
and 39% relative humidity. The latter represents more realistic conditions which can be expected
for subtropical climates. The cost of direct air capture could be reduced by ~42% if waste heat was
utilized for the process, and by ~27% if the kinetics of the sorbent could be improved by a factor of
two. A combination of both would allow cost reductions of ~54%.

Keywords: direct air capture; economic; cost; model; steam; temperature vacuum swing; adsorption;
polyethyleneimine; carbon capture

1. Introduction

The increase in anthropogenic CO, emissions has been identified as a main cause of global
climate change. Close to half [1] of these emissions are accounted for by diffuse sources such as motor
vehicles, homes and offices. Capturing these emissions at the source would require the fitting of
capture systems to each of these, which would neither be economical, nor practical. Alternatively,
the effect of these emissions could be compensated for with “Direct Air Capture” (DAC) systems,
i.e., processes which capture CO; directly from the atmosphere. The captured CO; could either
be sequestered or utilized for application in various industries [2]. The technologies evaluated for
DAC include absorption with aqueous hydroxide solutions, adsorption with solid inorganic bases,
and adsorption with solid-supported amines (SSA). A review of the studies done on DAC has been
detailed in Sanz-Pérez et al. [3]. Of these technc-logiesl(3 sorption with SSA has presented itself to be
promising for DAC.

SSAs are a group of sorbents made of various amines, physically or chemically supported on
porous solid materials; They are well suited for DAC applications, 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. While significant research has been done on SSA for DAC, its focus

Processes 2019, 7, 503; doi:10.3390/pr7080503 www.mdpi.com/journal/processes
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has mainly been on sorbent development. There have only been a few reports [4-9] on the energy
requirements and the cost of capture of such systems, and there is significant discrepancy between
their results. These reports [4-9] evaluated DAC systems which used temperature concentration
swing adsorption (TCSA) [5,6], temperature vacuum swing adsorption (TVSA) [9] and steam-assisted
temperature vacuum swing adsorption (S-TVSA) [4,7,8] type processes. For TCSA, after the CO; is
adsorbed on to the sorbent, the sorbent is heated and purged with a gas (steam in Krekel et al. [5]
and Zhang et al. [6]) to effect desorption. In TVSA, desorption is achieved by heating the sorbent and
applying a vacuum. S-TVSA is a hybrid of the two approaches, where in addition to applying heat and
a vacuum, a steam purge is also used.

In two of the early studies, Kulkarni and Sholl [7] and Zhang et al. [6] carried out an economic
analysis based only on the operating cost of the processes. They reported costs of CO, capture
of 43-494 [7] and 91-227 [6] USD tonne™!. Krekel et al. [5] expanded on the work carried out by
Zhang et al. [6], and reported that once the capital expenses are included, the cost of capture would be
increased significantly to 792-1200 USD tonne™!. Sinha et al. [4] estimated a cost of capture of 60-190
USD tonne 1.

Several companies are active in the field of DAC with SSA. The most well-known of these are
Climeworks [10] and Global Thermostat [11]. The cost of capture reported for the operations of
first-generation DAC system by Climeworks was estimated to be 600 USD tonne™! [12]. 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 [12]. Similarly, Global Thermostat expects a cost of capture of 100 USD tonne™! for their first
commercial DAC process [12]. Carbon Engineering [13] is another company which is developing a
DAC process, although they focus on an aqueous hydroxide-based process. The projected cost of
capture with this process has been reported to be 94-232 USD tonne™! [14], but this process requires
very high temperatures for regeneration of the sorbent.

In comparison, removing CO; from air via afforestation and forest management has a cost
of capture of 15-50 USD tonne~! [15]. 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 CO; can be removed. In comparison, CO, removal by
DAC faces less 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 CO, removal by the natural carbon cycle.

The energy requirements of the DAC processes in prior works, 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 CO%\[S_7]
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 [9]. Another big contribhtg to the energy
consumption is that needed for pushing air through the air-sorbent contactors; Due to the low
concentration of CO, in air, large amounts of air need to be processed to capture the CO,. This results
in large energy requirements, even for low pressure drop contactor configurations as are described in
some studies [4,7].

It was previously reported [16] that branched polyethyleneimine (PEI) loaded mesocellular foam
(MCEF) silica sorbent in pelletized form is promising for CO, adsorption under DAC conditions.
The study identified that while low temperatures were better for the thermodynamics of the reaction
between the CO, and amine sites, the uptake of CO, was limited by diffusional resistances in the
sorbent. In contrast, higher temperatures allowed for better diffusion of CO,, but the thermodynamics
were less favored. The amount of CO, 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
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was achieved under relatively warm conditions (46 °C). The study further identified that low levels of
moisture in the gas (0.5 to 2% mol-HyO), enhanced the CO, uptake by up to 53%.

The same sorbent was evaluated using a S-TVSA adsorption/desorption cycle [17]. It was
identified that substantial CO, desorption could be achieved with mild vacuum levels (12 to 56 kPa
abs), and temperatures (70 to 100 °C). This indicated that the process could benefit from a reduced
electrical energy demand for vacuum generation and a lower capital cost owing to the use of smaller
vacuum pumps. It was further noted that as desorption is possible at relatively low temperatures,
the thermal energy requirement could be supplied with low grade heat. The desorption conditions
(pressure, temperature, steam flow rate) were seen to have a significant effect on the desorption
performance. Moreover, it was identified that while the presence of moisture enhanced CO, adsorption,
it also resulted in a significant uptake of HyO, which increased the thermal energy demand for the
desorption stage.

Building on this prior work, the present study aimed to (1) identify operating conditions which
yield the lowest cost of DAC, (2) determine the relative effects of varying operating conditions on its
technoeconomic performance and (3) identify promising directions for research on sorbent development
that could foster further cost reduction for DAC.

To address the first two aims, a DAC technoeconomic model was developed based on the results
of laboratory scale experimental data [17]. Next, the process model was subjected to a Multi-Objective
Optimization (MOO) to minimize the cost of capture, while simultaneously maximizing the amount
of CO, captured. In contrast to prior studies [4—7] which fixed on particular process conditions,
the present study considers a range of conditions, seeking to minimize the cost. Moreover, adsorption
from dry versus and humid air was compared, to evaluate the effect of the water, which co-adsorbs,
on the process. Previous technoeconomic studies do not appear to have addressed this aspect [4-7].
The final aim was addressed through the use of case studies exploring the relative effect that sorbent
modifications could have on the cost of capture.

2. Methods

2.1. Adsorption/Desorption Model

To develop a process model and evaluate the economics, the laboratory scale data was fitted to a
simplified heat and mass transfer model, which accurately predicts the performance of the sorbent.
In this simplified model, it is assumed that the adsorption bed has no concentration or temperature
gradients in either the radial or the axial direction. With this assumption, it is possible to develop a
sorbent column transport model, without using isotherm data. This simple empirical model is used to
simulate the adsorption/desorption behavior of the sorbent for a specific sorbent bed configuration.
The model is limited to predicting the performance with a single bed thickness and is not able to
account for different bed thicknesses, as these would require isotherm and bed dispersion experimental
data. The following assumptions were made to develop the model:

e Ideal gas law is assumed for all gases;

e “Air” in this study comprises of 420 ppm CO; in Ny;

e Only CO; and H;O interact with the sorbent;

e Adsorption and desorption occur under isobaric conditions;
e There are no heat losses to the surroundings.

2.1.1. CO,/H,0 Mass Transfer Kinetics

The mass transfer rate of CO, and H,O from/to the sorbent was approximated by the linear
driving force (LDF) model [18,19] (Equation (1)) where % is the mass transfer rate (mol kg-sorbent™!
s71), geq is the equilibrium adsorbed amount of CO; or H,O (mol kg!) under the specified process
condition, and ¢; is the amount adsorbed on the sorbent (mol kg™') at time t. k is the LDF mass transfer
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coefficient (s71) which is a lumped parameter accounting for all the resistances to mass transfer. i refers
to the components HyO or CO; and j refers to ads (adsorption) or des (desorption).

dq; j
a ki (qﬂ:,i,j ~rij ) i

As the desorption kinetics are affected by the temperature and the partial pressure of CO,, the LDF
mass transfer coefficient, kco, 405, Was expanded to account for temperature in Equation (2) and partial
pressure in Equation (3). Due to the lack of isotherm data, an empirical relationship (Equation (3)) with
the steam flow rate and the desorption pressure was used to predict the effect of the partial pressure
of CO; on the desorption kinetics. In Equation (2), E, is the activation energy (J mol™), R is the gas
constant (J mol™" K~1) and T is temperature (°C). ko,co, is a constant (s~") which follows an empirical
relationship with the pressure (kPa abs), P, and steam flow rate (kg-steam h-t kg-sorbent'l), Wsteam,
according to Equation (3). k;_5 are empirical constants.

_ facoy
kco,,des = ko,co,e KT+ (2
_ Mitsteam
ko,co, = kl(kZ -e b )(k4P +ks) 3)

For HO mass transfer in the desorption stage, the LDF mass transfer coefficient, ky,0 des,
was expanded according to Equation (4), to account for the effect of temperature on the kinetics.

_ Fampo
kt1,0,4es = ko,p0e R+ 4)

For the adsorption stage, this study only considered a single adsorption temperature (27 °C).
Therefore, the LDF constants, kpj, 0 a4s and ko, ads, Were estimated as fixed values and not as relationships
to the process conditions.

2.1.2. Equilibrium Model for HO Uptake During the Desorption Stage

The equilibrium uptake of water by the sorbent under the desorption conditions were fitted to a
Freundlich isobar equation [20] (Equations (5) and (6)), where g, is the equilibrium adsorbed amount
of water (mol kg 1), R is the gas constant (J mol~! K1), T is the temperature (°C) and P is the pressure
(kPa abs). Kq (mol kg™! kPa="), @ and A (] mol™!) are constants.

_ OoR(T4273) 1

qﬁq,HzO,des = ng Ag P (5)
Ao

T R(T+273) 6

" T R(T+273) ©)

2.1.3. Heat Transfer Model

The heat transfer to/from the sorbent was modelled according to the energy balance given by
Equation (7), where #1503, is the mass of sorbent (kg), Cp sorpen: is the specific heat capacity of the
sorbent (J kg~ °C™1), T}y is the bed temperature (°C), t is time (s), Theat/co0l i the temperature (°C) of
the medium used to heat up or cool down the sorbent bed, U is the overall heat transfer coefficient
(W m~2°C™1) between the heating/cooling medium and the sorbent bed, A is the heat transfer area of
the bed (m?), 72 is mass flow rate (kg s 1) and h is the specific enthalpy (J kg’l).

MsorbentC ,sorbent lﬂ;{ﬂ
= UA(Theat/conl - Tbed) + min,HzOhin,HZO - mant,HgOhnut,HgO (7)
i, 000 Min,cOy — Mout,CO5Mout,CO,
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The specific enthalpies of the components were calculated according to Equation (8) where H, 4,
is the heat of adsorption (] kg ™), Cp is the specific heat capacity (J kg™ °C™), T is the temperature
(°C) and T,y is a reference temperature (°C), taken to be 50 °C for this study. Hygs,co, for this type of
sorbent was previously reported to be 2270 k] l<g’1 [21]and C,, sorpent Was measured to be 2 k] 1<g’1 ec!
using a SETARAM micro DSC III. Hugs 11,0 of 2611 kJ kg‘1 was adopted from Wurzbacher et al. [9].

hi = Hugs,i + Cp(T = Trey) ®)
i refers to the component CO, or H,0.

2.1.4. Experimental Validation of Adsorption/Desorption Model and Parameter Estimation

The experimental data for the validation of the adsorption/desorption model was acquired using
the procedure described in Wijesiri et al. [17].

The parameters for Equation (1) for the mass transfer kinetics in the adsorption stage (k; 54 and
feq,iads) Were determined by doing a least squares regression fit of the LDF model on the experimental
data for CO»/H>0 uptake (q;445) from 420 ppm CO; at 27 °C, under dry conditions and with 1%
mol-H,O. The experimental data showed minimal changes in temperature (< 1 °C) for both cases,
so the adsorption stage was assumed to be isothermal.

For the desorption stage, the CO, mass transfer kinetics were experimentally determined for
the range of desorption conditions discussed in this study. Essentially all the CO, was desorbed [17]
and therefore the equilibrium adsorbed amount (q.4,c0, 45 term in Equation (1)) was assumed to be
0.00 mol kg ™! for all the desorption conditions. The constants Es,co, and ki to ks, were estimated by
least squares regression of the experimental CO; desorption data (g ges)-

Similarly, the parameters for the Freundlich isobar (Equations (5) and (6)) were estimated by least
squares regression of the experimental equilibrium H,O uptake data.

As it was not possible to obtain data on the HO mass transfer kinetics during the desorption
stage with the experimental set up used, it had to be approximated by using the bed temperature data
and the heat transfer model (Equation (7)). To do this, the heat transfer coefficient from the oven to the
sorbent bed, U was obtained by fitting the heat transfer model of the clean sorbent bed, Equation (7),
(with no CO; or H,O adsorbed) against the experimental bed temperature data (T})-

The mass transfer kinetics of H,O during the desorption stage were determined by coupling the
mass transfer model (Equations (1)—(4)) with the heat transfer model (Equation (7)). The #1oyt,H,0 term
in Equation (7) was defined according Equation (9), where MW, o is the molar mass of H,O (kg mol 1)

. . dqn,0 MW 9
Mout,Hy,0 = Min,HO — ar X Msorbent X H,O ( )

ko,H,0 and E,; 1,0 in Equation (4) were determined by least squares regression fitting Equation (7)
to the experimental bed and oven temperature data with the #t;, co,, Mout,co, and #ity, 1,0 data from
the experiments.

2.2. Process Model and Economic Model

2.2.1. Air-Sorbent Contactor Configuration

For the scaled-up process, an air-sorbent contact similar to that described in Patent
WO2014170184A1 [22] was considered. This consists of a series of stacked thin cylindrical adsorption
beds contained in a larger contactor (see Figure 1a). In such a contactor, air flows in through the
inlet on one side, flows up across the thickness of the sorbent bed, and exits through another side
of the contactor. The heating and cooling of the bed is envisioned to be done by heat transfer coils
directly under the sorbent beds. When scaling up, it was assumed that the ratio of heat transfer to
mass of sorbent would be kept the same as the lab scale experimental set up used. The beds were
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2.26 m in diameter (dbed’mnmmr) which is close to the maximum recommended for adsorption beds [23].
The height (Hpeg contactor) Was 0.10 m; this being the same height as the laboratory scale experiments.
The void factor (¢) of the beds was assumed to be 0.5. It was also assumed that the diameter of
the sorbent pellets, d1, used in the contactor would be the same as the lab scale set up (1.8 mm).
These dimensions correspond to 250 kg of sorbent per bed. For the current study, a contactor with 16
beds, with a total of 4000 kg of sorbent per contactor, was considered.

1 Sealing
1 /splates
YSorbent
| bed
1 Heat

— CO: free Air

a) Contactor configuration —(N_'U—’%

number of
contactors in
parallel

Air @ 27°C
Euacoum (dry or 1% mol- Wit Esteam
H20)

Contactor

CO: Water

(+H:0)

Vacuum pump Desuperheater Superheater Boiler

Water Efon

Air @ T
(dry or 1% mol-

H:0)
b) Process Flow Diagram

Figure 1. (a) A schematic of the proposed air-sorbent contactor configuration and (b) the process flow
diagram of the proposed Direct Air Contact (DAC) system.

2.2.2. Process Description

The process model considers two scenarios in order to determine the effect of moisture inherent in
air collected from the surroundings: adsorption from dry air and adsorption from air with a moisture
content of 1% mol-H,O. In both scenarios, the adsorption is carried out at 27 °C. These two scenarios
are referred to as the “dry case” and “humid case”.

A schematic of the process considered for the current study is depicted in Figure 1b. The process
consists of multiple contactors adsorbing CO, from air in parallel, and a single contactor desorbing
CO;. In the adsorption stage, the incoming air is heated up to the adsorption temperature (27 °C) and
pushed through the contactors using a fan. The air is heated, as it was previously discovered [16] that
higher temperatures led to higher CO; uptake, due to improved diffusion kinetics. Heating the air
also provides the cooling necessary for the condensation of steam in the desorption stage. A previous
study [16] reported that this sorbent had the highest CO, uptake at 46 °C. However, as this temperature
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corresponds to unrealistically warm climates, and heating the air to 46 °C would require a significant
amount of energy, a milder adsorption temperature of 27 °C is considered for the current study.

The temperature at which the air could enter the process, T, (°C), was calculated according
to Equation (10), where Qgondenser, is the cooling duty of the condenser (W) (refer Section S1 of the
Supplementary Information), #,, is the mass flow rate of air per contactor (kg s™h, Gy is the specific
heat capacity of air (J kg‘1 °C~1) and Neontactors is the number of contactors in the system. The relative
humidity (RH) values corresponding to 1% mol-H,O for the humid case were calculated according to
Equation (11), where Py;, is the pressure of the air which is assumed to be 101 kPa abs, and pg 1,0 is
the saturation vapour pressure of water, calculated according to the Antoine correlation [24].

Tm'r =27 - QL‘DndEHSL‘}’ (10)
maircp.air X (Nconfacmrs - 1)
Pair X 1%
RH = 2 ——— k 1y
P sat,H, O

In the desorption stage, water is boiled and superheated to produce steam, which is then passed
through the contactor. Downstream of the contactor, the steam is desuperheated via the addition of
water, and passed through the condenser, which cools the CO,/H,O mixture down to 45 °C. Following
this, the condensate is separated from the gas and returned to the boiler. The gas stream from the
condenser, consisting of CO, saturated with HyO, is compressed to atmospheric pressure using the
vacuum pump. The calculations for the unit operations in the process are described in 51 in the
Supplementary Information.

The adsorption/desorption cycle the contactors are subjected to is shown in Figure 2a. The cycle is
split into three stages. Firstly, the contactor goes through the adsorption stage, until a predetermined
amount of CO; (g,4s) is adsorbed into the bed. The desorption stage starts by first evacuating the
contactor to the desorption pressure and heating up the sorbent to the desorption temperature.
The heating is provided by a heat transfer fluid, at 10 °C higher than the desorption temperature,
passing through the heating coils shown in Figure 1. After the sorbent is heated to just above the
steam dew point temperature, the steam purge is started. Following the introduction of steam, heat is
continuously supplied to the bed, to maintain the desorption temperature, for the remainder of the
desorption stage. The desorption stage ends after a predetermined amount of CO; (g,,;) is desorbed.
Following this, the bed goes into the cooling stage, where the bed is cooled down to the adsorption
temperature by passing water, at 25 °C, through the cooling coils. Finally, the contactor is re-pressurized
and goes back into the adsorption stage. For this study, it was assumed that the evacuation and
re-pressurization steps would take negligible time. The operational sequence of the contactors is shown
in Figure 2b, which shows how the contactors are subjected to the cycles, with one bed in desorption at
all times.

2.2.3. Energy Consumption

The energy requirements considered for the evaluation are the electrical energy required to operate
the fan (Eg,p) in the adsorption stage and the vacuum pump (Eyacuyum) in the desorption stage, and the
thermal energy required to heat the sorbent beds (Epeq) and to produce steam (Esteam). The methods
for calculating these are presented in Section S2 of the Supplementary Information.

2.2.4. Capital Cost

The purchased equipment costs of the major equipment were estimated using cost
correlations [23,25,26]. The cost correlations were adjusted for inflation using the chemical engineering
plant cost index (CEPCI). The total plant cost was calculated by accounting for insulation, piping,
instrumentation, electrical work, civil and structures, and lagging [27]. The detailed calculations are
included in Section S3 of the Supplementary Information.
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a)
Stage 1: Adsorption

Adsorption

Evacuation to
desorption
pressure

Repressurization

Heating to

Cooling desorption

Stage 3: Cooling temperature

Stage 2: Desorption

Introduction of
steam purge

b)

Contactor
No

Figure 2. (a) The adsorption/desorption cycle the contactors are subjected to. (b) The operational
sequence of the contactors, with one bed in desorption at all times and the rest in adsorption. S1 to S3
refer to the stages in the adsorption/desorption cycle (adsorption, desorption and cooling).

2.2.5. Operating Cost

The energy requirements of the process were assumed to be met by a solar thermal hot water
system and a solar photovoltaic system to minimize the CO, emissions from the process. The energy
costs were taken to be 50 USD MWh™! for thermal energy [28] and 100 USD MWh™! for electrical
energy [29]. The cost of water was taken to be 3 USD m~2 [30] and the annual maintenance was
assumed to be 2% of the total plant cost [27]. The sorbent was assumed to cost 8.1 USD kg’1 and
have a lifetime of 4 years. The cost of the sorbent was estimated by calculating the cost of the raw
materials required and multiplying it by a factor of 3 to account for the production costs. More details
are included in Section 54 of the Supplementary Information.

2.2.6. Cost of Capture

The cost of capture of CO; (Cco,) in USD tonne! is calculated from a discounted cash flow

calculation to obtain a zero Net Present Value (NPV) at the end of the project life using Equation (12),
where Ccp, is the cost of capture (USD tonne™1), Cplants Cannual opex a0 Csorpent are the capital cost of
the plant, annual operating cost, and the cost of sorbent, respectively.

CR is the annual capture rate (tonne yr~!) as calculated according to Equation (13), where g,
is the amount of CO, desorbed (referred to as the extent of desorption from hereon) per cycle (mol
kg'l), Mgorbent i the mass of sorbent in a single contactor (kg), MWco, is the molar mass of CO,
(kg mol’l), Neontactors is the number of contactors in the system, and tcyc,e is the total cycle time (h).
The process was assumed to run 360 days a year for 24 h a day. More details are given in Section S5 of
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the Supplementary Information. For the NPV analysis, the plant operating lifetime is 20 years and a
discount rate of 10% is used.

20 1 1
(Cphmf + Conpual opex 21:1 (1+01) + Csorbent Zy:0,4,,..,16,20 (1+0_1)y)

Cco, = 30 T (12)
CRX X321 [Tron
CR = (qdés X Mgorbent X MWCOZ X Ncmltrlcfars) % 8.64 1 year“l tkg_l (13)

tcycle
2.3. Multi-Objective Optimization

To determine the preferred operating conditions which would result in the lowest cost of capture
and the highest capture rate, a multi-objective optimization (MOO) was carried out on the process model
using the MATLAB gamultiobj function. This uses a controlled, elitist genetic algorithm (a variant of
NSGA-II [31]). The objectives for the MOO were to minimize (Ccp,) and maximize (CR). The objectives,
variables and the constraints of the MOO problem are listed in Table 1.

Table 1. Definition of multi-objective optimization problem.

Objectives
Min (C¢p,) and Max (CR)
Variables
Variable Range
Adsorption air flow rate to a single contactor (m® h™! kg-sorbent™) Veir 2to 10
Total number of contactors Neontactors 2to 60
Desorption temperature (°C) Ty 80 to 100
Desorption pressure (kPa abs) Py 12to 26
Desorption steam flow rate (kg h™! kg-sorbent™!) Tsteant 0.09 to 1.86
. _ 0.25 to 1.50 (dry case)
1 Y
Extent of adsorption (mol kg™) Gads 0.25 t0 2.75 (humid case)
Extent of desorption (mol kg~1) s 0.20 to 1.45 (dry case) 0.20 to 2.70

(humid case)

Additionally, the constraint in Equation (14) was enforced to ensure that all the contactors can be
desorbed within a single cycle, where f,5; and t, are the durations of the adsorption and desorption
stages (h) and Ncontactors is the number of contactors in the system.

tads = tges X (Ncoﬂtacfars - 1) (14)
2.4. Sensitivity Analysis

Two sensitivity analyses were carried out. Firstly, the sensitivity of the results of the cost of capture
to some of the values in the model which carried uncertainty were tested. This was done by varying
these values by +10% from the original values and observing the change in the cost of capture in the
lowest cost scenario. The values of interest chosen were cost of energy, cost of the contactor, discount
rate, sorbent cost and lifetime and the plant lifetime.

Next, the sensitivity of the results to the MOO parameters used was tested. This was done by
varying the parameters used for the original MOO.

3. Results of Model Validation and Parameter Estimation

The experimental data and the model predictions for CO,/H,O mass transfer in the adsorption
stage are presented in Figure 3. The CO, mass transfer, equilibrium H,O uptake, H,O mass transfer
kinetics and heat transfer in the desorption stage are presented in Figures 4-6. The figures show that
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the experimental data are in close agreement with the model predictions. The results of the parameter
estimations are listed in Table 2 along with the constants used.

CO; H,O
3 9
W R=0.999 E; R=0.984
2 B
b1 o
2 , %
-g 2=0.998 -@
< . < 3
< ]
S i
0 0
0 20 40 60 80 0 10 20 30 40
Time (h) Time (h)
—— Model (Dry) o Experimental (Dry)
—— Model (Humid) o Experimental (Humid)

Figure 3. The experimental data and the model predictions for CO, and H,O adsorption from 420 ppm
CO; in N; in the dry and humid cases.

12_70_1.8_0 26_90_1.8 0 26_100_0.09 0

2 1.5 2
E: : % L
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g g 05 z
205 2 205
8 : g

0 0 0

0 1 2 0 19 3.8
Time (h) Time (h) Time (h)
268518 0 12.90_1.8 0 26_100.043 54
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£ D S 1o =
& & &
3 z E
2 1 2 1 2
3 E g
2 z Z
505 ZE) 05 g
Q ] 9]

0 0

0 22 44 0 0.3 0.6 0 1 2
Time (h) Time (h) Time (h)
——Model ©  Experimental

Figure 4. The experimental data and the model predictions for CO, mass transfer kinetics in
the desorption stage. Legend for titles AA_BBB_CCC_DD (AA- desorption pressure (kPa abs),
BBB-desorption temperature (°C), CCC- desorption steam flow rate (kg h! kg—sorbent’l), DD- amount
of water adsorbed during adsorption stage (mol kg~1)). More results are depicted in Figure S1 in the
Supplementary Information.
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Figure 5. The experimental data and the model predictions for equilibrium H,O adsorption amount in
the desorption stage at desorption pressures of 12 kPa and 26 kPa abs.
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Figure 6. The experimental data and the model predictions for heat transfer and H,O mass transfer
kinetics in the desorption stage. Legend for titles AA_BBB_CCC_DD (AA- desorption pressure
(kPa abs), BBB-desorption temperature (°C), CCC- desorption steam flow rate (kg h~! kg-sorbent™1),
DD- amount of water adsorbed during adsorption stage (mol kg™!)). More results are depicted in
Figure S2 in the Supplementary Information.
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Table 2. The results of the parameter estimation for the adsorption/desorption model and the
constants used.

Parameter Value

Adsorption stage mass transfer

Dry case
keoyads (571 2.21 x 1075
(e, COy ads (Ol kg™") 1.55 x 10°
Humid case
keoyats (571 131 x 1075
Geq,COzads (MOl kg ™) 2.80 x 100
Ktt,0,0ds (s71) 6.74 % 1075
Geg,H,0,ads (mol kg™!) 8.30 x 100

Desorption stage mass transfer
CO; mass transfer kinetics

Eqco, mol™!) 1.44 X 10°
ki (s7h) 1.06 x 10°
k2 1.03 x 10°
k3 (kg-steam h™! kg-sorbent™1) 7.56 x 107!
kg (kPa™1) -229 x 1013
ks 6.66 x 101
Freundlich isobar for HyO
Ko (mol kg™! kPa~1/m0) 1.30 x 107
@ 1.51 x 10!
Ap (jmol™) 1.63 x 103
H;O mass transfer kinetics
Eyp,0 (Jmol™) 4.05 x 10
koo 671 1.90 x 10°
Desorption stage heat transfer
Uygy (Wm=2°C™h 1.70 % 10!
Lab scale sorbent bed dimensions
Ay (m?) 314 x 1072
Msorbent,lab (kg) 345 x 1073
Thermodynamic properties and constants
Cp,sarbent (J kgl Dcil) 2.00 x 103
Cpco, Tkg °C™h 9.00 X 102
Cp,sfmm () kg1 OC_I) 2.00 x 10°
Cp,m)‘ J kgl Dc_l) 1.00 x 103
Hausmo( kg™") 2,61 x 10°
Husco,0 kg™) 227 x 106

4. Results of Multi-Objective Optimization

The plots of the Pareto non-dominated fronts from the results of the MOO are presented in
Figures 7 and 8 for the dry and the humid cases. From Figure 7, it is apparent that the dry case allows
for a lower cost of capture than the humid case for all capture rates. Moreover, it can be seen that the
cost of capture increases as the capture rate is increased for both cases. From Figure 8, it is apparent
that as the capture rate is increased, Neontactorss Hstearn and qg4s are also increased. Additionally, P, is
reduced for the humid case. Negligible changes are seen in the other parameters.

The set of variables which yielded the lowest cost scenarios for the humid and the dry cases are
listed in Table 3, along with the resulting cycle times and energy requirements of the process.
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Figure 7. Pareto plots for the objective functions of the Multi-Objective Optimization (MOO) for the
dry and the humid cases.
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Figure 8. Pareto plots for the variables plotted against the capture rate, for the humid and the dry case.
The limits for the y-axes are the bounds for each parameter used in the MOO. T; was not plotted as it
was constant at 100 °C across all the data points.
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Table 3. The process conditions which yield the lowest cost scenarios and the resulting cycle times and
energy requirements of the process.

Parameter Dry Humid
Variables

Adsorption air flow rate to a single contactor (m> h™! kg-sorbent™") Vair 523 5.81

Total no of contactors Neontactors 14 15

Desorption temperature (°C) Ty 100 100
Desorption pressure (kPa abs) Py 18.33 16.85
Desorption steam flow rate (kg h™! kg-sorbent™!) Msteam 0.11 0.11
Extent of adsorption (mol kg’l) Jads 0.79 1.72

Extent of desorption (mol kg’l) Qdes 0.54 1.55

Cycle times

Adsorption (h) tads 6.87 1953

Desorption (h) ties 0.52 1.39

Cooling(h) Foool 0.11 0.11
Full cycle (h) Eeycle 7.51 21.03

Energy requirement

Electrical energy for fan (GJ tonne™!) Efan 1.35 1.71
Electrical energy for vacuum pump (GJ tonne™!) Evacuum 0.61 0.65
Thermal energy for steam (GJ tonne™!) Esteam 7.05 6.26
Thermal energy to heat sorbent (GJ tonne™1) Eped 6.14 945
Total electrical (GJ tonne™!) Eetoctricat 196 2.36

Total thermal (GJ tonne™1) Egheymar~ 13.18 15.71
Total (GJ tonne™!) Eiotal 15.14 18.08

Cost and capture rate
Cost of capture (USD tonne 1) Ceon 612 657
Annual capture rate (tonne yr—1) CR 1521 1682

The temperature and RH at which the air could enter the process for each of the points in the
Pareto plots, as calculated with Equations (10) and (11), are depicted in Figure 9.

28 60%

2 .‘:.%
i ™

€ 2 badhg %
= >
= 5 o OOO o 40%
16 %O %OO
12 30%
0 2000 4000 6000

Annual CaptureRate (tonneyr™)
® T-Dry Case ® T-Humid Case

© RH-Humid Case
Figure 9. The temperature and RH of the inlet air to the process for each of the points in the Pareto plots.
The breakdown of the cost of capture for the preferred conditions is shown in Figure 10. It was

observed that both the dry and humid case showed a similar cost breakdown. The biggest contributors
were identified as the cost of thermal energy and the contactors.
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Thermal Energy
30%
(33%)

Electricity

Contactors
32%
(29%)

Figure 10. The contributions of various components to the cost of capture for the lowest cost case for
the dry and humid case. The value for the humid case is given inside brackets in the data labels.

The results of the sensitivity analysis on the model values is shown in Figure 11. As the two cases
had a similar cost breakdown, the sensitivities were almost identical.

Cost of contactor

Cost of thermal energy
Discount factor

Sorbent cost
Equipment lifetime
Sorbent lifetime

Cost of electrical energy

585 605 625 645 665 685
Cost of Capture (USD tonne™)

Dry = Humid

Figure 11. Tornado plot of the sensitivity of the cost of capture of the lowest cost scenarios for + 10%

changes in the model values.
5. Discussion

5.1. Influence of Process Conditions

It can be noted that the cost of capturing under humid conditions is higher than that under
dry conditions for all the capture rates in the Pareto fronts (Figure 7). The presence of moisture
allows the process to take advantage of the improved CO, adsorption capacities of the sorbent [16] as
indicated by the higher 4,4 and g4 in the humid case. However, this also leads to a longer t,;; and
taes, which increases f.,... This reduces the annual capture rate, and so increases the cost of capture

(see Equations (12) and (13)).
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In the humid case, the process is restricted from using smaller g,4; and 4,5, due to the large
amount of water adsorbed. As the water adsorption/desorption is significantly faster than that of CO,
(see Figure 3), at lower g,45 and g5 (shorter f,4; and t4,5) values, there is a much higher proportion of
H,0 adsorbed in comparison to CO5. This in turn translates to a proportionately higher cost of thermal
energy consumed for desorbing the H,O. And as the thermal energy accounts for a large fraction of
the cost, this has a significant impact on the economics of the process. These results indicate that using
a sorbent with a reduced affinity for water may improve the economics of the process.

When comparing the process conditions which yielded the lowest cost scenario, both the humid
and the dry case had a similar adsorption air flow rate (Vm-,), desorption temperature (T;) and
desorption pressure (P;). At high Vi, the rate at which CO; can be captured is increased, which can
reduce the cycle time. However, this is done at the compromise of higher pressure drops across the
contactors resulting in an increased electrical energy consumption.

The preferred Ty was identified as 100 °C which is the upper limit used for the optimization.
This is due to the faster desorption kinetics presented at higher temperatures [17], which leads to
shorter cycle times. The upper limit for this study was set at 100 °C, as solid supported amines have
been reported to undergo degradation at high temperatures [32]. However, the sorbent in this study
was previously reported [17] to be stable at temperatures up to 100 °C, under the desorption conditions
evaluated here. In the case of Py, the preferred value is a balance between benefitting from the faster
desorption rates (shorter cycle times) offered by the lower pressures [17] and the increased expenses
for electrical energy.

The identification of the preferred steam flow rate, mseqn, is similar to that of Py. The preferred
value is a balance between benefitting from the faster desorption rates (shorter ¢4,.) offered by the faster
steam flow rates [17] at the compromise of increased cost of thermal energy. In both cases, the steam
flow rate with the lowest cost was the close to its lower bounds, indicating that benefit of shorter ¢ is
not justified by the higher energy cost. This can be attributed to the fact that thermal energy demand
has the one of the biggest impacts on the economics of the process (see Figure 10).

When comparing the energy requirements, the electrical energy consumption was similar for
both cases. However, the humid case needed more thermal energy to heat up the sorbent during
the desorption. This is because the energy consumed by the water being desorbed from the sorbent,
cools it down [17]. Therefore, more heat needs to be provided in the humid case, to maintain the
desired desorption temperature.

From Figure 11, it can be seen that both cases display similar sensitivities to the values studied.
The final result was seen to be relatively insensitive to the values studied, as the cost was seen to vary
by <+4% for a variation of +10% in the parameters. The cost of thermal energy and the contactor
were identified to be the variables which most affected the cost of capture. This is consistent with
the fact that thermal energy and the cost of the contactor are the two largest contributions to the cost
(see Figure 10). The discount factor was also seen to have a large impact on the cost of capture and a
value of 10% is conservative for the current economic conditions.

5.2. Pareto Non-Dominated Fronts

In both cases, the cost of capture increases as the capture rate increases. As seen in the Pareto
plots of the variables (Figure 8), the increase in the capture rate is achieved mainly by using a higher
Neontactors Wwhich increases the amount of CO, captured. However, to increase Nputactors, either ¢4 needs
to be increased or f,,; needs to be decreased to satisfy the inequality constraint in Equation (14). This is
fulfilled by increasing #isteam, which shortens tg,s by improving the CO, desorption kinetics. P, is also
decreased for the humid case, which can be attributed to the comparatively longer t;,;, which demands
a greater increase in the kinetics to satisfy the inequality constraint in Equation (14). Furthermore,
Gads is increased to increase the t,4; and gy, is kept relatively constant which shortens t4,; when used
in combination with higher msqm, and lower Py. These changes to the process conditions (except
Gues) increase the annual capture rate while incurring additional expenses as explained in Section 5.1.
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The increases in the thermal energy demand and the contactors are particularly significant as they are
the two biggest contributors to the economics of the process.

Vi, can be seen to be relatively constant for most of the Pareto front. This can be expected since it
is selected based on the compromise between the positive effect of a shorter ¢4, and the negative of a
higher energy requirement for high flow rates. It is likely that the balance between the two does not
significantly vary for the different points in the Pareto plot. In the dry case, there is a steep increase in
V at the higher capture rate end which coincides with a steep increase in the cost. This highlights that
while slightly higher capture rates can be achieved with higher V,, it is accompanied by a significant
increase in the cost.

The results of the sensitivity analysis carried out on the MOO options is included in Section S6 of
the Supplementary Information, and it is evident that the Pareto fronts are insensitive to the MOO
options used.

5.3. Temperature and RH of the Incoming Air to the Process

For the lowest cost cases, the incoming air temperature, T,;,, was calculated to be 25 °C for the
dry case and 22 °C for the humid case (see Figure 9). The RH of the humid case was calculated to be
39%. It is noted that, while the dry case yielded a lower cost, it is unrealistic to expect completely dry
conditions anywhere in the world. However, the conditions calculated for the humid case are far more
realistic and can be expected of regions with sub-tropical climates.

Tir can be seen to reduce with increases in the capture rate (see Figure 9). This can be attributed
to the higher steam flow rates available at the higher capture rate/higher cost end of the Pareto fronts.
It is also apparent that the humid case allows for significantly lower temperatures. This is owing to the
water which gets desorbed from the sorbent which condenses, releasing additional thermal energy.
These results indicate that the process could operate in colder climates with higher humidity, at the
compromise of a higher cost of capture. It is also noteworthy that when operating at a higher moisture
level than 1% mol-H, O, lower T,;, may be achieved due to the increased adsorption of water, although
this would also likely lead to a higher cost of capture.

5.4. Comparison to Results of Other Studies

The cost and energy data for the lowest cost case described in the current study is presented
alongside data found for other DAC processes [4-9,12,14,33] in Figure 12. The data are that of the
lowest cost case described in the respective studies.

Tt is evident that the cost of capture presented in the current study is in the upper end of the range
of costs reported for similar processes. However, it can be noted that the cost in the current study is
similar to that reported by Climeworks based on the actual performance of their first-generation DAC
system (DAC-1) [12]. In comparison, the other values depicted in Figure 12 are subjective to the scope
of the respective study and the assumptions that were used. For example, Kulkarni and Shell [7] and
Zhang et al. [6] did not include the capital expenses of the equipment in their studies. Krekel et al. [5]
expanded on the work carried out by Zhang et al. [6], and reported that once the capital expenses
are included, the cost of capture is increased significantly. Moreover, the costs of capture depicted in
Figure 12 for Zhang et al. [6] and Krekel et al. [5] are based on scenarios where the energy is supplied
with fossil fuels, as opposed to the low carbon solar energy used here. Krekel et al. [5] reported that the
cost of capture increases from 792 to 1333 USD tonne™! when the emissions from energy generation are
considered. They further reported that if wind energy is used, a capture cost of 824 USD tonne™! can
be achieved. Zhang et al. [6] estimated an increase from 91 to 225 USD tonne™! for a system utilizing
wind and nuclear energy.
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Figure 12. Comparison of the cost and energy data from this study to that of previous studies. The data
are that of the lowest cost case described in the respective studies. * Carbon Engineering refers to an
aqueous hydroxide-based process for DAC.

The large difference between the results of this study and that of the Sinha et al. [4] is in part due
to the two main differences. Firstly, the cash flow was not discounted [4]. The second reason is due to
the nature of the sorbent used. Sinha et al. [4] evaluated a monolithic sorbent which was assumed to
be self-contained. In comparison, the pelletized sorbent in the current study needs to be contained in
contactors which contribute to about a third of the total cost. This may indicate the advantage that
monolithic sorbents have over pelletized ones. Furthermore, Sinha et al. [4] also did not consider the
CO; emissions from energy generation in their calculations.

Apart from these, another major reason for the higher cost reported in the current study is the
slower kinetics of the sorbent evaluated. It was previously reported [16] that the large loading of
PEl in this sorbent resulted in a large CO; uptake capacity although at the sacrifice of significant
mass transfer limitations, which resulted in a slow uptake rate of CO;. The effect of this is evident
here, where long cycle times are required for the process (7.51 h for the dry case). In comparison,
for other studies, the reported cycle times are in the range of 1.27 [4] to 4 h [7]. These long cycle times
result in a lower annual capture rate and hence a larger cost. Furthermore, it should be noted that
the subject sorbent was shown to provide better adsorption performance at the higher temperature
of 46 °C [16]; thus, it may be that further improvements in the process economics could be achieved
by tailoring the design of sorbent material so that its optimum sorption performance occurs at the
intended adsorption temperature.

The slow kinetics also have a large effect on the energy requirement of the process. As seen in
Table 3, the thermal energy requirement is dominated by the energy for steam generation, and for
longer desorption times, larger amounts of steam are needed to desorb the CO,. This would explain
the larger thermal energy requirement of the process in comparison to the other studies depicted in
Figure 12. However, the electrical energy requirement of the process is in close agreement with most of
the values reported in literature. While Wurzbacher et al. [9] and Gebald et al. [8] reported much lower
values, they only evaluated the desorption stage and did not include the energy needed to pump the
air through contactors during adsorption.

It is difficult to make direct comparisons with the costs reported by Carbon Engineering [14],
as this corresponds to a completely different type of process. However, it is noted that the need for
very high temperatures (900 °C) for the regeneration of the sorbent, may make the process more reliant
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on fossil fuel-based energy. In comparison, the processes using SSA could more easily be powered
with relatively inexpensive low carbon energy sources like solar thermal hot water systems.

5.5. Case Studies

In this section, the effect of five different scenarios on the cost of capture is evaluated. The scenarios
were selected based on the main cost drivers and the limitations of the process identified in the previous
sections. For these evaluations, the MOO was repeated with the respective changes described below
for each scenario.

Case study A: Thermal energy from waste heat utilization—This scenario was chosen because
the main contributor to the cost of the capture was identified to be the thermal energy requirement.
Moreover, the low temperatures (<100 °C) used for the desorption process makes it possible for
integration with waste heat sources. It was assumed that this energy could be achieved free of charge.

Case study B: Hypothetical sorbent with faster kinetics—This scenario addresses the limitation
of slow mass transfer kinetics of the sorbent (longer cycle times). Here a hypothetical sorbent,
with improved mass transfer kinetics of CO; is used. Potential means of achieving this include using
additives which improve CO, diffusion in the amine phase [34-37] and using support materials with
high surface areas [38] and/or large pore sizes [39] to better disperse the amines and thus improve
their accessibility to the CO,. To carry out the evaluation, kco, 445 in Equation (1) and k; in Equation (3)
were multiplied by a factor of 2, to emulate a sorbent with twice as faster CO, mass transfer kinetics.

Case study C: Hypothetical sorbent with faster kinetics but lower CO, uptake capacity—This
scenario considers an iteration of case study B. It is possible that the improvements made to the kinetics
would come at the expense of a smaller CO; uptake capacity. For example, it has been reported in
literature that lower PEI loadings (% wt) on the sorbent results in lower uptake capacities and faster
kinetics [40,41]. For this scenario, a hypothetical sorbent where the kinetics are increased by a factor of
2, at the compromise of a halved equilibrium capacity, is evaluated. To carry out the evaluation, kco, aas
in Equation (1) and k; in Equation (3) were multiplied by a factor of 2, and g, c0, «s in Equation (1)
was multiplied by 0.5.

Case study D: Combination of case studies A and B, where a sorbent with superior kinetics is
used with waste heat utilization.

Case study E: Hypothetical sorbent with lower H»O uptake capacity—As mentioned earlier,
while adsorbing from humid air enhances the CO, uptake, a proportionately higher amount of water
is also adsorbed. This results in a higher energy requirement for desorption of water. It has been
reported [42] that the water uptake by PEl-silica sorbents could be reduced by using hydrophobic
silica as the support material. The study [42] further demonstrated that the benefit of enhanced CO,
capacities when adsorbing in the presence of moisture could be retained, in spite of the reduction of
the water uptake. Modifications to the amine such as reducing the proportion of primary amines [43]
and introduction of methyl groups [44] have also been reported to reduce the water uptake by these
sorbents. For this scenario, a hypothetical sorbent, with half the water uptake capacity is evaluated.
To carry out the evaluation, g, 1,0,445 in Equation (1) and Ko in Equation (5) were multiplied by a factor
of 0.5.

For case studies B-E, the current study does not attempt to identify exactly how the sorbent may
be developed to meet the specified criteria but simply aims to estimate the impact each modification
would have on the economics of the process. The results of this exercise are meant to be taken as a
guide, for identifying the direction future research into sorbent development may head towards.

The results of the case studies are depicted in Figure 13. From the results, it is evident that using
waste heat to provide the thermal energy yields the biggest reduction (~ 42%) in the cost of capture.
This reduction is an effect of two things. Firstly, the large contribution of the thermal energy to the
cost is eliminated. Secondly, the process takes advantage of the free thermal energy and utilizes
higher #igeqm to increase the capture rate. This is evident in the thermal energy demands which are
more than 3-fold higher than that of the base case. The higher #igm facilitates faster desorption
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which reduces t., which in turn lowers the cost of capture. While the reductions are attractive,
it should also be noted that the utilization of waste heat would restrict the locations where DAC
systems could be operated to areas such as industrial parks. DAC systems with waste heat utilization
would also likely be more practical for carbon capture and utilization projects rather than carbon
capture and sequestration projects. This is because sequestration sites would likely be located far
away from industrial sites, which would require the transportation of CO,, incurring additional costs.
In comparison, the utilization could be done at the same site the capture is done.
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Figure 13. Results of the case studies for the dry and the humid case.

When comparing cases B to E, it can be seen that developing sorbents with improved CO, mass
transfer kinetics would have the biggest impact on reducing the cost (~27% reduction). With faster
kinetics, shorter t.,, could be achieved, which reduces the cost of capture. The thermal energy demand
can also be seen to reduce as hypothesized. However, case study C shows that the improvements to
the kinetics of the sorbent should not be made at the expense of the CO; uptake capacity. Case study
D shows that combining faster sorbents with waste heat utilization could lower the cost of capture
by ~54%. Finally, case study E shows that an 8% reduction in cost can be achieved by using less
hygroscopic sorbents, which can be attributed to the reduced thermal energy requirement. Although
the costs for these case studies are still quite high, these give an indication of the relative impact each
modification could have on the economics of the process.

6. Conclusions

A process model was proposed, for a DAC process employing a S-TVSA cycle, and validated with
laboratory experimental results. To evaluate the technoeconomic performance of the process, the model
was subjected to a MOO with the objectives of minimizing the cost of capture and maximizing the
amount of CO; captured. A minimum cost of capture of 612 USD tonne™! was calculated for a process
with air entering at 25 °C under dry conditions, and a cost of 657 USD tonne ™! was calculated for air
entering at 22 °C and 39% RH. The humid case yielded higher costs than the dry case, as an effect of
the additional energy required to desorb the water that gets co-adsorbed on the sorbent. While the dry
case yielded the lower cost, it is noted that the humid case is more realistic for practical DAC systems,
and that the inlet air conditions correspond to that typical of subtropical climates. It was observed
that the capture rate of the process could be increased (at the expense of a higher cost of capture) by
increasing the number of contactors, using more aggressive desorption conditions and changing the
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cycle times. The process variables which had the most effect on the results were identified as the steam
flow rate and the number of contactors. The relatively higher costs calculated here, in comparison to
the results of prior studies, were identified to be a result of the differences in the assumptions and
scope of the respective studies, and the slower kinetics of the sorbent evaluated in the current study.
It was identified that using a sorbent with two-fold faster kinetics could reduce the cost by ~27% and
that the utilization of waste heat could produce a ~42% reduction in cost. A combination of both would
allow the cost to be reduced by ~54%.

In summary, the process evaluated in this study does not appear to be economically feasible in
the current state. However, the study identified several avenues which could lead to improvements.
Of these, the improvements in sorbent 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.
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5. Conclusions and Recommendations

In this thesis, a Direct Air Capture (DAC) process, i.e. a process capturing CO; 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 PElI impregnated solid
sorbents evaluated for DAC. The sorbent was selected as the large PEI content allowed for substantial
uptake of CO,, 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
CO; 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 CO;
adsorption performance by the sorbent, and the process conditions which would provide a larger
uptake of CO,. 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 PEl sorbents under DAC

conditions.

The results of this study identified that while the large amine loading produced a large CO; uptake, it
also resulted in significant mass transfer limitations and hence slower adsorption kinetics. The highest
CO, uptake was observed at 46°C under both dry and humid conditions. It was observed that at
temperatures higher than this, the CO, adsorption was reduced, consistent with the thermodynamics
of the exothermic reaction between the CO, 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 CO,, at lower temperatures. The presence
of moisture was observed to enhance the CO, uptake by up to 53%. Of the moisture levels studied,
the highest uptake was observed for adsorption at 2% mol-H,0 for all temperatures evaluated. At 46°C
this corresponded to a CO; uptake of 2.52 mmol/g. It was also noted that the CO, uptake was
negatively affected at a higher moisture level of 3% mol-H,0, which suggested that the large amounts

of co-adsorbed water may be interfering with the adsorption of CO,. The study concluded that while
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the sorbent displayed a high CO, 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 CO, 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 CO, 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 CO, 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 CO, 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 CO,, 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 CO, 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 PEl 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 CO, 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 CO, 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 CO, 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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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.

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 CO, 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.

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
CO,in N; which was used to simulate the concentration of CO; 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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Figure S1. The CO; desorption profiles at 26 kPa abs/100 °C at a steam flow rate of 0.5 g/h, under the
original condensate trap configuration, and after the dead volume was minimised.
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Figure S2. CO; concentration profiles for desorption under different temperatures and pressures at a
steam flow rate of 6.4 + 1.2 g/h.
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Figure S83. CO: concentration profiles for desorption under different steam flow rates at
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120%

100%

20%

CO; Concentration (% mol)

0 30 60 90 120 150

Time [min)

—Dry ——21mmol/g ——5.4 mmol/g

Figure S4. CO; concentration profiles for desorption with different amounts of pre-adsorbed water
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S1. Calculations for the unit operations in the process
51.1. Adsorption stage

51.1.1. Pressure drop across bed
Pressure drop across a sorbent bed was calculated by the Ergun equation [1] (Equation (S1)).

APhed ad: RairVair(1-€)? PairVZ.(1—€)
edads _ 5 au’zan‘ - + 1,75 Pair¥arr =i} (Sl)
Hped dpyugtf' dpel!elf'

Where APpegaas is the pressure drop (Pa), He is the bed height (m), par is the dynamic viscosity of
air (pa s), Var is the superficial velocity of air (m s), ¢ is the void fraction of the bed, and dpens is the
diameter of the sorbent pellets (m).

S1.1.2. Fan power calculation

The power requirement of the fan (W), Wi, was calculated as the total of the energy required to
push the air through the contactor (W), (Wjw.contaror), and the energy required to push the air through
the heater/steam condenser (W), (W water), according to Equations (52) and (S3).

M/fan = M/fan,contuctw + VVfan,heater (52)

1
Wfﬂn,conmctor = ? AP XV x Nbeds X (Ncnnmcmrs T 1) (53)
an

Where 7, is the efficiency of the fan (80%), V is the volumetric flow rate of air (m?® s1) through
one bed, Ne: is the number of beds in a contactor and Neontactors is the number of contactors in parallel
in the system.

The energy needed to push the air through the fan cooler, W eaer, was estimated as 0.005 W per
1 W of cooling [2]. The calculation of the cooling duty of the fan is done in Section 51.2.6.

51.2. Desorption stage

51.2.1. Pressure drops though heat exchangers

For the desorption stage, each heat exchanger was assumed to have a pressure drop of 5 kPa.

S1.2.2. Boiler

The boiler duty was calculated according to Equation (S4), where Qwieris the boiler duty (W),
Tity,o is the mass flow rate of steam (kg s7), Cpauner is the specific heat capacity of water (J kg °CY),
and Hient.1120 is the latent heat of vaporization (] kg!). Twi and Taw are the bubble point temperature
(°C) of water at the respective pressure and the inlet temperature (°C) of water, respectively.

Processes 2018, 6, x; doi: FOR PEER REVIEW www.mdpi.com/journal/processes
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Qboiter =m H»0 (Cp,water (Tboit . Tamb ) b Hlarenr.H-zO) (54)
Treit was calculated according to the Antoine correlation for water (Equation (55)), where Proier is
the pressure in the boiler (mm Hg).
T 1730.63
P 7 8.07131 — logro (Proiter)

—233.426 (S5)

51.2.3. Superheater

The superheater duty was calculated according to Equation (56), where Qi is the
superheater duty (W), my,o is the mass flow rate of steam (kg s7) and Cpstean is the specific heat
capacity of steam (J kg ! °C ). Twi and Ta are the boiling point temperature (°C) of water and the
desorption temperature (°C), respectively.

Qboiler = mHzo Cp,steam (Td =t Tbni!) (Sﬁ)

51.2.4. Contactor

The mass flow of CO: and H:O out from the contactor were calculated according to Equations
(57), where i, is the mass flow rate in to the contactor (kg s7), msomen is the mass of the sorbent in
the contactor (kg) and MW; is the molar mass (kg mol!). % is the mass transfer rate of CO:z and H:0O
to/from the sorbent (mol kg 's ') calculated according to Equation (1).

. dg;

Myour = mi,m - d_C X Myorpent X MW; (87)

where the component i refers to either CO: or H-0.
The heat supplied to the bed from the heat transfer fluid was calculated according to Equation
(S8).

Qbed o UcontactorAcontuctar (Theat - Tbed) (58)

Where Q.4 is the heat supplied to the bed (W), U ontactor 15 the overall heat transfer coefficient for
the contactor (W m2 °C 1), Aionractoris the heat transfer area (m?) in the contactor and Ty, is the
temperature (°C) of the bed. Thw is the temperature (°C) of the heat transfer fluid, which is assumed
to be 10 °C higher than the target desorption temperature. Ugppactor Was assumed to be 150 W m=
oG 3]

51.2.5. Desuperheater

Myater desuperheat  the flow rate of water (kg s') which needs to be added to desuperheat the
steam was calculated according to Equation (S9). The CO:z and steam entering the desuperheater were
assumed to be at the same temperature as the contactor temperature, Tex, as calculated according to
Equation (7).

i - mstcum Cp,stuum (Thz:u! = Thui[) + mCOZ Cp,caz (T}md e Thuil)
water,desuperheat —
Comater Tooy = Tamp) T Higgater

(59)

51.2.6. Condenser

The concentration of H>O exiting the condenser was calculated according to Equations (510),
where yroo is the concentration of H:O (mol-H:0 mol™), Puszo is the saturation vapour pressure of
water (Pa), and Peonienser is the pressure inside the condenser (Pa). Pswizo was calculated according to
the Antoine correlation (Equation (S11)), where Tunwnser is the condensation temperature (°C).
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Peatmao
Yuzo0,0ut = P (S10)
condender
1730.63
80713 ————
Biains =10 R T —— (S11)

The mass flow rates (kg s1) of the water vapor exiting the condenser, 1,4, 0., and that of the
condensate, Myarer our, Were calculated according to Equations (512) and (513), where 1o, n and
Ty,0,m are the CO2and H:0 mass flow rates (kg s) in to the condenser.

m =m x yyzﬂ,nut (512)
vap,out — CO5,in
& 1 = Yu,0,0ut
mwatcr,ouf = mHZU,in - mvap,out (Sl 3)
The cooling duty of the condenser was calculated according to Equation (S14).
= C T, =T +H
g A » s JHp
Qcondenser ‘water, aut( pwarer( condenser,out condenser,in lat,H D)
& mvap,uurCp,steum(Tcondenser,out e Tcandenser,m) (814)

& mConEnCp,COZ (Tcandensenout - Tcondenser.in)

51.2.7. Vacuum Pump

The energy required for operating the vacuum pumps to pump the desorbed product out (W),
Wosewumpump, was calculated according to Equations (515)-(518) [3], where the 7,4cum iS the efficiency
of the vacuum pump (70%), 1; is the molar flow rate (mol s) in of CO: or H20, R is the gas constant
(J mol'K), and Tw  is the temperature (°C) of the gas entering the vacuum pump. Pin and Pouw arc the
pressures (Pa) of the gas entering and exiting the vacuum pump.

npi —1
n P npi
Wi WR(T + 273 (22) ™ -y (s19)
i=CO3H0 Hvacuum pi i
¥i—1 1
M= s16
B Yi nvacuum ( )
C,
o ni
W R (S17)
Cm‘
B R (S18)

where the component i refers to either COz or H20.

S2. Calculation of the Energy consumption

The energy consumptions were calculated on a basis of GJ tonne ' of CO: captured according to
Equations (519)—(525).
52.1. Electrical Energy

tads
Jy“ Wan dt

mass of CO, captured per cycle (kg) x 1x106

Epan = G] kg J~* tonne™* (519)

Where 7.4 is the total adsorption time (s).

tdes
fO I’vvacu.um dt + Eevacuation

G] kg J~1t = 520
e sy e, o) T P T (520)

E vacuum =
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Where Eewcuaion is the energy needed (J) to evacuate the contactor to the desorption pressure according
to Equation (521) [3], where V is the void volume inside the contactor (m?), mar is the mass of air being
evacuated (kg), and Puwim and Pra are the pressures (kPa abs) at the beginning and end of the
evacuation respectively. i is calculated according to Equations (516)—(518).

Np.air —1
Pﬁnm) pair

1

E _ P v np,aér
evacutation — ~ initial ¥ contactor 1
Uuacuum np,alr

-1 |my, (521)

Pinitml
The total electrical energy requirement was calculated according to Equation (522).

Eelectrical = Efan + Evur:uum (522)
52.2. Thermal Energy

tdes
J-Dd (Qbui[er + quperheater) dt 1

a1 -1 523
mass of CO, captured per cycle (kg) = 1x10° Sl T kot =

Esteam =
Where fu is the desorption time (s)

_ j:dcs Qpeq dt "
" mass of €O, captured per cycle (kg) =~ 1 x 106

Epug G] kg J~* tonne™! (524)

The total electrical energy requirement was calculated according to Equation (525).

Eelectricu! = E&teum + Ebed (825)

S3. Capital cost estimation

53.1. Contactor

The air contactor was costed as a shell and tube heat exchanger due to its unique configuration,
according to the cost correlation (Equations (526)) found in Sinnott [3].

Cconmctor = 28000 + 54'Aégnmctor 10 < Acanmcmr <1000 (526)

Where Ceomneioris the cost of a contactor (USD) and Acenacier is the heat transfer area (m?).
vA

In scaling up the contactor, it was assumed that the — ratio would be kept constant. So

sorbent

the UA of the scaled up contactor was calculated according to Equation (527).
Cmmmcmr = 28000 + 54’A:1:r;lnmctor 10 < Acnnmcrnr <1000 (527)

Acontactor was calculated by assuming Ucontactor to be 150 W m2 C [3].

53.2. Fan

Costed according to correlation (Equation (S28)) in Couper |2], where Cin is the cost of the fan
(USD) and V,;, is the air flow rate in SCFM.

Cran = 2680e04692+01203 W) 400931 0nVai))?  for 2000 < Vgiy < 500000 (528)

53.3. Boiler

Costed according to correlation (Equation (529)) in Sinnott [3], where Chouer is the cost of the boiler
(USD) and Awieris the heat transfer area (m?) of the boiler.

Choiter = 29000 + 400402 10 < Apyiger < 500 (529)

boiler
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Awirwas calculated using Equation (530), by assuming a log mean temperature difference (AT,)
of 15 °C, and a Urater of 1000 W m2°C-1[3].

Qboiter

. T i) L K
haster Uhr)[lerATLM (530)

53.4. Superheater

Costed according to correlation (Equation (S31)) in Sinnott [3], where Cauperheater is the cost of the
superheater (USD) and Asyenener is the heat transfer area of the superheater (m?).

Couperneater = 28000 + 54A%) 10 < Aguperheater < 1000 (831)

sﬁperheater

Asuperieater was calculated using Equation (5§32), by assuming a log mean temperature difference
(AT,) of 15 °C, and a Usuperheater of 30 W m2°C1[3].

qu erheater
A = z

superheater

(832)

Usuperh::atcrATLM

53.5 Condenser

Costed according to correlation (Equations (533)) in Couper [2], where Ceonenser is the cost of the
condenser (USD) and Acouienser is the heat transfer area (ft?) of the condenser.

Covndsneer=4750004%% 50 < Acondenser < 200000 (533)

condenser

Asieriener was calculated using Equation (S34), by assuming a Ucondenser - 0f 500 W m2 °C1 [2].

chmdenser

(S34)

A =
condenser U AT,
condenser=S4Lm

$3.6. Vacuum pump
Costed according to correlation (Equation (535)) in Couper [2], where Cucusn is the cost of the
vacuum pump (USD), rh,,, is the mass of gas being pumped (lbs h') and Pi is the suction side
pressure (torr). The average mass flow rate through the vacuum pump during the desorption was

taken as 14
méaﬁ‘ 1.03

B = 9930 (T) 03 <

Bais 24 (535)

.

53.7. Adjustment for inflation

As the cost data was based on data from 2003 (Couper [2]) and 2010 (Sinnott [3]) All the
equipment capital costs were adjusted for inflation using Equation (536) and the CEPCI data in Table
S1.

Cyearx _ CEPCIyearx
C

yeary - CEPC[yeary

(536)

Table S1. CEPCI data for the relevant years.

Year 2003 2010 2017
CEPCI 402 550 567
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53.8. Total plant cost

The total plant cost (USD) ,Cpiau, was calculated according to Equation (537), where the cost of
insulation, piping, instrumentation, electrical work, civil and structures, and lagging are accounted
for by multiplying the total equipment cost by a factor, f;, from Table S2 [4].

Cplant = EJFi x (Cfan + Ched + Cbnilcr + Csupcrhcater + Ccondcnscr 2= Cvacu.um) (537)

Table S2. Tactors to account for the total plant cost.

Installation  Piping  Instruments  Electrical Civil  Structural Lagging
i 008 0.2 0.1 0.19 0.1 0.02 0.04

S4. Calculation of the Cost of sorbent

The cost of raw material for the production of the sorbent was assumed based on the prices of
generic mesoporous silica and branched PEI, to be 4 USD kg [5] and 2 USD kg! [6], respectively. It
was also assumed that the cost of raw material is only 1/3 of the total production cost. For a 65% wt
PET sorbent like the one considered in this study, Ceorbent, material, was calculated according to Equation
(538).

Coorbent = (035 X 4+ 0.65 x 2) X 3 = 8B.1USD kg1 (538)

S5. NPV analysis

To determine the cost of capture (USD tonne), Ccoz, a NPV analysis was carried out according
to Equations (539) and (S40) for a breakeven scenario, for 20 years with a discount factor of 10%,
where CR is the annual capture rate (tonne yr-1) of CO:.

20
1 1
NPV =0=-(, an, _Cunnuun exZ Cur en Z
ek e 1(14»0.1)76+ sorhent NEEEVE
x=

55 i y=0,4,.,186, (539)
+ Ceo, X CRapnuyar % Z RETENG
x=1 !
20 1, 1
(Cptant * Cannuat opex Zx21 T+ 01)7 T Corbent Xy=04, 16,20 m)
Ceo, = " 1 (S40)
CR x Zx:lm
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S6. Desorption Stage: Model Validation contd.
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Figure 1. The experimental data and the model predictions for COz mass transfer kinetics in the
desorption stage. I.egend for titles AA_BBB_CCC_DD (AA- desorption pressure (kPa), BBB-
desorption temperature (°C), CCC- desorption steam flow rate (kg h! kg-sorbent!), DD- amount of
water adsorbed during adsorption stage (mol kg)).
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Figure 2. The experimental data and the model predictions for heat transfer and H20 mass transfer
kinetics in the desorption stage. Legend for titles AA_BBB_CCC_DD (AA- desorption pressure(kPa),
BBB-desorption temperature (°C), CCC- desorption steam flow rate (kg h ! kg-sorbent 1), DD- amount
of water adsorbed during adsorption stage (mol kg 1)).
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57. Sensitivity of the results to the MOO options

The results of the sensitivity analysis done on the MOO options is presented in Figure S3. ‘base’
refers to the default options used for the results discussed in the study. A to E refers to different cases
where the MOO options were varied. The MOO options used for these cases are presented in Table
53 and the variations made are highlighted with bold text. The descriptions for each option is given
in Table 54 [7].

900
850
800
750
700
650
600
550
500
0 2000 4000 6000 8000
Annual Capture Rate (tonne yr)

CostofCapture (USD tonne™)

oA B oC oD o E o Base
Figure S3. The Pareto plots for MOO carried out with different option. ‘base’ refers to the default
options used for the results discussed in the study. The details on the variations made for A to E are

given in Table 53.

Table S$3. The details of the MOO options used for the sensitivity analysis.

Base A B C D E

Function le-3 0.5e-3 le-3 le-3 le-3 le-3

Tolerance

Crossover 08 0.8 09 0.8 0.8 0.8
fraction

Crossover 1 1 1 0.9 1 1
function

N Adaptive Adaptive Adaptive Adaptive Uniform Uniform

feasible feasible feasible feasible (0.01) (0.05)
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Table S4. The description of the MOO options varied for the sensitivity analysis [7].

Option Description
If the weighted average relative change in the
Function tolerance spread of the Pareto solutions is less than

Function tolerance, then the algorithm stops.
The fraction of the next generation that
crossover produces. Mutation produces the
remaining individuals in the next
generation.

Crossover fraction

Creates children by a random weighted average of
the parents. Intermediate crossover is controlled

Crossover fnchion by a single parameter, Ratio
childl = parentl

+ random X Ratio

X (parent2 — parentl)
Mutation functions make small random
changes in the individuals in the population,
which provide genetic diversity and enable
the genetic algorithm to search a broader
space
-Adaptive Feasible- Randomly generates
directions that are adaptive with respect to
the last successful or unsuccessful generation.
A step length is chosen along each direction

Mutation so that linear constraints and bounds are

satisfied

-Uniform-First, the algorithm selects a
fraction of the vector entries of an individual
for mutation, where each entry has the same
probability as the mutation rate of being
mutated. In the second step, the algorithm
replaces each selected entry by a random
number selected uniformly from the range
for that entry
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Appendix B(l): Addendum to “CO; Capture from Air Using Pelletized
Polyethyleneimine Impregnated MCF Silica “

e 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 CO; in the feed gas stream. This can also be
observed in the CO, uptake curves (Figure 2 (b)) which appear to plateau after about 20 h from the
start of adsorption. This suggests that the CO, faces increasing mass transfer resistances as the
sorbent is progressively saturated with CO,. This may be explained by the results of Knowles et al. [1],
which demonstrated that as the amine sites react with the CO, forming bicarbonates, the viscosity of
the PEIl polymer phase increases, effectively solidifying it. This increased viscosity in turn may increase

the diffusional resistances that the CO, 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 CO, which manifested itself as

waves in the breakthrough curves.
e Error Barsin 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.

References

[1] Knowles, G.P.; Liang, Z.; Chaffee, A.L. Shaped polyethyleneimine sorbents for CO, capture.
Microporous and Mesoporous Materials. 2017, 238, 14-18.
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Appendix B(ll): Addendum to “Desorption Process for Capturing CO>
from Air with Supported Amine Sorbent”

e ErrorBarsin Figures4to7
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(lll): Addendum to “Technoeconomic Evaluation of a

Process Capturing CO; Directly from Air”

e 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 (m?) ,Arota, required by the process was calculated according
to Equation B(ll)1, where Ncontactors is the number of contactors in the process and Apot area, contactor 1S

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

Atotar = Neontactors X Aplot area ,contactor (Equation B(llI)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 CO; per year, A (km? Gtonne™ yr), was calculated

according to Equation B(lll)2, where CR is the annual capture rate of the process (tonne yr?)

A= Atotal ., 10° tonne 1 km?
CR 1 Gtonne 106 m?2

(Equation B(l11)2)

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

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

process under the lowest cost scenarios

Neontactors Apiot area,contactor  Arotar (07) CR A
(m?) (tonne yr!) (km? Gtonne-CO;! yr)
Dry Case 14 20.4 286 1521 188
Wet Case 15 20.4 306 1682 182
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Appendix C: Na sorption isotherms and pore size distribution data for

MCFa, MCFb, PEI_80a and PEI_80b
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Appendix D: Preliminary Study into the Effect of Oxygen on the
Performance of PEl Impregnated MCF Silica for Adsorption of CO, 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 CO; in N,. The CO; concentration of this gas was measured to be 350 ppm

CO..

The CO; 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 CO; in N; and 350 ppm CO; in Nu. It is evident
that the uptake from the compressed air is slower than that from 420 ppm CO; in N;. This can be
attributed to the lower partial pressure of CO,, which would provide a smaller driving force for
adsorption. It can also be seen that the CO, uptake profile for adsorption from air is almost identical
to that of adsorption from 350 ppm CO; in N,. This suggests that the presence of oxygen has negligible

effect on the adsorption kinetics of CO, by PEI_80b.

2.5

1.5

CO, Uptake (mmol/g)

0 20 40 60
Time (h)

420 ppm COzin Ny==—= 350 ppm CO,in N,
——Air (350 ppm CO,)

Figure D1. Adsorption of CO, by PEI_80b from different feed gases
The CO; 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 CO, uptake capacity was seen for PEl_80b. This suggests that the

stability of the sorbent does not deteriorate significantly in the presence of oxygen.
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Figure D2. The CO; 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 CO, sensor.

In summary, these preliminary results indicate that the presence of oxygen air does not have a
significant effect on the performance of PEl_80b. This encourages further research in to the
application of PEIl based sorbent for DAC or other applications where CO; is captured from oxygen rich

atmospheres.
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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 CO; in N,
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y =0.0242x-0.0191
R?=0.9999

3.5
2.5

15

Voltage output (V)

0.5

0 50 100 150 200
Flow rate (ml/min)

Figure E1. Sample calibration plot for FC-1

FC-2
Serial Number: M4205478B
Gas: N;

5 y =0.0181x-0.0572
R?=0.9995

Voltage output (V)
w

0 100 200 300

Flow rate (ml/min)

Figure E2. Sample calibration plot for FC-2
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FC-3
Serial Number: M4205478A
Gas: 1000 ppm CO; in N,

4.5

4 y = 0.0359x + 0.0055

RZ=0.9999
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25

1.5
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0.5

0 50 100 150
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Figure E3. Sample calibration plot for FC-3

FC-4
Serial Number: M4205478C
Gas: N,

s y =0.0247x+0.0009
R2=1 _
4 .

3.5

2.5

Voltage output (V)

15
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Figure E4. Sample calibration plot for FC-4
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Edinburgh Sensors Gascard NG 0-1000 ppm CO, sensor
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Figure E5. Sample calibration plot for the 0-1000 ppm CO; sensor

Gas Sensing Solutions Sprint IR6s 0-100% CO, sensor
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Figure E6. Sample calibration plot for the 0-100% CO, sensor
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Bioprocess control Flow 0-800 Nml/h gas flow meter

900
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Figure E7. Sample calibration plot for 0-800 Nml/h gas flow meter

New Era-300 syringe pump (water)
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Actual flow rate (g/h)
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0 1 2 3
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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
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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
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Figure F3. LabVIEW program used for data acquisition in the desorption stage
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